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ABSTRACT

This work aims to investigate the replacement of passive inductors with active inductors (aLs) using
amorphous indium-gallium-zinc oxide (a-1GZO) thin-film transistors (TFT). The goal of aL is to emulate the
inductive behavior associated with passive inductors. The advantage of the former is the small die area, high
quality-factor, inductance, and self-resonant frequency tunability.

A simple grounded n-type aL was used to replace the inductor in an inductance-capacitance (LC)
oscillator. The LC oscillator is constituted by a cross-couple pair and two aLs. The simple grounded aL
configuration was used due to a-1GZO being an n-type semiconductor and also owing to its simplicity, being
only built with two transistors and two current sources. These factors allied with the lack of a counterpart p-
type amorphous oxide semiconductor make this aL a good fit for the proposed work. The oscillator was
simulated using metal-oxide-semiconductor field-effect transistor (MOSFET) and TFTs. The former was
simulated with a channel length of 1 um and the latter was simulated with two channel-lengths 10 um and
20 pm. The MOS technology simulations were used as a proof-of-concept since these have more accurate
models. The oscillation frequency (fosc) and output peak-to-peak voltage swing (Vpp) Were analyzed for both
technologies. Temperature sensibility, and phase noise were also examined for the MOS technology.

The MOS oscillators with three different aLs presented an fosc between 917 MHz and 2.08 GHz, power
consumption from 21 mW to 80 mW, a V, of 613 mV up until 1.78 V with a power supply voltage (Vop) of
5V. The maximum phase noise was - 92.86 dBc/Hz at an offset of 1 MHz. A 10 um a-IGZO TFTs oscillator
produced an fosc of 1.21 MHz and a Vp, of 3.83 V, dissipating 533 uW for a Vpp of 10V.

Keywords: a-IGZO TFT; Active inductor (aL); Simple grounded aL.; Cross-couple pair LC-oscillator.

Xiii



Xiv



RESUMO

Este trabalho tem como objetivo investigar a substituicdo de indutores passivos por bobines ativas (aLs),
utilizando transistores de filme fino (TFT) de éxido de indio-galio-zinco amorfo (a-1GZO). O objetivo do aL
é emular o comportamento associado aos indutores passivos. As vantagens dos aLs sdo: pequena area de
implementacdo, alto fator de qualidade e indutancia e frequéncia de ressonancia ajustaveis.

Um aL simples conectado a massa foi usado para substituir a bobine no oscilador de indutancia-
capacitancia (oscilador LC). O oscilador LC €é constituido por um par cruzado e dois aLs. A utilizacdo da
configuragdo do aL simples conectado & massa deve-se ao facto do a-IGZO ser um semiconductor tipo-n, e &
sua simplicidade. Este é apenas constituido por dois transistores tipo-n e duas fontes de corrente. Estes fatores
aliados a falta de um 6xido semiconductor tipo-p de qualidade torna esta configuragdo apelativa. A simulagdo
do oscilador foi realizada através das tecnologias de metal-6xido-semicondutor (MOS) e TFT. No caso da
primeira, o comprimento de canal (Lcw) foi de 1 um e no caso da segunda, implementaram-se 2 Lcn: 10 e 20
pm. As simulagdes da tecnologia MOS funcionaram com prova de conceito. Analisou-se a frequéncia de
oscilacdo (fosc) e tensdo de pico-a-pico (Vpp) nos osciladores de ambas as tecnologias. Adicionalmente, a
sensibilidade a temperatura e o ruido de fase foram analisados para a tecnologia MOS.

Os osciladores LC implementados com trés diferentes aLs utilizando transistores MOS apresentaram
fosc entre 917 MHz e 2.08 GHz, poténcia dissipada desde 21 mW até 80 mW e V,, variando de 613 mV até
1.78 V, utilizando 5 V como fonte de alimentacdo (Vop). O ruido de fase maximo foi de -92.86 dBc/Hz a 1
MHz. O oscilador LC utilizando TFTs produziu uma fosc=1.21 MHz e V, = 3.83 V, dissipando 533 uW com
VDD =10 V.

Palavras-chave: a-IGZO; Bobine ativa (aL); aL simples conectado a massa; oscilador LC de par
cruzado.
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1 MOTIVATION AND OBJECTIVES

In recent years, the demand for low-cost and flexible alternatives to the typical silicon metal-oxide-
semiconductor field-effect transistor (MOSFET) technology has been increasing [1]. Amorphous oxide
semiconductors (AOS) have been demonstrated as a viable choice, due to their good optical and electrical
properties, besides low-temperature depositions, and smooth surfaces [2]. Amorphous indium-gallium-zinc
oxide (a-1GZO) is one most studied for this purpose. a-IGZO thin-film transistors (TFTs) are being applied in
the design of analog/mixed-signal circuits [3]-[6]. The a-IGZO is an n-type semiconductor, and there is a lack
of quality p-type AOS counterpart, which does not allow the use of design technique known as complementary
MOS (CMOS) [7].

This work is focused on the application of active inductor (aL) using a-1GZO TFTs. The aLs are
characterized for small die area, high quality-factor, inductance and self-resonant frequency tunability [8], [9].
The MOS aL found a multitude of applications, such as bandwidth improvement, oscillators, and filters [8].

The application chosen for this work was the replacement of typical passive inductor of the inductance-
capacitance (LC) cross-coupled oscillator to simple grounded aL presented in [10].

Simulations in the Cadence Virtuoso environment were performed using MOS and TFT technologies.
MOS technology was applied as a proof-of-concept to design an LC oscillator with different simple grounded
alL, verifying the oscillation frequency, output voltage swing, temperature sensibility, and phase noise. Then,
an in-house model was used to simulate the a-IGZO TFTs LC oscillator with the simple grounded aLs and
attest their performance. There are only a few works exploring aL using TFTs as a substitute for the traditional
inductor. These concepts permit the design of kHz-MHz range LC oscillator in small areas and high tunability
allowing the design of sensor project or ultimately communication systems [11].

This work received funding from the European Community’s H2020 program under grant agreement no.
716510 (ERC-2016-StG TREND).






2 INTRODUCTION

In this chapter, the working principles, structures, applications of thin-film transistor (TFT) are
introduced in the first topic, as well as the comparison between TFTs and metal-oxide-semiconductor (MOS).
Next, available TFT technologies are presented. The increasing demand for circuit design using amorphous
oxide semiconductors (AOS) is addressed, with a special focus on amorphous indium-gallium-zinc oxide (a-
IGZO) TFTs. Inductive elements are presented in the following topic, highlighting the active inductor (aL), its
working and implementation principles, and its frequency range constraints. Lastly, oscillator circuits,
respective model and oscillation conditions are described.

2.1 THIN-FILM TRANSISTOR

A TFT is a type of field-effect transistor (FET). Contrarily to MOSFETS, TFTs only have three terminals:
gate (G), drain (D), source (S) — there is no bulk terminal due to the substrate being an insulator [2], [3]. The
typical structures of TFTs are staggered or coplanar depending if the semiconductor is on the opposite side of
the S/D terminals, or the same side, respectively. Besides that, TFTs can be distinguished between the top or
bottom gate, depending on if the gate terminal is on top or bottom of the structure [2], [12]. These
configurations are presented in Figure 1, as well as the typical structure of MOSFETs. Another major
difference among these two types of FET is the channel formation between S and D. The TFT channel is
created by an accumulation layer and the MOSFET channel is formed by an inversion region, both at the

semiconductor/dielectric interface [2].
a) b) c) d) e)

. b, eaf -

Substrate Electrodes . Semiconductor . Insulator . Doped regions

Figure 1 - Typical structures of FET: a) staggered bottom-gate TFT; b) staggered top-gate TFT; c) coplanar bottom-gate TFT; d) coplanar
top-gate TFT; e) MOSFET.

When compared with MOSFETS, TFTs are more suitable for large-area applications, due to their lower
cost [12]. Also, TFTs allow for the integration of devices and circuits on new substrates, which enable new
applications, such as flexible displays [12] or paper electronics [2].

There are several different TFTs technologies available: oxide semiconductor, amorphous silicon, low-
temperature polycrystalline silicon, and organic semiconductors. In recent years, oxide semiconductor-based
TFTs gain more notability, especially AOS. These demonstrate simultaneously good optical and electrical
proprieties, besides low-temperature depositions, and smooth surfaces. a-IGZO is the most popular AOS
example. Indium-gallium oxide or indium-zinc oxide are other examples [2].

a-IGZO TFTs are already being used in the design of analog/mixed-signal circuits [3]-[6], and these are
n-type devices, which means that electrons are responsible for channel accumulation [7]. The major limitation
of AOS in circuit design is the lack of a quality p-type counterpart. This makes the well-known complementary
MOS (CMOS) design not possible — consistently implemented in MOSFET technology. A solution for this is
design techniques like pseudo-CMOS or hybrid-CMQOS [7].

2.1.1 Working principles of a FET

TFTs and MOSFETSs are ON when the voltage between G and S (Ves) is greater than threshold voltage
(Vw), otherwise, the devices are sub-threshold regime and current that passes through the D and S (lps) is
residual (ideally sub-pA). Being ON, the FETs exhibit two regions of operation: linear and saturation region.
These are controlled by the voltage applied between the D and S terminals (Vps), which affects Ips.
Accordingly, the two operation regimes are described by (2.1), and (2.2), respectively. W is the channel width,
Lcw is the channel length, W is the charge carrier mobility, Coy is the specific capacitance of the G dielectric per
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unit area. 4 is the channel length modulation factor, which is relevant for short-channel, otherwise, it can be
assumed as zero [7].

Ins = W /Leyw) uCo (Vs — VindVps if Vos> Vry and Vps << Ves-Vtv  (2.1)
Ins = (W/2Ley) uCo, (Vs — V) *(1 + Vs if Ves> Vrr and Vs > Ves-Vh (2.2)

2.2 ACTIVE INDUCTOR

Inductors are employed for different purposes in high-speed analog signal processing: bandwidth
improvement, oscillators, impedance matching, radio frequency (RF) bandpass filters, RF phase shifters,
amplifiers, and many more applications [8].

Inductor elements are characterized for storing the magnetic field when electrical currents pass
through by it [13]. Nowadays, on-chip inductors are widely used when compared with traditional off-chip
ones, especially for RF applications. The former presents a smaller size, lower cost, and wider bandwidth
characteristics [13]. Therefore, they allow for the integration of inductive elements on a single monolithic
substrate [8], [13]. Despite that, on-chip inductors present an moderate quality-factor (Q-factor) when
compared with their off-chip counterparts, due to smaller element dimensions and a multilevel fabrication
process, which translates to more parasitic capacitances and resistances [13].

The demand for even more compact and tunable inductive elements led to intense research and study on
the design of inductors employing active devices [8]. This configuration is known as an aL, and it consists of
networks with transistors. aLs under specific direct-current (DC) biasing conditions and signal-swing
constraints exhibit inductive behavior in a particular frequency range [8]. Table 1 presents a comparison
between aLs and on-chip inductors.

Table 1 - Comparison between the active inductor and passive on-chip inductor (adapted from [8] and [9]).

Parameter Active inductor Passive on-chip inductor

Area Small die area Large die area
Inductance and self-resonant frequency Large tunability Fixed

Q-factor High and tunable Low and fixed
Power consumption Significant Zero

Noise performance Poor No noise (ideally)
Linearity Poor Good
Electromagnetic Interference Insensitive Significant

2.2.1 Working principles of an active inductor
An aL could be built using a gyrator-based synthesis. This is made up of two back-to-back
transconductors. If a capacitor is connected to one of the terminals, the network is called a gyrator-C [8].

A lossless single-ended gyrator-C is presented in Figure 2. This means input and output impedances of
the transconductors are infinite and the transconductances are constant. Considering (2.3), where Y is the
admittance, li, is the input current, Vi and V- are the voltages at nodes 1 and 2, respectively. Gn; and G, are
the transconductance of transconductors 1 and 2, respectively. s is the product of j (imaginary number) and
(angular frequency). Note that one of the transconductors must have a positive transconductance and the other
one must have a negative transconductance [8].

w1
V2 S( ¢ ) (2.3)
G, Gon,

According to (4), the equivalent inductance of gyrator-C (L) is given by (4).



lin 2 P 2
Vin O—>—1 N Vin L
mn L

|
, L i
Gm2V1 _I ¢ |:> £ 5 Iin
* A

Figure 2 - Ideal gyrator-C circuit and its equivalent ctiuit. V1 and V- are the voltages at nodes 1 and 2, respectively. Gm; and Gm;, are

the transconductance of transconductors 1 and 2, respectively. C is the capacitor at node 1. One of the transconductors must have a

positive transconductance and the other one must have a negativest?nsconductance (adapted from [8]).
Leq = G, Gm,

However, in practical applications no transconductor is lossless. Thus, input and output impedance are
finite and the transconductance is not constant [8]. The non-ideal gyrator-C aL is shown in Figure 3. To
simplify the writing of Kirchhoff’s current laws (KCL), it is assumed that the transconductance are constant,
as stated in (2.5). Go1 and G represent the total conductances at nodes 1 and 2, respectively. Notice that Go1
includes the finite input impedance of the transconductor 2 and the finite output impedance of transconductor
1. C; and C; represent the total capacitance at nodes 1 and 2, respectively [8].

Iin 1
Y=72=SC2+602+S( C, )+ Goq (2.5)
Gm,Gm,)  Gm, + Gm,

Analyzing admittance, which is stated in (2.5), it is possible to infer that the alL resistance-inductance-
capacitance (RLC) network equivalent is given by (2.6), being L¢q the inductance, C, the parallel capacitance,
Rp the parallel resistance, and Rs the series resistance. The Leq Value is not affected by the finite impedances.
Rp should be boosted while Rs should be reduced to minimize the ohmic loss [8].

Cm'2 Vi fin

in

(2.4)

/

Va

+

GV, |:: Ry
G G - Gol (e
Vi
+

| - 2 I

- Vin oe———
Figure 3 - Lossy gyrator-C circuit and its equivalent circuit. V1 and V2 are the voltages at nodes 1 and 2, respectively. Gm; and Gm, are
the transconductance of transconductors 1 and 2, respectively. Go1 and G2 represent the total conductances at nodes 1 and 2,

respectively. Go1 includes the finite input impedance of the transconductor 2 and the finite output impedance of transconductor 1. Ct
and Cz represent the total capacitance at nodes 1 and 2, respectively (adapted from [8]).

‘_
Y-

or R,

L= 4 2.6
= G (2.6.1)
Co = Cy (2.6.2)
Ry = 1/Goy (2.6.3)
Go1
R, =—2%
©= GG (2.6.4)

2.2.2 The frequency range of the active inductor
The lossy aL does not present an inductive behavior across the entire range of frequency, due to the
parasitic elements. This results in three behaviors through the frequency spectrum: resistive, inductive, and
capacitive [8]. The input impedance (Zn) of the RLC equivalent circuit (EC) is given by (7).
SLeq/Rs +1

Ry
Ziy = ( )
Cplea/ g2 4 s( 1 +&) LR R 2.7)

RPCP LEQ RPCPLeq

The zero of the impedance (w;) is related to the lowest frequency that the circuit acts as an inductor and
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it is given by (2.8). Lower than that frequency, its behavior is resistive. The self-resonant angular frequency
(o) dictates the maximum frequency of the inductive behavior, which is stated by (2.9). At frequencies higher
than w,, the gyrator presents a capacitive characteristic. This results from the meeting of the poles, creating
complex conjugate poles (wp). Considering R, > Rs, (2.9) is shortened to (2.10), which is the w, [8].

w, = Ry/Leg (2.8)

Ry + R
w, = R,CyLog (2.9)
w, = \[1/C)Leq = w, (2.10)

2.2.3 The quality factor of the active inductor

There are different definitions of the Q-factor of an inductor. The most general is defined as the ratio of
magnetic energy stored to its ohmic loss in one oscillation cycle, as described by (2.11). Also, (2.11) can be
interpreted as the ratio between the inductive reactance and the resistance, as presented in (2.12) [8]. The terms
are the imaginary (Im[Zn]) and real part (Re[Zin]) of Zin. Combining (2.12) and (2.7), results in (2.13) [8].

Net magnetic energy stored

Q-faCtOI’1= Zn Energy dissipated in one cycle (2'11)
_ (@PLeq Rp _REG
Q-factors= ( Rs ) Rp+Rs+(wLeq)?/Rs (1 L @ Leq CP) (2.13)

2.3 OSCILLATOR

An oscillator is a circuit that generates a periodic signal without any input signal [14]. They are applied
in communication systems and instrumentation [11].

There are several oscillator topologies, and these can be based on different principles of implementation.
Oscillators can be categorized into two major classes: relaxation oscillators and harmonic oscillators.
Harmonic oscillators deliver a near-sinusoidal signal with good phase noise and high spectral purity.
Relaxation oscillators are usually characterized by a poor phase noise and high harmonic content, as the circuit
switches intermittently between two astable equilibrium states [11].

The LC oscillator and ring oscillator are two examples of harmonic oscillators. The first is a lumped
resonator-based oscillator. To design this oscillator, an inductor and a capacitor are necessary (two forms of
reactive components), to achieve complex poles. The ring-oscillator is a non-resonator-based oscillator
example that only requires either capacitors or inductors (one type of reactive element). However, the presence
of resistive elements and feedback is vital for non-resonator-based oscillator implementation [15].

2.3.1 Oscillation conditions

There are two models to analyze an oscillator: feedback model and negative resistance model [11], [15].
The model utilized depends on the oscillators’ configuration and characteristics [11].

Oscillators analyzed by the feedback model can be separated into a forward network and feedback
network [11], as shown in Figure 4 a). The negative resistance model can be decomposed into a one-port active
circuit and a one-port frequency-determining circuit, as presented in Figure 4 b). The active circuit goal is to
create a small-signal negative resistance on the operating point of the oscillator, and it is characterized by the
admittance Ya (or impedance Z»). The frequency-determining circuit is typically a linear time-invariant circuit,
and it is signal independent, being characterized by the admittance Yg (or impedance Z¢). When connected, the
characteristics of both blocks will determine the oscillation frequency [11].

2.3.1.1 Steady-state oscillation conditions
The feedback model’s transfer function Yout/Xour IS given by (2.14), where H(s) is the forward transfer
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function and f(s) is the feedback transfer function, as presented in Figure 4 a) [15].

X, + Foward Your 1N
/ network A r
Active Frequency-
circuit —dete:\rmi.ning
Feedback | circuit
a) network - b)

Figure 4 - Oscillators models: a) feedback model - Xin and Your are the input and output signal; b) negative-resistance model - Ya is
admittance of the active circuit and Yr is the admittance of frequency-determining circuit (adapted from [11]).

Your H(s) (2.14)
Xin 1+ H()B(s)

In the steady-state, an oscillator must fulfill the conditions of the Barkhausen’s criteria to oscillate. The
first condition is known as the “gain condition” and the second one is named as “phase condition”. The
Barkhausen’s criteria conditions are stated in (2.15.1) and (2.15.2), respectively [15], [16].

|H(s)B(s)| =1 (2.15.1)
2H(s)B(s) = 180° (2.15.2)

The negative resistance model, as aforementioned is described by Ya (or Za) and Ye (or Z&') —Figure 4
b). These admittances can be separated in their conductance (G) and susceptance (B) at a determined angular
frequency (w), as presented in (2.16) and (2.17), respectively [15], [16].

Ya(w) = Gp(w) + jBa(w) (2.16)
Y¢(w) = Gp(w) + jBp(w) (2.17)

To oscillate in the steady-state, an oscillator analyzed by the negative resistance model must satisfy the
conditions stated in (19), where wosc is the oscillation angular frequency [15], [16].

Ga(Wose) + Gpwpse) =0 (2.18.1)
Bp(wosc) + Bp(wgse) = 0 (2.18.2)

2.3.1.1 Start-up conditions

The steady-state does not predict the start-up conditions of an oscillator. The oscillator must start to
oscillate in an autonomously way when the circuit is switched on, usually triggered by the noise of the system
[15].

To ensure that oscillation begins, the open loop gain of the feedback model should be greater than one,
as stated in (2.19). The phase condition is described by (2.15.2) [15]. To convert the start-up conditions to the
steady-state conditions, there are two mechanisms to reduce the open-loop gain to the conditions presented in
(2.15), being automatic gain control and self-limiting [15].

|[H(s)B(s)| > 1 (2.19)
The conductance start-up conditions of the negative resistance model are described by (2.20) and the

susptance condition continues to follow (2.18.2). Active circuit conductance should be negative enough to
cancel the losses of the frequency-determining circuit to start the oscillation [15], [16].

GA(wosc) + GF(wosc) <0 (2.20)

2.3.1.1 Complex conjugate poles

As discussed, an oscillator must fulfill the start-up conditions. Despite these being necessary, they are
not sufficient for the circuit to start to oscillate. The circuitry must have a pair of complex-conjugate poles in
the right-half plane (RHP) [11], [15], [16]. These poles are responsible for the input signal growth. Ultimately,
this increase is restricted by nonlinearities in the circuit [11], [16].

1 — Or impedances for a series circuit: Z,(w) = Ry(w) + jXs(w) and Zg(w) = Rg(w) + jXp(w), R is resistance and X is reactance. The
subscript A and F denote active circuit and frequency-determining circuit, respectively. (2.19.2) condition become X5 (wosc) + Xp(wose) = 0. (2.18.1)
condition becomes R (W) + Rp(wgsc) = 0 and (2.20) condition becomes Ry (wose) + Rp(wese) < 0[11], [15].






3 METHODOLOGY

In this section, simulation methodology is described. All the designs and the simulations were carried
out using the Cadence® Virtuoso® Analog Design Environment (ADE). This section is divided into two
subsections: MOS and TFT technology.

In the first subsection, MOS technology is used as a proof-of-concept, applying the United
Microelectronics Corporation (UMC) 130 nm library. The design requirements for the oscillator and aL are
then explained. Next, simulations are described. The second subsection is related to TFT technology design
and simulations, where an in-house model is used.

3.1 CIRCUIT DESIGN

The oscillator and aL schematics were inserted into Virtuoso® ADE. Here, voltages, currents, and
transistors dimensions were defined. As aforementioned, due to a-1GZO being an n-type semiconductor and
AOS not having a quality p-type counterpart, only n-type transistors were used during the design.

The oscillator was designed using the negative resistance model. According to (2.20), the sum of Ga and
Ge. must be lower than zero. In the steady-state condition, the sum of Ga and Gr must be equal to zero, as
stated in (2.18.1). (2.18.2) dictates that Ba and Br must be symmetric. Hence, the transistor dimensions and
bias conditions were selected to fulfill the oscillations conditions, using the MOS and TFT technologies.

3.2 CIRCUIT SIMULATION

3.2.1 MOS technology

The UMC 130 nm library was employed for MOS simulation in the MOS technology. Due to MOS
technology having a more developed and precise model, it was applied as a proof-of-concept.
3.2.1.1 Oscillator simulation

A DC analysis was run to check if all the transistors were in the pretended operating regime — for this
work, all the transistors must be in the saturation region. A transient analysis was performed. The stop time
was defined to be sufficiently large to observe multiple oscillations. The circuit takes a few periods to achieve
the steady-state, so the oscillation frequency (fosc) and peak-to-peak voltage (Vyp) of the output voltage (Vour)
are extracted accordingly.

A temperature sweep from -40 °C to +85 °C (industrial temperature range [17]) was performed to infer
the oscillator temperature sensibility.

To find the oscillator phase noise it was necessary to perform two analyses: a harmonic balance (hb) and
an hb noise analysis. To execute the former, stop time and fundamental oscillation were the same used and
obtained from the transient analysis. The latter analysis’ goal was to measure the upper sideband (USB)
contribution.

3.2.1.2 aL simulation

The aL RLC EC parameters were obtained using the DC operating point. The half of the circuit was
considered to perform the simulation. A scattering-parameters (S-parameters) analysis was performed, namely
the impedance parameters (Z-parameters). From this analysis, it is possible to observe the Im[Zin], Re[Zin],
and phase of RLC equivalent circuit.

3.2.2 TFT technology

The model used in Cadence® Virtuoso® for TFT simulation was an in-house model, reported in [3]. The
model consists of a TFT EC, which involves the parasitic elements (Cgs and Cep) between the different
electrodes and a dependent current source represents the current between the S and D electrodes. An individual
artificial neural network (ANN) was developed for each element. Then, the device model was achieved by
linking the ANNSs as per the EC. The resulting model was implemented in Verilog-A for circuit simulations,
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allowing to predict with good accuracy the device's static and dynamic behavior [3]. The oscillator and aL
design followed the same methodology presented in section 3.1. However, the transistor model was the
Verilog-A in-house model.
3.2.2.1 Oscillator and aL simulation

The oscillator and aL simulation were carried out using the Virtuoso® ADE. Analogous to the procedure
described in Oscillator simulation and aL simulation, A DC analysis was performed to ensure that the
transistors were in the saturation region, being followed by a transient simulation. The Vp, and fosc
measurements were extracted once the oscillations were stabilized.

Due to the used TFTs model [3], it is not possible to infer about the oscillator temperature sensibility. In
the same way, it is not possible to perform the oscillator phase noise.
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4 RESULTS AND DISCUSSION

Firstly, the LC-oscillator theoretical is analyzed in this section, including aL and XPC circuit analyses.
Next, MOS technology implementation and results are discussed, focusing on the design and simulations.
Then, TFT design and simulations of the alL-based LC-oscillator are examined.

4.1 LC-OSCILLATOR THEORETICAL ANALYSIS
The LC-oscillator consists of an LC tank and a negative resistance. Usually, this circuit is made with a
passive inductor and a cross-couple pair (XCP) — Figure 5 a). These are extensively employed in wireless
communications, with multiple works reported. The main advantage of the passive inductor is the low level of
phase noise [8]. The theoretical fosc of the LC-oscillator (foscy) is presented in (4.1), where L is the inductance
and Cour is the capacitance associated with the output node.
1

= 4.1
fOSCT an ( )

The goal of this work is to replace the passive inductor with an aL, due to the advantages mentioned in
Table 1. The oscillator was analyzed according to the negative resistance model. So, as previously mentioned
in section 2.3.1, the oscillator is divided into an active circuit and frequency-determining circuit. The former
was achieved using an XCP and the latter one applying aL.s. The schematic of the oscillator implemented with
aLs is shown in Figure 5 b).

J2 12
L % % L MaL2 MaL2
vV, - \"J
VOUT- VOUT + MaL1 - ouT our™ Mat1
a | 1 b) 1 1

Figure 5 - a) passive inductor-based LC-oscillator; b) active inductor-based LC-oscillator.

The LC-oscillator presents a basic working principle. Output voltage (Vour) can be extracted at the drain
of M1 or My, being labeled Vour—and Vout+, respectively. At oscillation frequency (which corresponds to the
self-resonant frequency) the impedance of the circuit is resistive since the inductance and capacitance cancel
each other [18]. Therefore, Vour can be approximated by (4.2), where louty, is the Ips that passes through
transistor My, 2, ron 2 is the D to S ON-resistance of M1, and t is an instant of time [18]. Vour+ is high and
Vour— is low when the transistor M; is in the saturation regime and M is in the linear regime, which
corresponds to lout 2 being low and ron, being in its maximum. Oppositely, Vour+ is low and Vour— is high
when the transistor M1 and M are in triode and saturation regions, respectively. These conditions match lout,
being high and ron;, low.

Vour-+(®) = lour, , (t) - Ton, , (£) 4.2)

4.1.1 Active inductor
As described in section 2.2.1, an aL requires a transconductor with negative transconductance and the
other must produce positive transconductance. One of the simplest aL configurations is a common-source as
negative transconductor and a common-drain as positive transconductor [8], [19]. This configuration was
introduced by M. Ismail et al. in [10] and it is shown in Figure 6, being only constituted by n-type transistors.
Additionally, the current sources currents Ji and J, are responsible for polarizing the circuit, ensuring that all
11



the transistors work in the saturation regime [8], [19]. The intrinsic parasitic capacitances are exploited, instead
of the typical grounded capacitor of the gyrator-C architecture [10], [20].

The input impedance (Zn) of the circuit is given by (4.3), after the cancelation of non-dominant terms
[8]. C is the capacitance, ggs is the D to S conductance, gm is the transconductance. The subscripts GS and GD
refer to the quantity between the G and S, G and D, respectively. The subscripts aL.1 and aL.2 are associated
with alL transistors M1 and Mar2, respectively.

Feedback
’wPath
5 ) I I DsaLz
v
a2 Cog s
_ m,, GSaLZ
|

N GDaul |

Vv
) + I Mosas
Yosau Cosu m, v
g all GS,1 DB ALl

Figure 6 - Simple grounded active inductor: a) schematic; b) high-frequency smaII—S|gnaI equivalent. Mac1 is a common-source
configuration (forward path) and MaL2 is a common-drain configuration (feedback path).

CGSaLZS + 'gdsaLl

Z\N = 4.3
N CGSaLl CGSaLZS2 + (CGSaLngaLl + CGSaLl'gdsaLl)S + 'gmaLl'gmaLZ + gdSaLl'gmaLl ( )
From (4.3), it is possible to extract the RLC EC, as stated (2.7), resulting in (4.4.1).
C
Leg = ——ak2__ (4.4.1)
'gmaLl'gmaLz
gdsaLl
Ry = ——— 4.4.2
) gmangmaLZ ( )
Cp = Cas,yy (4.4.3)
Ry = ! (4.4.4)
P gmaLl o

The aL frequency range is also dictated by Zn, namely the self-resonant frequency and the zero, which
are given by (4.5) and (4.6), respectively.

W = gmangmaLz (45)
® | Casars Casars

_ Jdsa. (4.6)
 Cosar
Considering Ry, and Rs in (4.4), it is possible to conclude that R, is much greater than Rs, so the Q-factor
in (2.13) becomes (4.7).

Rp — gmaLz (47)

QszwL

eq  WCgs,,

4.1.2 Cross-couple pair

The XCP role is to compensate losses of the frequency-determining circuit, through the generation of
negative conductance/resistance (-G /-R) [16]. Without XCP, the oscillation decays exponentially, therefore
XCP allows oscillation sustainability [16]. M; gate is connected to M- drain and vice-versa, thus the naming

“cross-couple pair”. In this section, the XCP is analyzed.
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Initially, the XCP impedance is analyzed considering an ideal transistor, being the small-signal only
represented as a simple voltage-dependent current source, without considering gqs and the parasitic capacitors
[16]. This representation is shown in Figure 7.

Ia is described in (4.8). The subscript 1 and 2 are related to transistors 1 and 2, respectively. The XCP is
a symmetric circuit, which means that the dimensions of the transistors and bias conditions are equal. This
implies that the gms are equal, and consequently, from (4.8) is possible to infer (4.9). Va is given by (4.10), and
combining it with (4.9), Va is shortened to (4.11).

Ip = gm,V2 = —gm, V1 (4.8)
V==V, 4.9
Va=Vi—=V, (4.10)

Vp =2V, = =2V, (4.11)

The output admittance of the ideal XCP, Ya, is given by (4.12).
_ I_A — gmvl _ _g_m

== T =5 4.12)
VA
M1 :I M2
gm V, gm,V,
a) _— = b) = =

Figure 7 - Ideal ross-couple pair: a) schematic; b) small-signal equivalent.

Now considering the capacitances and gags, XCP is presented in Figure 8 a). The capacitors Cep1 and Cepz
are in parallel, connected between Vi and V.. However, the capacitors Cep1 and Cepz are not in parallel with
Cos1 and Cpgz. Nevertheless, Cep1 and Cgpz €an be rearranged to be connected to the ground, using Miller’s
theorem, resulting in total XCP parasitic capacitance (Cxcp) [16]. With this reorganization, all the capacitors
are in parallel, resulting in (4.13), as shown in Figure 8 b). (4.13) is shortened to (4.14), due to the symmetry
of the circuit.

CXCP = Z(CGD1 + CGDZ) + Ccsl + CDBZ (413)
CXCP =4 CGD1,2 + CGSl,Z + CDBl,Z (414)

The KCL is applied to the XCP EC presented in Figure 8 ¢), la is given by (4.15). The subscripts 1 and
2 correspond to transistors My and My, respectively.

Iy = gas, (=V1) — Gm, V2 + sCxcp (V1) (4.15)

W

Cdb

M1

Cdbz C
M?A|7 Tvn
b)

a) = = = = - = = = 4]

Figure 8 - Non-ideal cross-couple pair: a) schematic with the parasitic capacitances; b) schematic with parasitic capacitance rearranged
using the Miller's theorem; c) small-signal equivalent of b).

Va is given by (4.11), so combining it with (4.15), the non-ideal XCP admittance is presented in (4.16).
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Im — Yds n sCxcp (4.16)

Y, = —
A 2 2

4.1.3 Oscillations conditions
For the circuit to oscillate, it must fulfill the oscillation conditions previously described in section 2.3.1.

So, it is possible to apply these conditions to the LC-oscillator with aLs. Therefore, to start oscillation, the
negative conductance of XCP (Gxcp) must cancel the aL conductance (Gr). This condition is given by (4.17)
[16].

— G —
_9m—8as  Gr _ o (Gm—Jas)

4.17
2 2 Gr 1 (4-17)

4.1.4 Active inductor applied into LC-oscillator

The aL is integrated with the XCP to produce oscillation, as aforementioned. When integrated, the aL
changes its impedance across the frequency due to the impedance associated with XCP. Consequently, the
oscillation frequency of the LC-oscillator is lowered, because of the parasitic capacitance of the XCP at the
output node. The most relevant parameter affected is Cp, where the total output capacitance (Coury) is given
by (4.18). Therefore, (4.1) becomes (4.19) — theoretical fosc of aL-based LC-oscillator (fosca).

Couty = Cp + Cxcp (4.18)
1

fOSCa =T
L 2”«/COUTTLeq
4.2 MOS TECHNOLOGY DESIGN AND SIMULATIONS

4.2.1 al-based LC-oscillator design and simulation

The LC-oscillator was designed following section 3.1. The XCP and three aLs with different transistors
dimensions, number of fingers (NoF), and bias conditions were implemented. Variables are presented in Table
2. In these cases, oscillation conditions were verified. During this work, the MOS Lcw is 1 um and the power
supply voltage (Vop) is 5 V. Itis important to notice that the simulated transistors feature a thick gate dielectric,
otherwise, the devices would reach breakdown for this Vop. The choice of this Lcy Was to achieve results more
comparable to oxide TFT technology.

(4.19)

Table 2 - Transistor width (W), number of fingers (NoF) and bias currents (J) for each MOS oscillator. Voo is 5V and Lcn is 1 um for
MOS technology.

OSCILLATOR 1 2 3
Wi, [NoF] (um) 25 [20] 25 [20] 25 [20]
War1 [NoF] (um) 5 [1] 5 [1] 10 [1]
Woar2 [NOF] (um) 12 [1] 24 [1] 12 [1]
Ji (LA) 100 100 500
J2 (MA) 1.5 1.5 0.5

The MOS oscillator was simulated with the different aLs, according to the procedure described in section
3.2.1.1. A DC analysis ensured that all transistors were in the saturation region. A transient analysis was
performed, and the results are presented in Figure 9. The power consumption, simulated fosc (foscs), and Vpp
are shown in Table 3, where Vp, is given by (4.20), being Max(Vour) and Min(Vour) the maximum and
minimum of Vour, respectively. All these simulations were carried out at 27 °C — room temperature.

Vop = Max(Voyr) — Min(Voyr) (4.20)
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The bias conditions directly affect the power consumption. The power consumption of oscillators was
reduced when the bias currents also decreased, as it is possible to observe in Table 3 when comparing
oscillators 1 and 2 with oscillator 3. Besides that, greater W/Lcx produces more Ips in the saturation regime
(same voltage conditions), which translates to higher power dissipation. Oscillators 1 and 2 are examples of
this, since the transistor Ma» of the first oscillator has twice the W of the second, resulting in power
consumption increase.

The Leq is given by (2.6.1), so an increase in the W/Lcn ratio of transistor Ma > generates a decrease in
the inductance value, since the gm, , Value increases more than the Cgs, » Value. Therefore, the fosc will
increase. To prove this, the Ces/gm ratio was derived and is given by (4.21), where Cov is the overlap
capacitance [7], [21]. The Ma2’s Lcn and Cox are the same and Vrw is approximately equal in both situations.
When Ma2’s W is wider, the Vps to ensure saturation is lower, because, being the drain voltage equal to Vpp,
the source voltage is lower, consequently, Vgs is higher (gate voltage remains constant with the same bias
conditions and same dimensions Ma.1), resulting in a smaller Cgs/gm and, consequently, in a lower Leg. The
results can be observed comparing oscillators 1 and 2, where the W/Lcn of Ma2 of former was twice the one
of the latter.

In the same way, increasing the W/Lcn ratio of Mai resulted in a lower Leg, due to increase of gma .
Additionally, larger W will drop Vps of transistor Ma.1, but, as source is connected to ground, so the drain
voltage will decrease. As the Mgy drain and M. Qgate are connected, the
Vs of Ma2 also decreases, therefore, the Ces/gm Mar2 ratio declines, and Leq is reduced. On the other hand,
larger W/LcH ratio of Mac1 also increases CesaL1, Which impacts Cp and consequently, Courr. As increase of gm
is more significant than Cgs, fosc increases. An example of this effect are oscillators 1 and 3, since the W of
the former is half of the latter and, nevertheless, foscg of the oscillator 3 is more than the double.
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Figure 9 - Vout+ in function of time for each MOS oscillator: a) Oscillator 1; b) Oscillator 2; c) Oscillator 3.
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(4.21)

At the output node, Ips,, is divided into J; and Ips; ,. Since J1 is an ideal and constant current source, so
the lpsg 2 — J1 results in Ips; », Which is the lout12. Thus, a greater W/Lcw ratio of Mar2 increases Ips,, keeping
the same J; value, and consequently, increases Vyp. On other hand, increasing Ji produces a signal with a small
Vpp, a5 it is possible to verify in oscillator 3 when compared with oscillator 1. It is noteworthy, that changing
dimensions and/or bias conditions affect all characteristics at the same time, so a careful trade-off must be
considered to optimize the aL to a given application.

Table 3 - Power consumption, foscs and Vpp for each MOS oscillator.

OSCILLATOR 1 2 3
Power consumption (mW) 65.0 80.1 21.2
foscs (Hz) 917.2M 1.279G 2.080 G
Vo (V) 1.16 1.78 0.613

4.2.2 aL RLC equivalent circuit

To infer on the origins of the different oscillation patterns shown above, the aLs were substituted by their
RLC EC (Figure 10). Only one branch of the circuit was considered. The parameters are calculated using (4.4)
through LC-oscillator DC operations points, following the procedure of section 3.2.1.2. The fosca. Stated in
(4.19) is used to confirm the foscs. The component values are present in Table 4, as well as the fosca. and the
respective relative error.

a) 2

Mau1

Figure 10 - One branch of the aL-based LC-oscillator: a) schematic; b) RLC equivalent circuit.

An S-parameters analysis was performed on the circuit present in Figure 10 b), namely regarding Z-
parameters. The goal of this simulation was to observe the output impedance of the circuit across the frequency
range and confirm the foscg Obtained in Table 3 and presented in Figure 11. The error is resulting from the
approximation made in (4.4), just dominant terms were considered, so RLC components values present a
difference to those that aL. generates.

Table 4 confirms the expected conclusion about feature size and/or bias conditions were correct. Since
Leq decreases with higher W/Lcw ratio of Mayo, visible in oscillator 1 and 2. The inductance also decreases with
higher W/Lcw ratio of Mars, as it is possible to observe in oscillator 3. Analogously, C, is also affected by the
ratio of Ma.1 since it raises the parasitic capacitance.

To measure the oscillators’ temperature sensibility, a temperature sweep from -40 °C until 85 °C was
performed as previously described. Figure 12 shows the power consumption, fosc, and Vp, variations across
the temperature sweep for all oscillators. The oscillators presented lower fosc when the temperature was higher.
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fosca. depends on equivalent inductance and total parasitic capacitance, as presented in (4.19): Coury presented
an almost linear dependency across temperature range as presented in Figure 13. Simultaneously, Leq also
increased with temperature. Therefore, as fosc is inversely proportional to the square root of the product
between the output capacitances and inductance, it is possible to conclude that fosc,._ is inversely proportional

1.2 .
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Figure 11 - Z-parameters and phase of the RLC equivalent circuit. Real(Z), Imaginary (Z) and phase measurement in function of the

frequency: a) Oscillator 1; b) Oscillator 2; c) Oscillator 3.

to the temperature, as presented in Figure 13, in agreement with foscs.

Table 4 - RLC equivalent components values, correspondent to Figure 10 b), respective fosc,. and relative error for each MOS

oscillator.
OSCILLATOR 1 2 3
Rs () 387 79.0 5.14
Rp (kQ) 1.07 1.07 0.607
Leq (NH) 54.30 48.26 12.34
Cp (fF) 44.74 45.48 83.00
Cxcp (fF) 258.99 262.34 244.18
Coutr (fF) 303.73 307.82 327.18
Rxcp (Q) -399 -403 -545
foscaL (H2) 1.239 G 1.306 G 2.505 G
Relative error (|fosca. — foscs|/ foscar) 0.27 0.025 0.17
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4.2.3 Temperature sensibility analysis

The oscillators' power consumption did not present significant variations across the temperature range,
especially the oscillator 3. For a temperature of —40 °C, the oscillators 1 and 2 dissipated around 6.3 % and
3.2 % more power than at 27 °C and at 85 °C both oscillators dissipated around 2.5 % less. The oscillator 3
power consumption variation was less than 1.3 % in entire temperature range.

The decrease power consumption with temperature can be explained by the decrease of the mobility with
the temperature increase [22], which, consequently, decreases Ips, as stated in (2.2) and (2.3). So, as power
consumption is given by the product of voltage and current, and voltage is constant (and equal to Vpp) and
current decreases, thus power consumption decreases.

The Vyp showed two types of tendencies: Vy, decreased when temperature increased, which is visible in
oscillators 1 and 3; and the opposite tendency was found in oscillator 2 — the increase of Vp, with temperature
decrease. Ultimately, Vyp is given by (4.22), combining (4.2) and (4.20).

Max(VOUT+'_) — Min(VOUT+,—) = (MaX(TONl'Z) ' Min(IOUTl'Z) — Min(TONl’z) ' MaX(IOUTLZ)) (422)

To confirm the results obtained in Figure 12 c), ronz2 and lout2 were simulated and extracted. The
maximum and the minimum of these variables were used to calculate V,, through (4.21) for each one of the
three oscillators. The results were plotted into a temperature sweep, as shown in Figure 14. Peak-to-peak
variation of lout, decreases with temperature, as expected due to lower mobility of the semiconductor, for all
oscillators. Peak-to-peak ronz Of oscillators 1 and 3 decreases with the temperature increase, so as both values
decrease the Vp also decreases, as it is possible to observe in Figure 12 ¢) and Figure 14 a) and c). However,
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Figure 12 - Temperature sensibility for each MOS oscillator. a) oscillation frequency; b) power consumption; c) output peak-to-peak
voltage.
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peak-to-peak ron, Of oscillator 2 increases with temperature increase, which translates to an increase of Vpp
with temperature. The ron of transitor M, is affected by the transistor Mac.. This latter transistor presents a
wider W in oscillator 2, when comparing the same transistor in oscillators 1 and 3. This behavioral difference
is associated with the model/sub model utilized in the simulation (BSIM3v3), since the equations are W and
Lcq dependent [23].
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Oscillator 3.
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4.2.4 Phase noise simulation

Next, a phase noise analysis was performed following the procedure described in section 3.2.1.1. The
phase noise is a fundamental design specification for oscillators in RF applications. Phase noise quantifies the
spread of the oscillator signal power to nearby frequencies [24]. It is measured at the power of the 1-Hz
bandwidth of the spectrum at a given offset. The power is normalized by the carrier power. Phase noise is
usually indicated in dBc/Hz at a given offset from the oscillator fundamental frequency or its harmonics[16].

The phase noises at 1 MHz offset from the fundamental frequency for each oscillator are presented in
Figure 15 and the results are presented Table 5. The phase noise is inversely proportional to the Q-factor of
inductive elements [16], [25]. Oscillator 2 presented the lowest phase noise, however, the Q-factors at foscs —
(4.7) — of Table 5 do not corroborate with these results, which could be a direct consequence of the larger error
of RLC EC values of oscillators 1 and 3, allowing to conclude that Q-factors are lower than estimated.
Nevertheless, it is not possible to affirm with certain, so, further study is necessary to fully understand these
different behaviors.
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Figure 15 - Phase noise at 1 MHz offset from the fundamental frequency for each MOS oscillator: a) Oscillator 1; Oscillator 2;
c) Oscillator 3.

Table 5 - Phase noise at 1 MHz of offset for each MOS oscillator, and respective Q-factor at foscs.

Oscillator | 1 2 3
Phase noise @ 1 MHz offset (dBc/Hz) -96.73 -104.7 -92.86
Q-factor @ foscs 3.43 2.70 3.77
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4.3 OXIDE TFT TECHNOLOGY SIMULATION AND DESIGN

4.3.1 al-based LC-oscillator design and simulation

The alL-based LC-oscillator was implemented using a-IGZO TFTs, as described in section 3.1. The XCP,
the aLs transistors dimensions, and bias conditions are presented in Table 6. The oscillation conditions were
verified under these.

The LC-oscillators using oxide TFTs were simulated following section 3.2.2.1. A DC analysis was
performed to ensure that the transistors are set in the saturation region, as well as to infer about power
consumption. A transient analysis was performed to observe the oscillation parameters. Vp, and fosc can be
observed in Figure 16. The simulation results are summarized in Table 7.

Table 6 - Transistor width (W), number of fingers (NoF) and bias currents (J) for each oxide TFT oscillator.

OSCILLATOR 1 2 3 4
Vop (V) 10 10 10 10
Len (um) 20 10 10 10
Wy, (um) 640 160 80 80
W1 (um) 240 40 40 40
Woi, (um) 480 80 80 40
Ji (MA) 8 3 3 4

J2 (UA) 15

As in the case of MOS technology, larger bias conditions as well as larger transistors translate to higher
power consumption, as it is evident with oscillator 1. The feature size of XCP transistors affect fosc. Comparing
oscillators 2 and 3, the W12 of XCP is the double and, consequently, the fosc is almost the half, due to smaller
Cxcp. However, this comes at the cost of smaller Vy, value, since Vy, is directly proportional to Ipsi2and larger
sizes imply large currents in the drain. As previously mentioned, the W of Ma.» has a high impact on Leq value
and, consequently, in fosc. Therefore, greater W/Lcy ratio of M,z implies a lower fosc as observable in
oscillators 3 and 4, since the Leq is larger in the first case.

Table 7 - Power consumption, foscs and Vpp for each oxide TFT oscillator.

OSCILLATOR 1 2 3 4
Power consumption (UW) 1255 756.2 375.6 532.6
foscs (Hz) 307.9 K 556.2 K 938.3 K 1.218 M
Vop (V) 3.26 4.67 2.60 3.83

4.3.2 aL RLC equivalent circuit

Analogously to MOS technology, the RLC EC parameters were calculated, using (4.4). It is important
to note that Cpg is inexistent. The values parameters are presented in Table 8. The obtained results correspond
to the expected since oscillator 1 presented the larger Leq due to wider Maco, oscillator 2 presented the highest
Vpp because of larger M1, and oscillator 4 presented the largest foscs due to smaller inductor value, which is a
direct consequence of smaller M, size.
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Figure 16 - Vout+ in function of time for each oxide TFT oscillator: a) Oscillator 1; b) Oscillator 2; c) Oscillator 3; d) Oscillator 4

Table 8 - RLC equivalent components values, correspondent to Figure 10 b), respective foscq. and relative error for each oxide TFT
oscillator.

OSCILLATOR 1 2 3 4
Rs () 45 158 131 40
Rp (kQ) 1.52 2.76 2.76 3.10
Leq (UH) 15.10 8.88 3.27 0.76
Cp (fF) 1464 164 164 164
Cxcrp (PF) 9.28 2.00 1.00 1.00
Courtr (PF) 10.74 2.16 1.16 1.16
Rxcp (kQ) -3.43 -4.49 -3.23 -3.10
foscaL (H2) 17.6 M 36.3M 81.6 M 169 M
Relative error (|fosca. — foscs|/ foscar) 0.98 0.98 0.99 0.99

The results presented a high error, probably, due to convergence problems of transient simulation, since
the model is based in an ANN that was implemented using a Verilog-A file. Convergence aids to the initial
conditions were used to minimize the problem.
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5 CONCLUSION AND FUTURE PERSPECTIVES

The focus of this work was to implement LC oscillator circuits using aLs, based on the oxide TFT
technology. The aL goal is to emulate inductive behavior. Additionally, aLs presented several advantages when
compared with its passive counterpart, such as small die area, large and tunable oscillation frequency and
inductance [8].

A simple grounded aL. was employed due its simplicity and for being constituted by n-type transistors,
since oxide TFTs do not present a good p-type semiconductor. Consequently, it is not possible to apply CMOS
design techniques to this technology yet. This aL was applied to a cross-couple LC-oscillator.

Initially, the al.-based LC-oscillator was designed and simulated using 130 nm MOS technology, as
proof-of-concept, since this technology presents a more developed and precise model. Different dimensions
and bias conditions were tested to gather a better understanding of its behavior. The RLC EC was calculated
to obtain the same values of inductance and capacitance at output node as its correspondent aL.

The MOS-based LC oscillator presented an fosc from 917 MHz to 2 GHz with a maximum power
consumption of 80 mW. The Vp, voltage was between 613 mV and 1.80 V with a Vpp of 5V. The MOS
oscillators presented a relatively good phase noise, being in maximum - 92.56 dBc/Hz at an offset of 1 MHz.

The LC oscillator using Len = 10 um a-1GZO TFTs presented an fosc between 556 kHz and 1.21 MHz
and a Vpp from 2.6 V to 4.67 V with a power supply of 10 V. Using a-1IGZO TFTs with Lcy = 20 pm, LC
oscillator presented an fosc of 308 kHz with a 3.26 V of V, using the same Vpp.

As expected, the LC-oscillators using a-1GZO present a lower fosc, greater parasitic capacitances, and
channel lengths when compared with MOS LC-oscillators. Regardless, the TFT model does not allow to
perform the temperature sensibility simulations. Nevertheless, it is predictable that these produced the same
behavior with temperature as their MOS counterparts. The phase noise is highly related to the Q-factor of
inductive elements [16]. Not being possible to verify this parameter, nonetheless, the Q-factor of TFTs aLs
should be lower since the ohmic losses increments are larger than the inductance values, which allows to
conclude that phase noise in the TFT-based LC oscillator will be larger than the MOS counterpart.

As aforementioned, there are only a few reports on aLs based on oxide TFTs. In Table 9, the current
state-of-the-art of oxide TFTs oscillator is presented. Accordingly, some works relate to either aLs-based LC-
oscillators, passive inductor-based LC-oscillators, and ring oscillators (RO). As verified, the present work is
very well aligned with the state of the art, presenting the best figure of merit (FoM) among the LC-oscillators
using oxide TFTs. This FoM quantifies the most important metrics of an oscillator, such as fosc, Vpp and power
consumption [26]. Although it was not possible to produce the layout of the oxide TFT aL-based LC-oscillator,
comparing the total number of transistors and their size, it is also reasonable to state that this work allows the
integration of an oscillator in a smaller area. Additionally, this work is the only one that permits fosc tunability.

The future objectives of this work should encompass the production and characterization of the a-1IGZO
TFT alL-based LC-oscillator. It is relevant to notice that LC-oscillator was simulated without load impedance,
so the large impedance of measurement equipment could modify the results, lowering fosc. Thus, an on-chip
buffer must be used to allow for better results [5].

The aL applied is a simple configuration, with relatively limited Q-factor, and inductance and wo
tunability. There are different and more complex aL configurations that allow to upgrade these parameters,
even using only n-type transistors, such as simple cascode aL [20], or the cascode aL with resistive feedback
[25]. The former presents a better Q-factor since the losses are reduced by the cascode transistor. The latter
offers inductance tunability, which allows fosc tunability. Besides that, different oscillator topologies can be
implemented [16].
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fosc can be improved by using transistors with low parasitic capacitances, enabling the design of high-
frequency oscillators. While the TFT models used for this work considered very conservative design rules,
with gate-to-drain and gate-to-source overlaps of 5 um, there is room for decreasing parasitic capacitances.
The cut-off frequency of transistors is ultimately the limiting factor for high-frequency oscillator circuits. Since
this frequency is inversely proportional to Lcx, working towards oscillator circuits with smaller technology
nodes would allow for higher fosc [6], [7]. The ongoing work at CENIMAT on miniaturized self-aligned oxide
TFTs is precisely heading toward this enhancement of cut-off frequency and minimization of parasitic
capacitances.

Table 9 - State-of-the-art of oscillators using AOS-based TFTs. BG — Bottom gate; RO —ring oscillator; SA — Self-aligned; Pcon — Power
consumption. *Estimated from the reports. **Values presented in pm.

Largest | ¢ Power B
Semicon- Vbp fosc Vop | W/Lcu** Device's | consu- FoM =
Ref. | Topology tuna- . foscV.
ductor V) (H2) (V) | (Total no. of bilit structure| mption P—pp [26]
transistors) y (mW) con
This aL LC- BG and
a-1GZO . 10 | 1.21 M | 3.83 | 80/10 (6) Yes 0.533 8.69-10° C*
work | oscillator non-SA
aL LC- 5 5 2.8* BG and 0.002 7.00-108C?
a-1IGZ0 [1] il 240/12 (10) | No
oscillator | o5 | 109 [0.12* non-SA | 0188 | 63.8-10°Ct
Inductor 500/5 (2) BG and
ZnO [2] LC- 7 35.3M 4 | +2passive | No 56 2.52-10°C?
. . non-SA
oscillator inductors
3-stage BG and
a-1GZ0 [6] g 3 3.39 M |0.65%| 200/2 (3) No - -
RO non-SA
9-stage BG and
a-1GZ0 [7] g 9 305k | 6.57 | 40/10(18) | No - -
RO non-SA
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