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RESUMO

Este trabalho foca no projeto e analise de um oscilador controlado por tensao (VCO)
destinado a integracao em um loop de travamento de fase (PLL) utilizado na geracao de
referéncia temporal digital. Uma fundamentacao tedrica € desenvolvida para orientar
a escolha das topologias de projeto e analisar os resultados, comparando-0os com
osciladores de alta velocidade de ultima geragao. O projeto implementa um VCO de
16 GHz utilizando tecnologia FinFET de 12 nm, com um oscilador em anel de cinco
estagios, um buffer para isolamento do sinal e uma fonte de corrente controlada por
tensédo (VCCS) para regular a corrente de polarizagdo. O oscilador opera com tensao
de alimentagéo de 0,8 V, utilizando transistores de ultra-baixo limiar. Simulagdes em
malha aberta indicam um consumo médio de poténcia de 919,27 uyW e demonstram
um ruido de fase médio de -83,41 dBc/Hz a 1 MHz de offset em relacédo a portadora,
refletindo baixas variagdes de ruido de fase.

Palavras-chave: Oscilador controlado por tensdo. 16 GHz. FinFET. Ruido de fase.
Oscilador em anél.



ABSTRACT

This work focuses on the design and analysis of a voltage-controlled oscillator (VCO)
intended for integration within a phase-locked loop (PLL) used in digital clock generation.
A theoretical foundation is developed to guide the selection of design topologies and
to analyze the results by comparing them with state-of-the-art high-speed oscillators.
The design implements a 16 GHz VCO using 12 nm FinFET technology, featuring a
five-stage ring oscillator, a buffer for signal isolation, and a voltage-controlled current
source (VCCS) to regulate the starving current. The oscillator operates at a supply
voltage of 0.8 V using ultra-low threshold voltage transistors. Open-loop simulations
indicate an average power consumption of 919.27 yW and demonstrate an average
phase noise of -83.41 dBc/Hz at 1 MHz offset from the carrier, reflecting low phase
noise fluctuations.

Keywords: Voltage-controlled oscillator. 16 GHz. FinFET. Phase noise. Ring oscillator.
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1 INTRODUCTION

1.1 MOTIVATION

In recent decades, data traffic has increased significantly across society and
industry, driven by the growing number of connected devices and the vast amount of
information available. As a result, some technologies are shifting to higher frequency
ranges to avoid congestion and enable higher data rates. This shift has made the design
of circuits capable of operating at GHz frequencies increasingly important.

However, reaching these frequencies poses challenges due to the physical size,
limitations, and parasitic effects of the components, which become more significant at
high frequencies.

The voltage-controlled oscillator (VCO) generates signals whose output fre-
quency varies in response to an input control voltage. They are essential in various
applications, including waveform generation, RF modulation and demodulation and
phase-locked loops (PLL). Because the control input may represent a communica-
tion channel selection or an error signal from a feedback loop, VCOs are used in
devices such as smartphones, computers, radios, radars, and clock generation circuits
(ROGERS; PLETT; DA, et al., 2006).

As technology continues to scale down, there is a growing demand for circuits
with faster switching speeds. These circuits must be designed using increasingly smaller
transistor nodes to allow integration with other system components. This work ad-
dresses some of the challenges in designing a current-starved voltage-controlled os-
cillator using 12 nm FinFET technology for future high-speed digital clock generation.
The design includes a voltage-controlled current source (VCCS), the current-starved
ring oscillator, and a buffer stage optimized for high-frequency operation.

Figure 1 — Voltage-controlled oscillator proposed diagram

vdd

out

Oscillator Buffer |—<

XSS VSS

VSS

Source: Author
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1.2 STATE OF ART REVIEW

This section analyzes and discusses recent works related to similar applications,
evaluating their design strategies and performance to inform the development of this
project. Although a direct comparison is not always feasible due to differences in the
technology nodes, configurations, and final applications of VCOs, these studies offer
valuable insight into achievable performance and design trade-offs.

In (LI et al., 2024), the authors propose a compact, low-power, low-jitter PLL
for telecommunications applications. To reduce area and eliminate the need for bulky
passive components, they replaced the traditional LC-VCO with a ring oscillator based
on CMOS delay cells. This choice enables a compact design and wide tuning range, at
the expense of increased noise. Implemented in 12 nm FinFET technology, the VCO
achieves a tuning range from 0.7 to 12.5 GHz, with a power supply of 0.8 V, power
consumption of 1.08 mW, and phase noise of -81.45 dBc/Hz at 1 MHz.

In (SUN et al., 2024), a dual-core LC-VCO is presented as part of a low-noise
PLL operating from 8.5 to 17.8 GHz. The design uses two parallel oscillators: a Low
VCO (LVCO) for the lower frequency range and a High VCO (HVCO) for the upper
range, with overlapping coverage in between. This architecture offers a wide tuning
range and reduced phase noise. The VCO operates at 1.2 V with a maximum power
consumption of 30.07 mW, implemented in 65 nm CMOS technology. Although this dual-
core LC-VCO topology differs significantly from the single-core ring oscillator proposed
in this work, it provides a useful point of comparison in terms of performance and design
trade-offs.

In (XIA; WU; TIAN, 2024), the authors design a ring-based PLL using a current-
controlled oscillator (CCO). This CCO shares the same ring structure as the topology
proposed in this work but incorporates a voltage-to-current converter (V2I), following a
similar control principle. The design, implemented in 6 nm CMOS, achieves a tuning
range from 4 to 16 GHz with a supply voltage of 0.75 V and power consumption of 4.95
mW.

Earlier works such as(TURKER et al., 2018) and (LIU; GOH; SIEK, 2005) present
both LC-based and ring oscillator designs. These studies serve as historical bench-
marks that illustrate the evolution of oscillator performance over time and the improve-
ments made in power efficiency, tuning range, and noise characteristics.
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Table 1 — State of art comparison

Work Power Power Frequency Phase | Tech. | Topology
supply | consumption Noise
@ 1 MHz
(V) (mW) (GHz) (dBc/Hz) | (nm)
Ll etal., 0.8 1.08 0.7-125 -81.45 12 RO
2024°
SUN et at., 1.2 30.07 0.05-17.8 | -109.9 65 Dual LC
2024
XIA; WU; 0.75 4.95 4-16 - 6 RO
TIAN; 2024
TURKER - 45 7.4-14 -123.2 16 LC
et al.,2018
LIU; GOH; 1.8 50 8.4-10.1 -99.9 180 RO
SIEK, 2005

Source: Author

°VCO Only

1.3 ORGANIZATION

This work is structured as follows. Chapter 2 presents the fundamental concepts
required to understand the design, including the key performance metrics and param-
eters analyzed throughout the project. It also introduces possible oscillator topologies,
outlining their advantages, disadvantages, and the techniques applied in the proposed
design. Topics covered include the benefits of FInFET technology, oscillator operating
principles, performance metrics such as phase noise and jitter, and the core design
equations.

Chapter 3 outlines the design specifications and performance targets of the
project. It discusses the application of previously introduced equations, the design
decisions taken, and preliminary simulation results for each developed subcircuit.

Chapter 4 presents the results of the complete VCO design, including open-loop
and closed-loop simulations. The chapter also provides an analysis of the system’s
overall performance on the basis of these results.
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2 THEORETICAL BACKGROUND

This chapter provides the theoretical foundation necessary for the design of the
voltage-controlled oscillator (VCO). It aims to establish a solid understanding of high-
speed circuit design by exploring key parameters and examining how design decisions
influence each building block. This background equips the reader to better understand
the design choices and performance targets of the proposed VCO.

2.1 FINFET

The article (MAURYA; BHOWMICK, 2022) describes the FinFET as one of the
best Multi-Gate Field Effect Transistor technologies available, due to its improved stabil-
ity, better short channel performance, and smaller intrinsic gate capacitance.

The primary physical difference between planar and FinFET devices lies in the
placement of the gates. In planar transistors, the gate controls the channel only from
the top (horizontal axis), whereas in FInFETs, the gate wraps around the channel
on multiple sides along the vertical axis. This multisided gate control increases the
effective channel area influenced by the gate, allowing for stronger electrostatic control.
As a result, the channel forms more efficiently, enabling faster switching and better
suppression of short-channel effects.

Figure 2 — Planar FET and FinFET 3D representation

(a) Planar FET (b) FInFET
Drain /_—
Gate v

Gate
dieletric

dieletric

Source

Source: Author

Figure 2 presents a physical comparison between planar and FinFET technolo-
gies. Although both structures share the same basic terminals, gate, drain, and source,
and rely on channel formation beneath the gate dielectric.

FinFETs can be classified into two main types: Double-Gate (DG) and Tri-Gate
(TG) FinFETSs. In the DG FinFET, the channel is controlled by two vertical gate fins on
the sides, while a hard mask on the top prevents the horizontal gate from influencing the
channel, enhancing structural stability. In contrast, the TG FinFET features not only the
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side gates but also a top gate, which is separated from the channel only by a dielectric
layer. This configuration allows the gate to control the channel from three sides.
Because the gate surrounds more of the channel in FinFETs compared to planar
devices, the effective channel width becomes a function of the fin geometry. As a result,
key device characteristics such as drive current and switching speed can be tuned by
adjusting fin dimensions.
For a double-gate FinFET

Wetr = 2 - n - Finpeignt (1)

For a tri-gate FInFET

Wett =2 - n- Finpejgnt + Finyign (2)

Here, n represents the number of fins in the device. Another way to categorize
FinFETs is based on gate connectivity. They can be classified as Shorted-Gate (SG) or
Independent-Gate (IG) FinFETs. In SG FinFETs, the front and back gates are electri-
cally connected (shorted), functioning as a single gate. In contrast, IG FinFETs feature
physically isolated front and back gates, allowing them to be controlled independently
for more flexible operation.

Figure 3 — FinFET gate connectivity representation

(a) Double-gate (b) Tri-gate
Gate / /
Back .
Gate Drain Drain
| Front |
Source, Gate Source

Source: Author

In general, the FInFET channel does not require heavy doping. However, light
doping may be introduced to improve leakage current control and to fine-tune the thresh-
old voltage. However, the source and drain regions require high doping concentrations
to ensure proper carrier injection. However, this high level of doping can lead to an
increase in series resistance in the device.

The FinFET has more parasitic capacitance compared to the planar device. As
the gate now has a wider coverage area, parasitic capacitances Cgyq tend to increase
for higher fin heights, while narrow fin pitchs tends to interfere with the coupling between
fins.
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FinFETs exhibit higher parasitic capacitance compared to planar transistors due
to their increased gate coverage area. Specifically, the parasitic capacitances from
gate-to-drain (Cyq) and gate-to-source (Cgs) tend to increase with greater fin height
(Finpeignt), as a larger gate surface overlaps the channel. Furthermore, the fin pitch
(Finpitch), the spacing between adjacent fins, affects the electrostatic coupling between
fins, influencing the overall capacitance and behavior of the device.

The study in (SINGH et al., 2017) compares the 14 nm FinFET technology with
28 nm planar CMOS for RF applications, focusing on the transition from planar to Fin-
FET nodes to enable higher device density and support emerging technologies. Factors
such as design compatibility and cost-efficiency are highlighted as key enablers of this
migration. Additionally, the growing trend of replacing traditional analog circuit blocks
with digitally assisted analog architectures supports the adoption of FInFET technology,
offering reduced area and access to an increasingly mature design ecosystem.

Table 2 — Comparison between FinFET and planar FET technologies

Technology 14 nm FinFET 28 nm FET
(planar poly/SiON)
Device NFET | PFET | NFET | PFET
Lgate [nM] 14 30
CPPt [nm] 78 126
VpplV] 0.8 1.05
Ip,, [WA/Um]* 1523 | 1433 | 670 450
Gmgy [US/pm]* | 3017 | 2748 | 985 395
ft.Gml/lp [THz/V] | 2650 | 2053 | 2000 1150
Note: *Normalized to footprint Wiesjgn, TCPP: Contacted poly (gate) pitch

Source: (SINGH et al., 2017)

Table 2, adapted from (SINGH et al., 2017), compares device parameters be-
tween a 14 nm RF FinFET and a 28 nm high-k k metal gate (HKMG) planar RF tech-
nology. The FinFET demonstrates superior performance, offering higher drive current
(Ip) and transconductance (gm) for the same footprint. Additionally, it operates at a
lower supply voltage and occupies a smaller device area, highlighting its advantages
for high-performance and area-efficient RF circuit design.

In the study, key RF performance metrics such as the transition frequency (f;)
and the maximum oscillation frequency (fmax) are evaluated for each type of transistor.
The parameter f; represents the frequency at which the current gain between the gate
input and the drain output drops to unity, while fmax denotes the highest frequency at
which the power gain is still achievable, indicating the potential for sustained oscillation.

When comparing NFinFETs with conventional NFETs, and PFinFETs with PFETSs,
the FInFET devices consistently demonstrate higher values of both f; and fmax than their
planar counterparts. These results highlight the superior high-frequency performance
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of FinFET technology in both NMOS and PMOS configurations.
For a 14 nm node, the obtained values are

Table 3 — 14 nm FinFET f; and fmax extracted from work

14 nm FinFET
NFinFET | PFinFET
fy(GHz) 314 285

Source: (SINGH et al., 2017)

To further improve fmax, optimization strategies such as increasing the gate
length (Lgate) and implementing double gate contacts (DGC) can be employed. These
enhancements have been shown to raise fmax values to 227 GHz for NFinFETs and
195 GHz for PFinFETS, respectively.

Based on the studies referenced, FinFETs represent a viable option for circuit
miniaturization and integration with other applications. Their reduced footprint enables
higher transistor density on a silicon die, while offering improved performance compared
to certain planar technology nodes. Furthermore, design methodologies developed for
larger technology nodes can be adapted to FInFET processes, facilitating the transition
to advanced technologies.

For RF applications, FinFETs offer higher values for f; and fmax, enabling more
efficient operation with reduced signal degradation, as well as lower power consumption
and leakage currents. However, it is important to note that despite these advantages,
FinFETs are still under evaluation for many applications and may not be the optimal
choice for certain circuit blocks due to their inherent non-idealities, such as the in-
creased parasitic capacitance. Furthermore, FInFET layouts are more complex and
must adhere to stricter design rules. Consequently, analog and RF circuit designs of-
ten encounter challenges during layout, necessitating additional design iterations to
achieve desired performance.

2.2 OSCILLATORS

The book (ROGERS; PLETT; DAI, et al., 2006) defines an oscillator as a circuit
that generates a periodic waveform. As mentioned above, oscillators have a wide range
of applications, including clock generation for receivers and transmitters, as well as
general waveform generation. In the context of this study, the oscillator will be ana-
lyzed as the central component of a frequency synthesizer. Key considerations in this
context include tunability, the ability to achieve or converge to different frequencies,
spectral purity, characterized by low phase noise, and, for integrated circuits, low power
consumption.
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There are various approaches to oscillator design, but two primary types are
discussed in the book. The first is the LC-based oscillator, which uses a resonant circuit
composed of inductors and capacitors to generate the desired frequency. The second is
the ring oscillator, which achieves oscillation through a series of connected delay cells.
In addition, crystal oscillators are discussed, primarily emphasizing their importance as
stable reference signals in frequency synthesizers.

2.2.1 Oscillator block diagram

Figure 4 — Oscillator theoretical model
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Source: Author

According to (ROGERS; PLETT; DAI, et al., 2006), a system forms an oscillator
when its poles lie on the imaginary axis of the s-plane. Substituting s = jw, if there exists
a frequency w at which the denominator of the transfer function becomes zero, the
system will oscillate at that frequency. From a filter perspective, as the poles approach
the imaginary axis from the left half-plane, the system’s quality factor (Q) tends to
infinity. This behavior can be understood by envisioning a negative resistance that
cancels the positive resistance responsible for losses and attenuation, thereby allowing
the system to sustain oscillations indefinitely. Another viewpoint is that in a feedback
system, the loop gain causes the transfer function denominator to become zero at a
certain jw, satisfying the oscillation condition and causing the circuit to oscillate at the
corresponding frequency.

The transfer function can be written as

Vout _ Hi(s) 3)
Vi 1—Hi(s)Ha(s)
The product of H;(s) and Ho(s) can be interpreted as the loop gain of the system.
When this product approaches unity, the overall transfer function tends toward infinity.
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Near this singularity, the system exhibits very high gain, allowing a finite output voltage
to be generated from an arbitrarily small input voltage.

For sustained oscillations to occur, the system must satisfy the Barkhausen
criteria, which state two essential conditions that must be met.

Loop gain:
|Hy(s) - Ho(s)| = 1 (4)
Phase shift:
ZHy(s) - Hx(s) =0 (5)
or
2-n-1m

With n being an integer, in practice, the loop gain initially exceeds unity, causing
the output voltage to grow over time. After a transient period, nonlinearities in the system
reduce the effective feedback gain to a level that sustains the oscillation. This balance
maintains the feedback signal at a magnitude sufficient to keep the oscillation running
continuously.

2.2.2 LC-Based VCO

The LC resonator, composed of inductors and capacitors, determines the oscilla-
tion frequency of the oscillator and is often integrated into the feedback mechanism, as
seen in Colpitts and Hartley oscillator topologies. The oscillation frequency is approxi-

mately given by:
1
Wosc = |/ ic (6)

where L is the inductance and C is the capacitance of the resonant tank circuit.
This relation assumes ideal components and neglects loading effects, offering a first-
order approximation of the natural oscillation frequency. In practical implementations,
however, non-idealities in the components introduce losses that cause the oscillations
to decay over time. To compensate for these losses and sustain oscillation, a feedback
mechanism is required to continuously supply energy to the circuit.

High-quality inductors are traditionally among the most challenging RF passive
components to implement monolithically, primarily due to the lossy substrate, parasitic
capacitances between the metal layers and the substrate, and the limited conductivity
of on-chip metals. However, extensive research has been dedicated to accurately mod-
eling these devices, with a focus on optimizing geometric structures during fabrication.

Due to modeling and simulation constraints, modern technologies typically do
not provide true circular inductors. Instead, they employ polygonal shapes, most com-
monly octagonal layouts, which can closely approximate the performance of circular
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structures. In practice, square-spiral inductors are frequently used, but their 90-degree
turns contribute additional series resistance. Furthermore, the intrinsic series resistance
(Rg) increases with frequency due to the skin effect, an electromagnetic phenomenon
that causes current to concentrate near the conductor surface, effectively reducing the
cross-sectional area available for conduction.

At lower frequencies, the inductance of an integrated inductor remains relatively
constant. However, as the operating frequency increases, parasitic impedances, primar-
ily capacitances between the turns and to the substrate, become increasingly significant.
At a certain frequency, these parasitic elements interact with the inductance in such a
way that they form a resonant tank, effectively canceling the inductive behavior. This
phenomenon defines the self-resonant frequency (SRF) of the inductor, beyond which
the component no longer behaves as an inductor and instead exhibits capacitive char-
acteristics.

Since parasitic capacitances are strongly dependent on the physical dimensions
of the inductor, the self-resonant frequency tends to decrease as the inductor size in-
creases. As a result, the maximum usable size and consequently the maximum achiev-
able inductance of on-chip inductors is inherently limited in high-frequency applications.

The Q for a inductor can be given by the following equation:

o ImZu)| _ oL _ e )
}Re(zind)‘ Rs wL

Where Z;,4 is the inductor impedance, L is the equivalent inductance, Rg is the
series resistance and Rp is the parallel resistance at frequency w. This relationship
shows that achieving higher quality factors, directly related to the filtering performance
of the resonator, requires either a higher inductance or lower series resistance, both of
which are influenced by the physical dimensions of the inductor.

Figure 5 — Common-gate Collpits oscillator schematic
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Source: Author
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Using a common-gate Collpits topology to analyze a LC-based oscillator. Taking
into account the small signal model of Figure 6 (a), the rs resistor on Co can be replaced
by a tank-equivalent rg ;5. resistor according to

Co\2
I's,tank = (1 + 0—1) I's (8)

Figure 6 — Small-signal model for a common-gate Collpits oscillator

(a) Collpits common-gate small signals model
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(b) Collpits common-gate using capacitive

feedback
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Source: Author

Figure 6 (b), the equivalent model is obtained. The loop gain now can be ex-
pressed as

gm Cy Cy gm )

Yk C1+Co Ci+Co 1, 1 1o _ |
tank &1 + L2 1P22 gt o+ jwCr = 7

HyHyp =

To solve for Barkhausen criteria, we can set Equation (9) to one, as the imaginary
terms cancel, the resonant frequency will be set as:

[ 4
Wo = C_TL (10)

€16 (11)
C1 + CQ
The remaining terms can be used to obtain the required gm, setting the loop gain
to one in the resonance frequency, but in practice, the small loop gain must be larger
than one to guarantee a start-up

With Ct being defined as

Cr=GilICz =
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1 1 C1 + 02)
> — + (12)
gm (RP rs,tank) ( Cy

The transconductance gm compensates for losses that will occur in the inductor
Rp and rs 1ank, SO for a decrease gm, both resistances would need to be as large as
possible. A large Rp will be the result of a high Q for the inductor, while a large rg 574
will be the result of a large capacitive transformer relation (Co >> C¢). As gm depends
ON g, tank> SO

w2L(Cy+Cs) Cy+0Co
= (13)

Rp RpCr
To minimize gm, Rp should be large, and choosing a larger transformer ratio
for Co and Cy is not optimum, as it will increase rg 450, but reducing the loop gain,
thus requiring a larger gm. To reduce noise, it is an advantage to increase rg tanx by
increasing the transformer ratio, but it requires a larger gm, which increases power

dissipation, being a trade-off between noise and power losses.

gm

2.2.3 Ring Oscillator VCO

Ring oscillators, like any other type of oscillator, must satisfy the Barkhausen
criteria. However, in this case, the phase-shift condition is of greater importance, as
the loop gain requirement is typically easily met. Ring oscillators are commonly imple-
mented using an odd number of inverters, with the output of the final stage fed back to
the input of the first stage.

When a voltage such as Vpp is applied to the input, the signal propagates
through the chain of inverters and delay cells. Due to the odd number of inversions and
inherent delay, the output eventually becomes Vgg, which feeds back to the input and
forces it to switch states, initiating a new cycle and propagating the change through all
subsequent stages.

In a three-stage ring oscillator, for example, if the input to the first inverter is high,
its output will be low. This low signal is then fed into the second inverter, resulting in a
high output, which in turn becomes the input to the third inverter, producing a low output.
Because this final output is connected back to the input of the first stage,with delay
applied, it causes the input voltage to discharge and switch to a low level, restarting the
process with the inverted value.
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Figure 7 — Three stages ring oscillator diagram
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Source: Author

Because they do not rely on inductors, ring oscillators tend to exhibit higher
phase noise compared to LC oscillators, although this can vary depending on the
chosen topology.

Using a single inverter is insufficient to achieve oscillation. While the input-output
behavior may resemble that of a feedback system, the phase shift condition required
by the Barkhausen criteria is not met, as it results in only a 180° phase shift rather than
the necessary 360°. Additionally, certain topologies may be unstable or fail to function
properly.

Although two-stage ring oscillators can theoretically provide the required 360°
phase shift, they often result in a latched output, where the final output equals the input
and no oscillation occurs. While there are techniques designed to mitigate this behavior
and enable oscillation in two-stage configurations, such methods fall outside the scope
of this study.

Due to these limitations, the minimum practical implementation for a ring oscilla-
tor typically involves three stages, forming the simplest functional configuration. While
differential ring oscillator designs exist that can oscillate with an even number of stages,
they are generally applied in different contexts and will not be the focus here.

The frequency of oscillation fps¢ is related to é where I is the current of charge
and discharge and C is the capacitance size. So, the frequency could be adjusted by
controlling both capacitance and current, as the capacitance is a physical dependent
parameter, and not so easy to adjust, the oscillation frequency f can be adjusted by the
current /.
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Figure 8 — Single ended inverters schematic
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Figure 9 — Single ended inverters with bias current schematic

Source: Author

Different topologies of amplifiers or inverters can make up the structure of a ring
oscillator, such as the ones shown in Figure 8. As the oscillation frequency depends
on how quickly the capacitance can be charged or discharged, circuits with bias tuning
current can be implemented to control the oscillation process, some options are shown
in Figure 9.
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Figure 10 — Differential inverters schematic
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Differential inverters could also be used in an elementary design topology or with
cross-coupling, as shown in Figure 10.

For an N-stage ring oscillator, modeling the inverter as a negative transconductor,
driving RC cells, as the delay cells

(14)

The open loop gain is defined as

H - (—CmA\ (=GmR Y\ (=GmRY _(-GmR\" o
~\1+sCR/; \1+sCR) \1+sCR), \1+sCR
As each stage will add 180°, the phase shift will be N - 180°, and the delay cells
must complete the phase shift to achieve 2nmr

¢ =—tan"' (wRC) (16)

Instead of analyzing the inverter by the phase shift, it is possible to characterize it
by the time delay it has. The oscillation frequency of an oscillator f,s¢ can be discovered
as

1
fosc = = 17
0SC = 5 (17)

Here 1 is the given delay for each cell.

Assuming that the / charging current is constant, an estimate of frequency can
be made noting that the output voltage will swing about half Vpp before starting the
next stage, fosc can be predicted as

C'VDD
/-2

T=2N (18)

or
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fosc = 1 - -
T N-C-Vpp

With N being the number of stages, C the input capacitance of each stage, / the
charging/discharging current and Vpp the supply voltage for the ring oscillator.

Equation (19) shows that the oscillation frequency fosc depends on the factors
discussed above. To achieve a desired oscillation frequency, these parameters can be
adjusted accordingly, allowing the oscillator to operate within the specified frequency
range.

For a given ring oscillator, the number of stages N is typically considered fixed.
Although more complex topologies may implement switching mechanisms to add or
remove stages, in most cases, N remains constant. Varying the supply voltage Vpp
is generally not a viable option, as it may be shared with other circuits. Additionally,
reducing Vpp may cause transistors to enter the triode or saturation regions improperly,
while increasing it beyond the nominal level may risk damaging the device.

The capacitance C is another factor subject to variation due to the fabrication
process. Since it depends on device sizing, any deviations caused by the finite precision
of the manufacturing equipment can affect the oscillation frequency. Moreover, process
variations, such as shifts between slow-slow and slow-fast corners, for example, can
further alter the capacitance, thereby affecting the frequency of oscillation.

From basic circuit theory, it is known that the current through a capacitor is given

(19)

by:
av
ln=C—
Integrating both sides over time, we obtain:
t t dVv
lo(t)y=C / —dt 21
[e0=c| G &)
Thus, for a given initial time {;, the voltage across the capacitor can be expressed
as:
1 T
V() == Ic - dt + V(lp)
CJi,

This equation highlights that the voltage value across a capacitor is directly
related to the integral of the current over time. In the context of a current-starved ring
oscillator, this relationship becomes critical. In such circuits, the current I/ responsible
for charging and discharging the capacitance of the internal node is deliberately limited
by current sources. Assuming that the initial voltage V() is Vgg or Vpp, the time
required to reach a switching threshold, related to the propagation delay, is inherently
dependent on both the current magnitude and the capacitance value.
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Therefore, in a current-starved ring oscillator, each inverter stage is preceded
and/or followed by a current source that restricts the available charging/discharging
current, effectively setting the speed at which the output voltage transitions. These
current sources are typically implemented as voltage-controlled current sources, where
a control voltage modulates the bias current. As a result, the delay per stage, and hence
the oscillation frequency, can be finely tuned by adjusting the control voltage.

This architecture enables precise frequency control with relatively low power
consumption and is particularly well suited for applications requiring frequency agility
and integration efficiency.

2.2.4 Crystal Oscillator

Quartz crystal resonators are primarily used for frequency control and synthesis
applications due to their high quality factor Q, excellent long-term stability, and minimal
sensitivity to environmental variations, all within a compact form factor. When a voltage
is applied across opposing faces of the crystal, it mechanically resonates. Both the
quality factor and the temperature coefficients of the resonator are influenced by the
crystal’s cut orientation.

Figure 11 — Crystal oscillator model
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Source: Author

The motional resonance frequency fs of the crystal oscillator is given by

1

fs = 22
s 2TV LC (2)
A figure of merit M is important for crystal oscillators
1
M=_——— (23)

2mfsCoR
For M<2, the crystal reactance is never inductive, and an external inductor would
be required so it oscillates.
In a crystal resonator, the quality factor of the reactive components is Xy, from
the motional inductance or capacitance, divided by the motional resistance.
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X4l 2mfsly 1
R Ry 21fsCy Ry
In the vicinity of an isolated mode of vibration, the impedance of a crystal is pure
resistive at two given frequencies. The lower frequency is the resonance frequency
fr, which is close to fs, but not exact due to the presence of Cy, and the higher being
the antiresonance frequency f;. When the resonator is lossless, the antiresonance
frequency is approximately equal to the parallel resonance frequency fp.

Q (24)

Cq 1
fp = fs (1 + E) = fs (1 + m) (25)
Then M>5, f can be approximated by
fomto (14— (26)
r=’s\""2am

2.2.5 Performance comparison of oscillators

Table 4 — Comparison summary

Parameter Crystal LC Ring
Output frequency Low High Medium
Q High Medium Low
Phase Noise Best Good Poor
Power consumption Low High Highest
Multiphase output No No* Yes
Frequency stability Best Good Poor
Tuning range Narrow Medium Wide
Integrability No Large size Small size
Applications Reference source | GHz VCO Multiphase VCO,
digital clock generation

Source: (ROGERS; PLETT; DAI, et al., 2006)

Table 4 highlights that crystal oscillators typically offer superior frequency stability
and low phase noise compared to other types of oscillators. However, they operate at
relatively low frequencies and cannot be fully integrated on-chip, requiring external
connection through package pins. As such, they are commonly employed as timing
references for other circuits.

LC-based oscillators are capable of reaching frequencies in the hundreds of
gigahertz, with favorable performance in terms of phase noise and stability. This makes
them suitable for precision applications. Nevertheless, their performance is highly de-
pendent on the quality of the inductor, particularly its Q-factor As high Q inductors are
difficult to implement efficiently in integrated circuits due to their large equivalent area,
this presents a design challenge.



Chapter 2. Theoretical Background 32

Ring oscillators, by contrast, offer a compact footprint and a wide frequency tun-
ing range, making them well-suited for fully integrated solutions that require frequency
agility. However, they tend to consume more power to achieve acceptable performance
and generally exhibit inferior noise and stability characteristics. In some cases, feed-
back control mechanisms are required to stabilize the oscillation frequency within the
desired specifications.

2.3 PHASE NOISE

Suppose that there is an ideal oscillator, its frequency response would be repre-
sented by an impulse centered at the oscillation frequency. In practice, however, real
oscillators exhibit a response that deviates from this ideal, characterized by spectral
spreading, known as skirts, around the carrier frequency. This effect arises from instan-
taneous fluctuations in the waveform magnitude and phase.

The noise responsible for variations in the phase of the waveform is called phase
noise, which is distinct from the amplitude noise that affects the magnitude of the signal.
The waveform of an ideal oscillator can be expressed as:

VOSC = A cos(2mrfot + (Pn(t)) (27)

Here, fo is the desired oscillation frequency and ¢@n(t) is the phase noise of an
oscillator. As a variation in phase could be seen as a small variation in frequency, this
is the visual representation of what phase noise does to the oscillator in reallity.

Figure 12 — Real oscillator spectrum
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Figure 12 illustrates the spectrum of a real oscillator. The red line represents
the impulse response of an ideal oscillator, while the green region corresponds to the
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spectral skirts caused by phase noise. It can be observed that, although the oscillator

maintains a dominant frequency component, the presence of phase noise introduces

fluctuations in the phase of the output signal over time. These fluctuations result in

variations in the exact moments when the signal crosses a reference threshold, due to

constructive and destructive interference among the nearby frequency components.
From control theory,

Nouyr(s) 1 (28)

Nin(s) — 1=H(s)
Here H(s) = H{(s)H(s), and can also be rewritten as a truncated Taylor series

as
) , aH
H(jw) ~ H(jwo) +Ad—w (29)
And for stable oscillation, H(jwy) = 1, then
Nour(s) 1 (30)

Nin(s) —Aw%
As paper (LEE; HAJIMIRI, 2000) describes the phase noise of an ideal oscillator,

considering a fully discharged tank circuit, the main source of noise will be the thermal
noise present due to the conductance of the tank.

2
In _
yria 4kTG (31)

For a relatively small Aw, the offset frequency and the impedance for the tank
circuit from a wo frequency can be approximated for the tank circuit.

Z(wo +Aw) ~ j—— (32)

The current noise can be transformed in voltage noise if multiplied by the effective
impedance seeing from the source. Write the impedance in therms of Q

R 1
Q= ol = wolC 3
Solving for L
1 Wo
|Z(wo+A(U)|—520Aw (34)
This translates the dependency of the inductance Lto Q and G
2 2
Yo_h 722 _®o
Af  Af 12l 4kTR20Aw (35)
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It can be observed that increasing the tank Q reduces the noise density, as the
resonator filtering effect attenuates noise components outside the filter bandwidth, if all
other parameters remain constant. This highlights the importance of resonator quality
in oscillator design.

As shown in Equation (35), noise affects both the amplitude and phase of the sig-
nal. However, as described in (LEE; HAJIMIRI, 2000), comparing with thermodynamics,
the noise power associated with amplitude and phase tends to be equal in equilibrium.
Since most oscillators incorporate mechanisms that limits the amplitude, the amplitude
noise component is suppressed, leaving phase noise as the dominant effect.

It is common practice to normalize the mean square noise voltage density with
respect to the mean square carrier voltage and express the result in decibels. This
normalized ratio is reported in dBc/Hz, indicating the noise power relative to the car-
rier power per unit bandwidth. The single-sideband noise spectral density is therefore
typically presented in this format.

2KT Wo 2
Law} = 10log | (ZQ—A(U) (36)

9

Equation (36) shows that phase noise at a frequency offset will improve by in-
creasing the carrier power and Q, with k being the Boltzmann constant, the temperature
T in Kelvin and the signal power Pgg. Increasing power improves the relation because
the thermal noise is fixed because the conductance stays almost constant for the re-
gion, while improving Q will improve the ratio quadratically, due to the tank impedance
falling by a factor ﬁ. (LEE; HAJIMIRI, 2000) informs that many simplifications were
made, and the calculated results may diverge from the one extracted via simulation or
tests, because there is additional noise due to the energy restoration circuit and switch-
ing. Furthermore, the ratio will flatten for a large offset rather than just keep dropping
indefinably. Due to the details mentioned, Lesson made modifications that consider
these simplifications and insert a factor that considers many other aspects, giving the

equation
2FKT Wo \2 Awq/f3 2
L{Aw} = 10log [ P (1 + (ZQAw> ) (1 + ( e ) )] (37)
The modification considers F for the increased noise over the —'— region and

2
a unity addictive factor to consider the noise floor. Also, it includes a mtﬁIAtEf))licative factor
for the behavior of ﬁ for small offset frequencies. This equation is known as Lesson’s
equation and describes the phase noise for a oscillator.
For ring oscillators, the Q factor is poor, as the energy stored in the capacitance

of the nodes is discharged each cycle. However, paper (HAJIMIRI; LIMOTYRAKIS; LEE,
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1999) describes other equations that can be used to have an overview and calculate
phase noise for ring oscillators.

For a single-end ring oscillator, considering that the current source consists of
an impulse with area Aq in coulombs occurring at t = 7, this will cause an instantaneous
voltage change in the node such that

Aq
Chode
Where the C,qe is the effective capacitance on the node at the injection time.
For a small AV, the phase shift ¢(t) will be proportional to the injection charge

AV =

(38)

AV A
Ap = I(wol) ;—— = Mwol)
swing Qswing

(39)

Where Vgying is the voltage swing in the capacitance and qsying = Cnode* Vswing-
There is a dimensionless function I'(wot) that is the time-varying periodicity constant
with 21r. As it is large when the perturbation causes a large phase shift and small when
it causes a small perturbation, I'(x) receives the name of impulse sensitivity function, or
ISF, which will not be fully covered in this work.

Unlike amplitude noise, phase shifts persist over time, as subsequent signal
transitions remain displaced by the same amount. As a result, the phase impulse
response of an oscillator takes the form of a time-varying step function. The impulse
response of the system can therefore be described as:

[(wof)
Gmax
The instantaneous phase of the circuit can be calculated with the following equa-

he(t,7) = u(t—r) (40)

tion.
00 t
Q(t) = / he(t,)i(T)dT = / Hwol) i(T)dr (41)
—00 -0 9max
Thus, the single-sideband phase noise of an ring oscillator can be found by

5 2

Mws 4
Ufot = e —5+ (42)

° 8772f02ff QIZnaX

With I'2, . being the RMS value of the ISF, Aﬁ, being the single-sideband power
spectral density of the noise current source and f ¢ being the carrier offset frequency.
Increasing the number of stages N will lead to a reduction in the peak of the
ISF function, mainly because the waveform transitions become faster with a higher N,
since the sensitivity during the transition is inverse to the slope, the peak will drop. The
width of the lobes will decrease with greater increase N, since each transition will now
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occur within a small fraction of the period. Based on this observartions, it is possible to
approximate the ISF with a triangular shape. The ISF has a maximum of fr/:: assuming
equal rise and fall time,

Increasing the number of stages N results in a reduction of the peak of the ISF,
primarily because the waveform transitions become steeper as N increases. Since
sensitivity during transitions is inversely proportional to the slope of the waveform, a
steeper slope leads to a lower ISF peak. Additionally, the width of the ISF lobes narrows
with increasing N, as each transition occupies a smaller fraction of the oscillation period.
On the basis of these observations, the ISF can be approximated by a triangular shape.
The ISF reaches a maximum of f/:: where f/,4y is the maximum slope of the waveform,
with the triangular width of approximately ﬁ assuming equal rise and fall times. Under
this approximation, the root mean square of the ISF, I'yms can be estimated as

1 fem 4 (7 2 /13
o _ 1 2 _4 2.4 _ 2
[fms = 211/0 r=(x)dx 21T/0 x<adx 3 (f,,nax) (43)

The stage delay is proportional to the rise

tp= (44)
max
And the period is 2N longer than in a single stage delay,
2Nn
fr/nax
Here n is a proportionality constant close to unity and i‘D is the normalized stage
delay. It is possible to find a approximate value for the I'rms as

[2112 A
rrms = S_rISW (46)

For a single-ended CMOS ring oscillator, the total channel noise from the NMOS
and PMOS devices with input and output in % is

] 2
no_ () () C akTypgsCox Wert y\/ (47)
A \4fr)n \41/)p L

21 = 2Ntp = (45)

With
Werr = Wy + Wp

_EUNWN+ppWp
Feff WN+ WP

AV=%—VT
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With the total power dissipation being described as

P= 2’]NVDDQmaxfo (48)

And assuming simmetry with uy Wy = upWhp, tp being the delay of each stage
and tr being the rise time and t; being the fall time,

1 1 HetWenCoxd V2

f = =
°T 2Ntp ~ nN(tr + t) 2nNLQmax
The phase noise for this topology can be approximated as

LiAf) ~ — 22 ZDD. (49)

Where V44, is the characteristic voltage of the device, for long-channel opera-
tion being defined as Vepar = 47

For a differential CMOS ring oscillator, considering /;; as the differential pair
bias current,the total power dissipation can be described as

P=N-lqj- Vpp (50)

The frequency of oscillation can be approximated by
_ v v i

2NtD 2l’)Ntr 2I7NCImax

Only the noise of the differential transistors and the load are accounted for. The
total current noise is given by

E— E + E —4kTI-( 1 + 1 ) (52)
Ar \A1 )N \A7) oad @\ Verar ~ Bihai

Thus, the expression for the phase noise in differential ring oscillators can be
described as

fo (51)

, _ 8 KT (Vpp = Vpp f2
EmintA T} = 3'7N P <Vchar ¥ Ry liai1) Af2 (53)

2.3.1 Discussion

From (DJEMOUAI; SAWAN; SLAMANI, 2001) and (HAJIMIRI; LIMOTYRAKIS;
LEE, 1999) perspectives, the oscillator phase noise performance is related to how much
the noise sources perturb its phase over time. LC oscillators can achieve better phase
noise performance primarily due to their quality factor Q, enabling good energy storage
and filtering of noise components that do not align with the resonant frequency. In these
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circuits, the tank acts as a resonant filter, effectively mitigating phase perturbations
caused by noise sources.

In contrast, ring oscillators operate based on cascaded delay stages that in-
herently exhibit a lower quality factor (Q), making them more susceptible to phase
disturbances, especially near signal transitions. As a result, ring oscillators typically
show higher phase noise close to the carrier frequency. Despite their benefits, such as
compact size, low power consumption, and wide frequency tunability, their architecture
limits noise performance when compared to LC-based oscillators.

For ring oscillators producing nearly square wave outputs, phase noise is most
critical during the transitions between logic levels, where the output voltage changes
rapidly. During these transitions, any variation in the delay of the inverters, caused by
any noise source or mismatch, directly affects the time at which the signal crosses a
threshold. Since oscillation depends on the precise timing of these transitions, small
disturbances can shift the timing unpredictably, leading to phase deviation.

Therefore, the main contributors to phase noise in ring oscillators are fluctua-
tions in the delay of each stage, which are strongly influenced by the charging and
discharging currents and transistor characteristics.
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3 DESIGN

The Voltage-Controlled Oscillator (VCO) presented in this work was developed
as part of an internal project at Chipus Microelectronics, utilizing a 12 nm FinFET
technology. The VCO is intended for integration within a Phase-Locked Loop (PLL)
block, serving as a clock reference generator for a digital system. As the project remains
under active development, certain specifications were progressively defined and refined
throughout the design process to meet evolving project requirements.

3.1 PARAMETER EXTRACTION

This section is dedicated to the early stages of the design, where the focus was
on discovering the limitations and capabilities of the technology.

Figure 13 — Technology parameter extraction simulations
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Source: Author

From the gm/Ip and Ip vs Vys graph, and using ACM methodology, it is possi-
ble to approximate the threshold voltage V7 and the characteristic current /gy of the
transistor, with /gy serving as a reference value for the device operation. Additionally,
the transition frequency f;, defined as the frequency at which the current gain becomes
unity, can be obtained from the graph f; vs. frequency.

From the simulations, the following values were extracted.
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Table 5 — Extracted parameters

Parameter | N type | P type | Unit
Vr 0.288 | 0.265 Vv
IsH 171 148 nA

f; 272.21 | 330.17 | GHz

Source: Author

Table 5 show the values obtained through simulation for the defined parameters.
The V7 and Igy are approximations for the model, that still valid for the FinFET tech-
nology, and f; values do not differ too much from the article (SINGH et al., 2017), being
used as guidelines for the next steps.

3.2 DESIGN DESCRIPTION AND SPECIFICATIONS

The Voltage-Controlled Oscillator (VCO) presented in this work was developed
as part of an internal project at Chipus Microelectronics, utilizing a 12 nm FinFET
technology. The VCO is intended for integration within a Phase-Locked Loop (PLL)
block, serving as a clock reference generator for a digital system. As the project remains
under active development, certain specifications were progressively defined and refined
throughout the design process to meet evolving project requirements.

The PLL is designed to deliver a stable 16 GHz clock output, maintaining this tar-
get frequency despite variations in supply voltage, ambient temperature, and fabrication
process, thereby ensuring reliable operation for the subsequent system blocks.

In this technology, the selected family of transistors operates with a maximum
drain-to-source voltage Vpg of 0.8 V. Although the process library includes devices ca-
pable of withstanding higher voltages, these are intended primarily for I/O applications.
Transistors with shorter channel lengths, critical for achieving higher output frequencies,
are designed to operate within this limit Vpg. The positive supply voltage Vpp is mod-
eled using an ideal voltage source with a +10% variation, resulting in a range from 0.72
V10 0.88 V.

Given the nature of the target application, the circuit must operate reliably across
all intended environmental conditions. Consequently, the design is validated in a temper-
ature range of -40 °C to 125 °C and in all main parts of the process, including slow-slow,
slow-fast, typical-typical, fast-slow and fast-fast, ensuring robust performance under fab-
rication and environmental variability.

For clock generation circuits, an important performance metric is the duty cycle,
which represents the proportion of the clock period during which the signal remains
at the logic high level. The target is typically a 50% duty cycle, ensuring a symmetric
waveform. Additionally, rise and fall times should remain below 5% of the clock period
to maintain signal integrity and ensure proper timing behavior in subsequent digital
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stages.

Phase noise is one of the most critical metrics in oscillator design. Achieving low
phase noise translates to a cleaner and more reliable signal for downstream applica-
tions. However, this often comes at the cost of increased circuit complexity and higher
power consumption. The phase noise specification adopted in this work was defined
based on references from the literature and internal design reviews to ensure alignment
with the project’s performance targets.

The output voltage of the VCO must remain close to Vpp, as it will directly
interface with subsequent circuit blocks. Power consumption is also a key design con-
straint, with a target of less than 2 mW at all process corners and operating conditions,
considering the complete set of blocks developed in this work.

Table 6 — Tests combinations

Simple PVT
Parameter Minimal Typical Maximum | Unit
Supply voltage | 0.72, 0.88 0.80 0.72,0.88 | V
Temperature -40, 125 25 -40,125 | °C
MOSCAP slow-slow | typical-typical | fast-fast
MOM slow-slow | typical-typical | fast-fast
RES slow-slow | typical-typical | fast-fast
Possibilities = 9
Medium PVT
Parameter Combinations Unit
Supply voltage 0.72,0.88 Vv
Temperature -40, 125 °C
MOSCAP slow-slow, typical-typical, fast-fast
MOM slow-slow, typical-typical, fast-fast
RES slow-slow, typical-typical, fast-fast
Possibilities = 108
Complete PVT
Parameter Combinations Unit
Supply voltage 0.72,0.8,0.88 \Y
Temperature -40, 25, 125 °C
MOSCAP slow-slow, slow-fast, typical-typical,
fast-slow, fast-fast
MOM slow-slow, typical-typical, fast-fast
RES slow-slow, typical-typical, fast-fast
Possibilities = 405

Source: Author

To optimize simulation time, Table 6 presents the structure of the different sim-
ulation sets. The Simple PVT set evaluates performance under three key operating
conditions, focusing on typical and near-critical corners to provide a general overview
of circuit behavior. The Medium PVT set expands coverage to include a broader range
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of conditions, capturing more edge-case variations. Finally, the Complete PVT set en-
compasses all possible combinations of process, voltage, and temperature, ensuring
full validation across the entire design space.

Table 7 — VCO open-loop specifications

Parameter Minimal | Typical | Maximum Unit
VCO manageable 14 16 18 GHz
frequency range
VCO output voltage Vpp \Y
Duty Cycle 47.5 50 52.5 %
Rise time 5 Y%
Fall time 5 %
Phase Noise @ 100 kHz -60 dBc/Hz
Phase Noise @ 1 MHz -80 dBc/Hz
Phase Noise @ 10 MHz -100 dBc/Hz
Phase Noise @ 100 MHz -120 dBc/Hz
Phase Noise @ 1 GHz -140 dBc/Hz
Power consumption 2 mW
Measurement Simulation

Source: Author

Table 7 summarizes the design specifications defined for the VCO. The target
output frequency is 16GHz under typical operating conditions, with an acceptable tun-
ing range from 14GHz to 18GHz to provide sufficient margin for the PLL to lock at
the desired frequency despite process, voltage, or temperature variations. The output
voltage swing must reach Vpp to ensure compatibility with subsequent blocks, and the
duty cycle is specified at 50 %. The maximum allowable phase noise for each frequency
offset A¢ is also listed in the table and follows the expected trend for this parameter.
Additionally, a maximum power consumption of 2 mW was established to comply with
future Power Management Unit (PMU) design constraints.

3.3 OSCILLATOR

3.3.1 Description

This block constitutes the core of the voltage-controlled Oscillator, as it receives
the control voltage and generates the corresponding output signal at the specified
frequency. It must provide a voltage swing sufficient to properly drive the subsequent
buffer stage, while ensuring the output amplitude remains low enough to preventint
transistor to work in saturation within the voltage-controlled current source.

The oscillator design specifications are defined as
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Table 8 — Oscillator design specifications

Parameter Minimal | Typical | Maximum | Unit
Oscillator swing 300 450 600 mV
Phase Noise @ 1 MHz -80 dBc/Hz
Power 0.5 mW
Duty cycle 47.5 50.0 52.5 %

Source: Author

The minimal value of the voltage swing was defined so that it can excite the
buffer stage, while the maximum value was defined because the transistors of the
voltage controlled current source would not be saturated. The power consumption of
the oscillator was limited, so it does not need more than 0.5mW to oscillate. Also, phase
noise at 1 MHz will be used as a metric to evaluate different oscillator performance over
noise, as including other blocks before will increase this value.

3.3.2 Design

Crystal oscillators are unsuitable for the target application due to limited fre-
quency range, narrow tunability, and lack of on-chip integration. While LC oscillators
offer better phase noise and frequency stability, their performance is highly dependent
on the tank circuit quality factor, requiring large passive components that increase area
and limit tuning range. Given these constraints, alternative topologies such as ring
oscillators are considered more appropriate for compact, high-frequency designs.

The ring oscillator topology was chosen due to its inherent advantages aligned
with the design requirements of a PLL. Its wide frequency tuning range supports fre-
quency locking across multiple bands, which is essential for flexible PLL operation.
Additionally, the compact layout of the ring oscillators makes them highly suitable for
integration in dense ASIC environments, avoiding the large area overhead associated
with on-chip inductors used in LC-based designs. The topology also efficiently covers
the target frequency range, like 16 GHz, without the need for bulky passive components.

Despite higher phase noise and power consumption compared to LC oscillators,
these trade-offs are manageable through careful transistor sizing, supply regulation, and
the inclusion of output buffering and current control circuits. Therefore, the ring oscillator
offers a practical balance between performance, area efficiency, and frequency agility
for the intended application.

As seen before, ring oscillators can be implemented using either single-ended
or differential architectures. In the single-ended configuration, the oscillator and buffer
consist of a single chain of inverters, which results in less transistors being utilized,
leading to lower area and improved power efficiency. In contrast, the differential imple-
mentation employs cross-coupled inverter outputs, effectively forming a latch with two
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pairs of inverters. This configuration requires approximately four times more transistors,
increasing both area and power consumption. However, it offers significant advantages
in terms of duty cycle symmetry and frequency stability, making it a more robust option
for applications requiring precise timing.

Due to the latching mechanism present in the differential circuit, as one output
transitions low, the cross-coupled feedback ensures that the complementary output
transitions high. This behavior promotes a duty cycle close to 50 %, improving signal
symmetry. Additionally, since both signal paths are interconnected, any mismatch be-
tween transistors or variations across the silicon die is mitigated, with the slower path
dictating the overall oscillation timing. An additional advantage of the differential topol-
ogy is the availability of complementary outputs with a 180° phase shift, which can be
used as reference signals elsewhere in the system.

The delay cells are a critical component of the ring oscillator, as they provide the
necessary phase shift to satisfy the Barkhausen criteria. One possible implementation
involves adding resistors R and capacitors C to introduce the required delay. In the case
of a three-stage ring oscillator, the phase shift needed is 60°per stage, with R = 1 kQ
requiring a capacitance in the order of approximately 10 fF, comparable to the intrinsic
gate-source parasitic capacitance Cgs of the transistors in this technology node.

This observation enables an alternative design strategy that uses the intrinsic
parasitic elements of the transistors to implement the delay cell, removing the need for
specific passive components. Fine-tuning of the oscillation frequency is then achieved
by modulating the inverter delay through control of the starving current, using a voltage-
controlled current source.

Figure 14 — Different delay cell comparison
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For a five-stage oscillator, using Equation (19) with bias current / = 500 A and
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a supply voltage Vpp = 0.8 V, for an oscillation frequency of 16 GHz, it requires a
capacitance of approximately C = 7.81 fF. This value is compatible with the intrinsic
capacitance of the transistors in this technology. For the specific device model used
in this work, operating near the minimum dimensions, the capacitance seen from the
previous stage, including metalization effects and parasitic contributions from the layout,
is approximately C = 6.98 fF. Therefore, it is possible to implement the oscillator without
the need for external resistors or capacitors, relying only on the intrinsic characteristics
of the transistors and the control of the current to achieve the target frequency.

Figure 14(a) illustrates a delay cell implementation using integrated resistor R
and capacitor C, and Figure 14(b) employs the intrinsic transistor parameters Ry and
Cgs to achieve the required delay. These parasitic components exhibit magnitudes
comparable to those of discrete elements that would otherwise be introduced. The
approach shown in (b) offers significant advantage, as it reduces the area required per
stage, since the parasitic elements are inherent to the inverter structure, and mitigates
additional parasitic effects introduced by discrete passive components in the substrate,
such as unintended capacitances and increased series resistance. Otherwise, these
factors would increase the current consumption of the circuit.

Figure 15 — Differential inverter circuit implemented

(a) Differential inverter transistors schematic
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Figure 15 presents the schematic of the ring oscillator. Subfigure 15(a) illustrates
the transistor-level implementation from M0 to M7, while 15(b) shows the system-level
inverter diagram, and 15(c) depicts the symbolic representation of a single differential
inverter stage. Transistors MO and M1 form inverter |1, M2 and M3 form inverter 12, M4
and M5 form inverter 13, and M6 and M7 form inverter 14. In this configuration, I1 and 12
constitute the upper and lower differential paths, respectively, whereas 13 and 14 serve
as cross-coupled latching inverters to ensure proper oscillation.

The cross-coupled topology is implemented to ensure strong feedback between
the differential nodes, enabling synchronized operation of both transistor branches. This
configuration promotes enhanced switching transitions and improves signal symmetry,
effectively aiding in achieving a near 50% duty cycle. By regenerative reinforcing each
transition, the topology enhances signal integrity and minimizes mismatch-induced
imbalances, which is especially critical at high frequencies. In addition, it helps stabilize
the differential swing and reduces phase noise by maintaining a tighter timing between
complementary signals.

To improve the analysis by accounting for additional parasitic effects that will
arise in a real circuit, a model containing device imperfections was added in the sim-
ulations. This model, provided by the foundry, includes parasitic effects from metal
interconnections, introducing another level of non-ideal behavior to the actual silicon im-
plementation. Furthermore, a net parasitic capacitance of pcap = 1 fF was added in the
nodes between the ring oscillator stages and the ground, to emulate the layout-induced
capacitance that will be present after fabrication.

To determine the optimal number of stages for the ring oscillator, four different
transistor sizing configurations were evaluated across two distinct transistor families.
Although the latching inverters do not require a sizing identical to that of the line in-
verters, the channel length was kept consistent across all transistors to facilitate layout
regularity.

In this configuration, inverters 11 and 12 drive the primary capacitive loads, while
I3 and 14 form the cross-coupled latching feedback. Therefore, it is not necessary
for both groups to share the same transistor widths. Since 11 and 12 must operate with
higher switching speeds to charge and discharge the next stages, transistors in 13 and 14
can be dimensioned with smaller widths. Based on guidelines provided by an external
consultant, a width ratio of 4:1 between line and latch inverters offers a favorable
relation between power consumption and switching performance, as it minimizes current
through the latches while maintaining high-speed operation in the main signal path.
Table 9 summarizes the four transistor sizing configurations considered.
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Table 9 — Ring oscillator stages sizing

Type MO,M1,M2 and M3 \ M4, M5, M6 and M7
Effective Width (W,g) and Length (L) in nm

Multiplier | Fins | Wgg | L | Multiplier | Fins | Wgs | L
A 1 6 | 250 | 16 1 2 58 | 16
B 1 6 | 250 | 36 1 2 58 | 36
C 1 10 | 442 | 16 1 3 | 106 | 16
D 4 4 | 154 | 16 1 4 | 154 | 16

Source: Author

The sizing of the oscillator stages was defined through empirical testing using
the components available in the design library. The approach prioritized minimizing
the channel lengths whenever possible, with the aim of increasing speed and reducing
parasitic. However, careful attention was also given to maintaining the sizing ratio
between inverters |1 and 12, the signal path, and 13 and 14, latching path, in alignment
with the proportions recommended by the external consultant.

These width and length ratios were chosen to minimize both the number of fins
and the effective width required for each transistor while still preserving the critical sizing
relationship between the inverter pairs. This balance ensures proper regeneration in
the cross-coupled inverters and consistent signal propagation in the differential path ,
contributing to the overall stability and symmetry of the oscillator.

Type A corresponds to the minimum allowable sizing configuration within the
design rules of the chosen technology. Its associated parasitic components, particularly
Cgs and Ry serve as a baseline for comparison. Type B employs a longer channel
length, allowing analysis of the impact of Rys on the oscillator behavior. Type C, on the
other hand, is designed to assess the influence of Cgs on the oscillation frequency and
overall performance. Finally, Type D is proposed as a uniform sizing alternative, where
all transistors in the oscillator share the same dimensions. This option supports layout
regularity and may simplify the placement and routing process.

The initial test was carried out under simple PVT combinations, as its objective
is to evaluate the magnitude of each parameter and enable direct comparison between
configurations. To evaluate the performance of different oscillator configurations, an
ideal DC current source can be connected to the oscillator Vpp, supplying a fixed
current that enables oscillation at 16 GHz under typical conditions. By maintaining this
constant current, variations in PVT conditions can be observed, allowing analysis of the
oscillator behavior across different process, voltage, and temperature corners. This test
demonstrates how the oscillator parameters vary when the starving current remains
constant despite environmental and process variations.
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Table 10 — Testbench for oscillator design

Testbench

Simulations

Type

Stimulus

Objective

Shooting Newton
Periodic Steady

Force DC supply voltage to a DC bias
current source biasing Vpp to

Evaluate the oscillator
steady state behavior

State (PSS) oscillate with 16 GHz at typical

Shotting Newton Made with the results of (PSS) Evaluate the noise

Noise interference
Observed parameters

Parameter Objective

Oscillator output swing

Measure the maximum and minimum voltage swing due

PVT variation

Oscillator frequency

Measure the maximum and minimum oscillator frequency due

PVT variation

Phase Noise

Measure the noise component at specified frequency delta

Source: Author
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Table 11 — Results for different number of stages and transistor sizing

PVT for different Ring oscillators
metalization library and 1 fF parasitic capacitance
Test | Frequency (GHz) Swing (mV) Imeas | Maximum Phase
Noise @ 1MHz
Min | Max Min | Max (LUA) (dBc/Hz)
Low threshold voltage
3 Stages - A | 15.46 16.43 | 509.91 | 628.59 | 172 -76.00
B|15.37 | 16.47 |669.06 | 756.95 | 246 -79.89
C | 15.48 16.37 | 505.07 | 628.99 | 238 -77.41
5 Stages - A | 15.29 16.66 | 755.95 | 854.46 | 445 -81.20
B | 14.71 16.79 | 11245 | 1264.7 | 825 -85.78
C|15.42 16.50 | 765.56 | 869.58 | 650 -83.04
7 Stages - A | 14.93 16.91 1272.9 | 1433.8 | 1257 -85.30
B|11.07| 1291 1389.6 | 1592.5 | 1210 -90.56
C | 13.68 15.00 | 1066.3 | 1166.8 | 1283 -87.29
Ultra-low threshold voltage transistors
3 Stages - A | 15.11 17.18 | 325.15 | 456.32 | 220 -75.07
B | 15.55 16.43 | 519.44 | 608.47 | 193 -77.52
C | 1543 16.45 | 365.20 | 487.13 | 182 -74.23
5 Stages - A | 15.39 16.53 | 583.34 | 680.24 | 347 -79.38
B | 14.88 16.71 863.91 | 951.42 | 602 -83.92
C | 15.45 16.39 | 575.39 | 680.10 | 509 -80.71
7 Stages - A | 15.26 16.52 | 605.10 | 706.72 | 970 -85.33
B|12.25 1429 | 1310.8 | 1499.8 | 1300 -89.02
C | 15.09 16.72 | 1053.5 | 1153.4 | 1585 -86.18
Extra ultra-low threshold voltage transistors
5Stages-D | 1559 | 16.38 | 462.69 | 575.94 | 515 | -81.12

Source: Author

The value of Imegas is obtained by sweeping the DC current source and evaluating
the current needed for a stable oscillation near 16 GHz. As seen in Table 11, some
combinations could not achieve all the specifications. As the bias current is imposed by
an ideal current source, it is possible that the swing, a parameter that should not exceed
Vpp, is achieving values much higher than possible, which means that the oscillator is
not viable for the application. The use of a ideal DC current source is made to evaluate
the oscillator isolated performance, with no dependency of other circuits.

As seen before, phase noise, oscillation frequency, and swing depend on the
starving current, so increasing the current will directly increase the oscillation frequency
and swing, while decreasing the phase noise value. As oscillators with fewer stages will
need less current, it is expected that in comparison, it will have lower phase noise and
lower swing than those of oscillators with more stages.

As seen in Table 11, certain configurations failed to meet all specified require-
ments. As the bias current is imposed by an ideal current source, it is possible that
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the swing, a parameter that should not exceed Vpp, achieves values much higher than
possible, meaning that the oscillator combination is not suitable for the application. As
discussed previously, phase noise, oscillation frequency, and output swing are directly
influenced by the starving current, thus, increasing the current results in proportional
increases in these parameters.

For the low threshold voltade model, three-stage oscillators exhibited difficulty in
meeting the phase noise and output swing specifications. In the case of five-stage con-
figurations, although the phase noise criteria were satisfied, the output swing exceeded
the maximum allowed voltage, indicating a violation of physical constraints and resulting
in inconsistent simulation results. Additionally, tests conducted with seven-stage oscil-
lators failed to achieve the target oscillation frequency and simultaneously exceeded
the limits for both output swing and current consumption, with these configurations
unsuitable for the intended application.

A similar behavior was observed for the ultra-low threshold voltage transistors,
however, the type D sizing was evaluated in the five-stage oscillator, as it presented
results closer to the desired specifications, with minimal deviations. This sizing alter-
native focused on the use of multiple identical transistors instead of a single device
with varied dimensions, also aiming in layout implementation. A five-stage ring oscil-
lator using type D sizing was determined to be the most suitable configuration for the
oscillator block, since under PVT variations, all process corners achieved output swing
and oscillation frequency within the specified margins, while maintaining relatively low
current consumption. Additionally, the maximum phase noise at 1 MHz offset remained
below the maximum defined acceptable threshold.
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Figure 16 — Ring oscillator design

(a) Ring oscillator schematic
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Figure 16 shows the design for the ring oscillator, using the type of ultra-low
threshold voltage model and the size of the D type transistor, with parasitic capacitance
between the nets and the substrate.
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Figure 17 — Ring oscillator swing with PVT variation over time
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Figure 18 — Ring oscillator internal stages swing over time
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Figure 17 illustrates the output waveform over time under typical operating condi-

tions and with PVT variations. As shown, the signal swing remains within the expected
maximum and minimum limits, and the oscillation frequency exhibits only minor de-
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viations from the target value. The waveform closely resembles a square wave, with
a visually symmetric duty cycle around 50%, which is advantageous for subsequent
circuit blocks, as it aligns well with the design specifications.

Figure 18 shows the swing over each stage for the typical operating condition.
As each inverter has the same sizing of the others, the waveforms are similar, and each
stage is adding a phase shift of 36° for the next stage, as intended.

Table 12 — Oscillator results for complete PVT simulation

Parameter Minimal | Maximum | Mean Unit Match
specification

Frequency 15.59 16.38 15.95 GHz Yes
Swing 462.98 575.94 521.01 mV Yes
PN @ 100 kHz | -66.93 -61.12 -64.22 | dBc/Hz Yes
PN @ 1 MHz -86.93 -81.12 -84.22 | dBc/Hz Yes
PN@ 10 MHz | -106.94 | -101.12 | -104.22 | dBc/Hz Yes
PN @ 100 MHz | -126.95 | -121.12 | -124.23 | dBc/Hz Yes
PN@1GHz | -147.05 | -141.07 | -144.24 | dBc/Hz Yes
Power 229.5 274.35 258.80 W Yes
Duty-cycle 50.24 51.24 50.73 % Yes

Source: Author

The results presented in Table 12 were obtained under complete variation in PVT,
which included all possible process, voltage, and temperature conditions. All oscillator
design specifications were met, confirming the suitability of this block for integration into
the subsequent buffer stage.

3.4 BUFFER

3.4.1 Description

The main motivation for adding a buffer in the VCO is to isolate it from subse-
quent stages that will utilize the generated signal, while also ensuring a voltage swing
close to the Vpp level. However, since the buffer acts as an additional load to the oscil-
lator, it increases the current required to charge the output stage capacitance, directly
impacting the oscillator current consumption and performance.

As seen before, the voltage swing from the oscillator may vary due to the supply
voltage, temperature, fabrication process, or even the biasing current. For sensitive
circuits that receive this signal, this variation can interfere in the signal use, as it may
not achieve a threshold value to define whether the signal is high or low for digital
circuits, thus not activating posterior circuits. The buffer specifications are defined so
it receives the signals between the minimum and maximum oscillator swing values,
and amplify to a value closer to Vpp, maximizing the swing range. In addition, another
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function associated with the buffer is to isolate the oscillator from the circuits that will
use the signal. As discussed before, connecting more circuits to the oscillator output
pins will increase the load attached to the oscillator, interfere in the oscillation frequency,
and increase the current consumption to achieve the desired oscillation.

As discussed previously, the oscillator voltage swing can vary as a result of
fluctuations in supply voltage, temperature, fabrication process, or even bias current.
For sensitive circuits receiving this signal, these variations may compromise signal
integrity, particularly in digital applications where the swing may not reach the required
threshold voltage to distinguish between logic high and low levels. To address this, the
buffer is specified to accept input signals ranging between the minimum and maximum
oscillator swing levels and to amplify them to a value closer to Vpp, maximizing the
output swing, also, the combined performance of the oscillator designed previously and
buffer must not exceed the output phase noise performance of the specified value. In
addition, the buffer serves the critical function of isolating the oscillator from subsequent
circuit stages. The buffer design specifications are shown in the next table.

Table 13 — Buffer design specifications

Parameter Minimal | Typical | Maximum |  Unit
Buffer swing Vpp mV
Phase Noise @ 1 MHz -80 dBc/Hz
Power 0.5 mW
Duty cycle 47.5 50.0 52.5 %
Rise time 5 %
Fall time 5 %

Source: Author

As the designed oscillator voltage swing ranges from almost 300 mV to 600
mV, it is expected that the buffer will output a typical value of Vpp. In addition, power
consumption is defined so that the buffer does not exceed 0.5 mW, evaluating the
phase noise at a specified frequency to ensure that the buffer does not add a significant
amount of noise to the circuit.
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Figure 19 — Buffer design

(a) Buffer Transistors schematic
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Table 14 — Buffer sizing

Buffer components sizing
Transistors
Effective Width (Wgs) and Length (L) in nm

Name Multiplier | Fins | Wgg L
MO, M1, M4 and M5 6 4 154 16
M2, M3, M6 and M7 4 4 154 16
M8, M9, M10 and M11 1 4 154 16
Capacitors
Width (W) and Length (L) in nm
Name W L Area | Capacitance
C0 and C1 2000 2000 | 4pm? 88.8fF

Transmission Gate
Effective Width (W,s) and Length (L) in nm
Name Multiplier | Fins | W L
MO and M1 1 2 58 100
Source: Author

The device sizing in the buffer stage was defined to match that of the oscillator
block, employing the same number of fins and channel lengths. This approach simplifies
the layout process by maintaining uniform transistor dimensions across blocks, enforc-
ing symmetry between both differential paths enhances signal balance and improves
matching, which is critical for minimizing skew and ensuring consistent differential signal
propagation.

The buffer design was made using capacitors Cy and C4 as a high-pass filter to
remove the DC component of the input signal. The input impedance seen from the ring
oscillator is associated with the size of the transistors M0, M1, M4, and M5. As the buffer
introduces an additional load to the oscillator output, increase in the current needed so
that the ring oscillator can sustain oscillation. According to Equation (37), an increase
in Pgjq leads to a reduction in phase noise, positively impacting the subsequent blocks,
although increasing the oscillator starving current to compensate for the added load
may compromise the functionality of the current source, as previously discussed in
Table 11.

After passing through the filter, the signal is directed to a Trans-impedance
Amplifier (TIA), composed of MO, M1 and TO and by M4, M5 and T1. The desinged
transmission gates operate as a resistor, always applying feedback between input and
output. This configuration provides a large current gain while maintaining a voltage
noise gain as unity, improving phase noise results, and, because of the self-biasing
feedback, it is faster than a conventional inverter amplifier.

As the TIA is connected to Vpp and Vgg rails, it allows the output voltage to
swing close to the supply rails, which would not be possible in the VCO inverter stages
due to the presence of the voltage-controlled current source connected to the ring
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oscillator Vpp pin. M8 to M11 will form the latching inverters, as seen before, the
latching circuit enforces the duty cycle to remain close to 50 %, while also maintaining
both lines in synchronization.

Figure 20 — Comparison of simple inverter with no feedback and TIA (Inverter with
transmission gate self-bias
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Source: Author

Figure 20 presents the comparison between a simple inverter and a TIA with
the filtering capacitor, emulating the buffer input circuit. The average power needed for
the simple inverter is approximately 52 uW, while the TIA is approximately 44 uW, a
reduction of almost 16%. Also, in scenarios where the magnitude vary from 0.3 V to
0.6V, the simple inverter with no load limits the output voltage to 0.6V, while the TIA
can reach Vpp values. Also, the figure shows that the TIA response is faster than the
simple inverter, reaching the peak value before.

Because both TlAs will invert the signal, additional inverters made with M2 and
M3 on the upper line and other made with M6 and M7 on the lower line are included so
the output signal has phase alignment with the input, accounting for time delays.

This design allows the buffer to do fast switch between low and high states,
with minimal noise interference and an in-phase output signal. To evaluate the buffer
performance, the following testbench applies Simple PVT variations to observe its
behavior due the variations with the oscillator exciting the buffer.
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Table 15 — Testbench for VCO

Testbench

Simulations
Type Stimulus Objective
Shotting Newton | Force DC supply voltage and know | Evaluate the buffer
Periodic Steady differential input signal with steady state behavior
State (PSS) specified frequency and hability to

amplify input signal
Shotting Newton Made with the results of (PSS) Evaluate the noise

Noise interference

PSS Ibias sweep Force DC supply voltage and Evaluate the current
vary the oscillator bias current needed to oscillate

at 16 GHz
Observed parameters

Parameter Objective

Buffer output Measure the maximum and minimum voltage swing due

swing PVT variation

Buffer output Measure the maximum and minimum oscillator

frequency due PVT variation

Buffer current Measure the operating current consumption

Oscillator current | Measure the new operating current to oscillate at 16 GHz
with buffer as load

Phase Noise Measure the noise component at specified frequency delta
Duty cycle Evaluate if duty cycle is close 50%

Rise time Evaluate time needed going from low to high

Fall time Evaluate time needed going from high to low

Source: Author

Similarly to the oscillator testbench, these tests aim to evaluate the buffer behav-
ior with PVT variations, but now observe more parameters, such as the new current
needed to oscillate with 16 GHz under the typical conditions and the buffer output
performance.

Similarly to the oscillator testbench, these tests are designed to evaluate the
buffer behavior with PVT variations, focus on additional parameters, such as the new
current required to sustain a 16 GHz oscillation under typical conditions and the buffer
output performance.

To perform the simulations, the buffer is connected in the input ports of the
oscillator with a DC current source connected to the Vpp pin, but measuring the main
parameters at the output pins of the buffer. The output frequency must be closer to
the values obtained with the isolated buffer, expecting few variations, and the output
swing must be near Vpp values. As the buffer is the interface between the VCO and
other circuits, duty cycle, fall time, and rise time are parameters that focus in evaluating
whether the buffer forces the circuit to have a square-wave behavior, with fast switching
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time between low and high values and duty cycle near half the period.

To perform the simulations, the buffer is connected to the output pins of the
oscillator, with a DC current source applied to the Vpp oscillator pin. The main parame-
ters measured at the buffer output terminals are the output frequency and if it remain
close to the expected values obtained when the oscillator operates alone, with minimal
variation. The output voltage swing must be close to Vpp. As the buffer is the interface
between the VCO and subsequent circuits, parameters such as duty cycle, rise time,
and fall time are evaluated to determine whether the buffer presents a square wave
output, showing fast transitions between logic levels and a duty cycle close to 50%.

Figure 21 — Buffer input and output swing with PVT variation over time
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Table 16 — Buffer results for complete PVT simulation

Parameter Minimal | Maximum | Mean Unit Match
specification

Frequency 15.413 16.445 15.912 GHz Yes
Swing 736.90 927.55 834.83 mV Yes
PN @ 100 kHz | -68.936 | -60.726 | -64.186 | dBc/Hz Yes
PN@1MHz | -88.936 | -80.726 | -84.186 | dBc/Hz Yes
PN@ 10 MHz | -108.93 | -100.72 | -104.18 | dBc/Hz Yes
PN @ 100 MHz | -128.93 | -120.71 | -124.18 | dBc/Hz Yes
PN@ 1GHz | -148.79 | -140.59 | -144.04 | dBc/Hz Yes
Power 150.80 | 781.46 | 337.583 | uW Yes
Duty-cycle 49.173 49.698 49.466 % Yes
Rise time 2.1321 4.4315 3.0611 % Yes
Fall time 2.0231 4.4034 2.9118 % Yes

Source: Author

Using the previously developed ring oscillator, with the buffer connected as a
load, the starving current required increases to Irp, gyrrer = 660 p A to sustain the
oscillation at 16 GHz under typical conditions, instead of /g = 515 u A, increasing the
current consumption of the previous block by 28.15 %

Figure 21 shows the buffer input signal in red and the output signal in green. It
can be observed that the buffer effectively amplifies the input signal, enforcing a duty
cycle close to 50%, and improves the rise and fall time, as in the input signal slope
value for the ascending and descending ramps are smaller than those of the buffer.

Also, Table 16 demonstrates that the combination of ring oscillator and buffer
block match the design specifications. The output frequency has minimal deviation from
previously obtained values, while the voltage swing approaches the supply voltage Vpp
more closely.

It is important to note that the values of the minimum and maximum output
voltage swing of the buffer are associated with Vpp = 0.72 V and Vpp = 0.88 V, respec-
tively. As only buffer transistors are connected between Vpp and Vgg, the occurrence
of output voltages exceeding Vpp is attributed to device non-idealities, causing them to
resonate and occur higher voltages, resulting in voltage overshoots beyond the nominal
supply voltage, unlike ideal components which would restrict the output strictly within
the supply rails.

Table 17 — Oscillator bias current variation to sustain oscillation at 16 GHz for simple
PVT variation

Parameter Minimal | Maximum | Mean | Unit

Oscillator bias current | 634.28 | 699.62 | 667.28 | uA

Source: Author
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Table 17 shows the values of /gy required from an ideal DC current source
to ensure oscillation at the target frequency for different PVT combinations. These
results highlight the necessity for the Voltage-Controlled Current Source to cover a
wide current tuning range, enabling the oscillator to compensate for variations from
the typical condition by mirroring the required current as a function of the control input
voltage.

The use of an ideal DC current source in the initial tests is a useful simplification
to characterize the oscillator and buffer performance together. However, this approach
introduces a limitation, as it neglects the impact of Vpg variations on the VCCS transis-
tors and does not account for their intrinsic non-idealities and operational constraints.

An additional simulation, conducted using a previous version of the ring oscillator,
was carried out to evaluate the impact of the current mirror mirroring effect on oscillator
performance. In this setup, a current mirror with varying mirroring factors, biased by
an ideal current source supplying a reference current Igjag, delivered current to the
oscillator via the Vpp pin. The simulation results demonstrate that variations in the
mirroring factor can significantly impact the oscillator’s behavior.

Table 18 — Current mirror with 1:1 factor

IB/AS(IJA) IMIRROR(IJA) Frequency (GHZ) Real factor
615 468.46 12.888 0.7617
800 530.34 13.641 0.6629
1000 568.15 15.13 0.5681
1200 607.12 15.70 0.5059
1345 617.81 16.01 0.4593

Source: Author

Table 19 — Current mirror with different factors

Design factor | Igjas(UA) | Imrror(LA) | Frequency (GHz) | Real factor
1:10 61.5 611.68 15.86 0.9942
1:100 6.15 632.89 16.00 1.029

1:1000 0.615 694.05 16.15 1.128
1:10000 0.0615 704.65 16.20 1.145

Source: Author

Mirroring /g4 by a factor X will also multiply the associated noise by the same
factor. Table 18 shows that for a 1 : 1 ratio, mutual interference between the oscillator
and the current mirror causes a significant increase in the bias current required to
sustain the desired mirrored current. This results in a reduction in overall efficiency
as a considerable portion of power is dissipated to bias the VCCS rather than being
effectively biasing the oscillator, despite the benefit of reduced additional noise.
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However, Table 19 shows that reducing the bias current while increasing the
mirroring factor, to maintain the output current near the target value, results in a slight
increase in the effective mirroring ratio. This raises the actual starving current required
for oscillation and introduces additional noise into the circuit.

These details must be carefully considered while in the VCCS design, aiming to
determine the optimal trade-off between the bias current and the mirroring factor.

3.5 VOLTAGE CONTROLLED CURRENT SOURCE

3.5.1 Description

Voltage-controlled current sources are circuit blocks that receive an input control
voltage, typically provided by a feedback loop or a frequency-selection mechanism, and
convert it into a proportional output current. Since the selected ring oscillator topology
is current-starved, a controllable current source is required to modulate the charging
and discharging currents of the internal nodes, thereby enabling precise tuning of the
oscillation frequency.

3.5.2 Concept

Initial tests showed that due to PVT variations, the ring oscillator with the buffer
as a load requires different starving current levels when biased by an ideal DC current
source, ranging approximately from /ro, gurreR,,, = 630 UA t0 Iro,BUFFER,,, = 700
UA. As a result, the voltage-controlled current source must be capable of sourcing a
range of current values, while incorporating a safety margin to account for unantici-
pated conditions. Additionally, since the current mirror mirroring factor can influence the
final current delivered, this effect must be considered during design. Given the VCCS
power budget constraints, the design must balance efficiency with the need to avoid
excessive current levels that could lead to transistor saturation, potentially degrading
the oscillator’s performance.

The control voltage V4, is expected to vary between 0.2 V and 0.6 V, as the
feedback and control circuitry to be designed later may require sufficient headroom to
prevent transistor Vpg working out saturation. To ensure full coverage of the required
current range, the VCCS must be designed such that V,, = 0.4 V yields a current
equal to Irp, BuUFFER, Which ensures 16 GHz oscillation under typical conditions. Con-
sequently, Vit = 0.2 V should result in a current equal to /o, gurrFeR,,,, MiNus a safety
margin, while Vi, = 0.6 V should correspond to Igp, gurrER,,,, PIUS margin, thereby
covering worst-case PVT scenarios.

The OTA schematic design was based on (HESHAM; HASANEEN; HAMED,
2019), for low voltage applications. The sizing was performed with the focus on a
minimal viable application considering noise addition and power consumption.
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The paper (AZCONA et al., 2013) presents a potential implementation of a VCCS
using an operational transconductance amplifier (OTA) with current mirror feedback, as
shown in the cited paper Figure 2(b), with a wide-swing topology. This design was
selected due to its suitability for low-voltage applications, as alternative topologies pre-
viously tested failed to exhibit sufficient linearity. The chosen design aims to maximize
the linear operating range of the control voltage V4, specifically between 0.2 V and
0.6 V.

Figure 22 — OTA design
(a) OTA Transistors schematic (b) OTA Block symbol
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Table 20 — OTA sizing

OTA components sizing
Transistors
Effective Width (W,g) and Length (L) in nm
Name Multiplier | Fins | Wgg L
MO, M1 M5 and M6 1 4 154 16
M2 and M7 5 10 442 16
M3 and M4 1 16 730 16
Capacitor
Width (W) and Length (L) in nm
Name W L Area | Capacitance
Co 5000 5000 | 25pm? 555.5fF

Source: Author
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Since the OTA will function as a feedback circuit, the tests aim to evaluate the
output linearity and virtual short-circuit capabilities across the full range of control
voltages, from the minimum to the maximum defined values.

Table 21 — Testbench for OTA design

Testbench
Simulations
Type Stimulus Objective
DC Force DC supply voltage and vary Evaluate OTA’s buffer
the input control voltage linearly | behavior and performance

Observed parameters

Parameter Objective

Output voltage | Evaluate if the output voltage follows the input voltage
Output voltage | Measure the range where OTA’s buffer behavior is linear
derivative

Source: Author

Figure 23 — OTA output linearity DC simulation
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Figure 23 shows that the OTA behaves nearly linearly across most of the defined
input voltage range, where the condition %/\‘79,;’,—7 ~ 1 holds between V) = 0.2 V and
Viny = 0.6 V. Under certain PVT variations, particularly those involving higher Vpp
values, the linear operating region tends to narrow, with linearity beginning only after
V)ny = 0.3 V. However, this behavior is not critical for the design, as a higher Vpp results
in a lower output frequency, which in turn requires a lower V7g, . Therefore, the results
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presented are satisfactory, confirming that the OTA is capable of operating effectively
as a buffer over the desired control voltage range.

Figure 24 — VCCS design

(a) VCCS Transistors schematic (b) VCCS Block symbol
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As the proposed circuit is defined using the paper as reference, part of the design
consisted of testing different mirroring factors, adjusting the effective width (W) for
both MO and M1, also adjusting RO sizes to match the biasing current value.

Table 22 — Testbench for VCCS sizing

Testbench
Simulations
Type Stimulus Objective
Shotting Newton | Force DC supply voltage and Evaluate the buffer and
Periodic Steady Verp = 0.4V oscillator steady state
State (PSS) performance with VCCS
Observed parameters
Parameter Objective
Buffer output Measure the voltage swing for typical condition
swing
Buffer output Measure the frequency for typical condition
frequency
Phase Noise Measure the noise component at specified frequency delta
Reference Measure the VCCS reference current
current
Oscillator current | Measure the new operating current to oscillate at 16 GHz
with buffer as load and VCCS as current source
MO0 and M1 sizes | Observe the area relation between transistors

Source: Author
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Table 23 — VCCS sizing

VCCS components sizing
Transistors
Effective Width (Wgs) and Length (L) in nm

Name | Multiplier | Fins Wt L

MO 1 3 106 240

M1 9 20 922 240

Resistor
Width (W) and Length (L) in nm

Name W L Series | Resistance (kQ)

RO 200 11500 1 36.121

Source: Author

Considering an ideal OTA in a first-order analysis, if Vorg, = 0.4V, then due
to the virtual short circuit condition between the input terminals + and —, the voltage
across the resistor Ry is Vg, = Vo, = 0.4 V. According to Kirchhoff current law (KCL),
and assuming that no bias current flows into the OTA input terminals, the drain current
of transistor My, denoted as Ip,,, is given by:

_Verae (54)

For this scenario, Ip,,, = 11.07pA

Due to the feedback configuration, the OTA output terminal adjusts its voltage
to establish a gate source voltage (Vgg,,,) that enables the desired drain current Ip,
to flow through the transistor MO. Since transistors MO and M1 are configured with
identical gate-source voltages, the drain current of M1 will mirror that of MO, scaled by
the ratio of their effective channel areas. Thus, the mirrored current is defined by the

expression:
w w
IMirROR = <—) /(-) -Ip (55)
© L) L)po ™M

Mirroring behavior tests for the VCCS were conducted using a resistor of R = 780
Q. This resistor serves as a DC load emulating the VCO. The value was chosen based
on the buffer tests, where the VCO voltage was approximately Voo =512 mV and the
current was /y,co = 660 yA when driven by the current mirror.

Table 24 — VCCS calculation and simulation comparison

Parameter IB/AS IM/RROF!'

Calculated 11.07uA | 866.59uA

Simulation with resistor as load 10.96uA | 663.20uA
Simulation with oscillator and buffer as load | 10.93uA | 669.79uA
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Although the bias current Igs5 is very close to the calculated value in both
simulation scenarios, it is evident that the VCCS requires a larger transistor sizing ratio
than initially calculated. The theoretical mirror ratio was estimated as Kga ¢ ~ 78,
whereas the simulated ratio is approximately Kgj ~ 61. This discrepancy is due to
simplifications in the current mirror model, which neglect factors such as inefficiencies,
leakage currents, and parasitic effects that influence actual behavior. Additionally, VCCS
output transistors may not be operating with sufficient saturation headroom, further
affecting the accuracy of the mirroring performance.

This current results in an oscillation frequency slightly different from 16 GHz and
undergoes a fine-tuning process by adjusting and combining different transistor sizes to
match the exact resistance value needed for oscillation at the desired frequency. How-
ever, since a feedback correction loop will be implemented later, the current frequency
is sufficiently close to continue the VCCS design.

A margin of 200 A was defined, considered a high margin value, so that the
VCCS can cover a frequency range wider than originally designed for the future PLL.
Although this reduces the effective V71, usage for the current work; it is a deliberate
design choice to accommodate future applications.

Table 25 — Testbench for VCCS design

Testbench
Simulations
Type Stimulus Objective
DC Force DC supply voltage and vary | Evaluate VCCS mirroring
the input control voltage linearly | behavior and performance
Stability Force a DC supply voltage and Evaluate loop behavior
monitor a feedback loop probe under disturbance
Observed parameters
Parameter Objective
Reference Measure the reference current for different control voltages
current
Mirror Measure the mirrored current for different control voltages
current
Loop gain Measure the loop gain
Gain margin Measure the gain margin
Phase margin | Measure the phase margin

Source: Author
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Figure 25 — VCCS mirroring capabilities DC simulation
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Figure 25 shows that PVT variations exhibit slopes differing from the typical
scenario. This can be explained by the fact that process variations also affect the
resistivity of the resistor, altering its total resistance and consequently impacting the
bias current and the mirrored current. These variations also affect channel modulation,
altering the effective channel length and, consequently, the drain current, especially in
short-channel devices.

Despite these variations, the mirrored current maintains two almost nearly lin-
ear slopes within the defined input control voltage range. The difference in behavior
between the mirrored current and the reference current arises because the mirror tran-
sistor may experience stress due to the magnitude of the current passing through it,
and the available Vpg may be insufficient to meet the requirements. In such cases,
channel length modulation becomes more prominent, as the effective channel length
reduces with increasing Vpg, leading to a deviation from the ideal current mirroring.

An alternative mirroring ratio was tested, involving more transistors on the mirror
side with a smaller reference current, however, this led to an increase in phase noise in
the oscillator. Therefore, the previously described configuration was retained.
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Table 26 — VCCS results for complete PVT simulation

Parameter Minimal | Maximum | Mean | Unit Match
specification
Mirror current 299.97 | 386.03 | 344.83 | LA Yes
for Vg = 200mV
Mirror current 576.91 761.96 | 657.19 | pA Yes
for Vg = 400mV
Mirror current 768.91 927.65 | 832.32 | A Yes
for Vg = 600mV
Gain margin 16.007 19.387 | 17.680 | dB
Phase margin 78.145 | 82.395 | 80.501 | °

Source: Author

Figure 26 — VCCS feedback loop gain and phase
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Figure 26 shows the loop gain and phase over frequency of the voltage-controlled
current source, evidencing the circuit gain and phase margin.

The VCCS is capable of providing the desired controlled current values as spec-
ified. Although gain margin and phase margin specifications were not defined in the
project, it is evident that the circuit maintains a sufficient margin before the VCCS
approaches instability.

This design allows the theoretical voltage-controlled oscillator gain, kyco,, .. s
to be defined as follows:

Af  18G-14G . GHz

= =10—=
AViorr, | 06-02 0=y (56)

kVCOTheoretical =
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3.6 EVALUATION FEEDBACK LOOP VERILOG-A CIRCUIT

3.6.1 Description

This block was developed for validation purposes emulating part of the PLL
feedback path, commonly known as the error amplifier and correction circuit. However,
since its full design exceeds the scope of this work, it was implemented using Verilog-A,
a hardware description language specialized in analog signal modeling, to emulate the
behavior of these blocks. To ensure that the VCO converges to the desired frequency
regardless of variations, this block outputs a proportional control voltage connected to
the VCCS, thus adjusting the bias current to achieve the target oscillation frequency.

3.6.2 Concept

To start the design, a feedback model was developed to understand the re-
quirements of the feedback path. Similar to a phase-locked loop (PLL), an alternative
approach is the frequency-locked loop (FLL), which is also a correction and control
circuit. While the PLL monitors the phase of two signals and aims to synchronize both
phase and frequency, the FLL focuses only on synchronizing the frequency. For this
first-order analysis, the main circuit specification is the VCO output frequency, without
influencing the signal phase.

Using the work of (DJEMOUAI; SAWAN; SLAMANI, 2001) as a reference and
adapting it to current requirements, a block diagram of the feedback path was derived
and analyzed.

Figure 27 — Feedback path block diagram
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Assuming V4 (t = 0) = 0.4V, the processes, voltage, and temperature variations
will converge for different frequencies as shown. The objective of the FLL is to measure
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the frequency difference and adjust V, so that the frequency converges to 16 GHz, or
another desired value in the future.

Assuming V4, (t = 0) = 0.4V, variations in process, voltage, and temperature will
cause the oscillator to initially operate at different frequencies, as shown. The objective
of the frequency-locked loop (FLL) is to measure the frequency difference and adjust
V. accordingly so that the frequency converges to 16 GHz, or to another desired
value in future applications.

3.6.3 Block description

The simulation tools provide access to various libraries for circuit development,
one of which is the ahdlILib library. This library contains multiple blocks implemented
in Verilog-A. Part of the knowledge acquired came from studying the available docu-
mentation, while another part was gained by reading the descriptive comments and
understanding the intended use of each function. Within the ahdILib library, some pre-
developed blocks could be adapted to suit the specific requirements of the project.

Figure 28 — Feedback loop design
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The frequency-to-voltage converter (F-V) is a block responsible for measuring
the instantaneous frequency of the V,; signal and converting it into a voltage signal
proportional to that frequency. The original ahdILib implementation outputs the signal
as a one-to-one current ratio, meaning the output has a gain of K = 175‘2. However, it
can be adapted to output a voltage signal by modifying its internal routines. To align the
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converter output range with the other circuits, a scaling factor k = 25 - 10712 is applied
to the output, adjusting the gain to K’ = 25%. This means that an input frequency of
16 GHz corresponds to an output voltage Vsense = 0.4 V.

The error amplifier is also an ahdILib block that was adapted to meet the design
requirements. lts function is to compare and amplify the difference between two signals,
V,er and Vsense, and then add this amplified difference to the desired output value,
following the relation below. Here, Vo is modeled as a reference voltage. A gain factor
G is included to enhance the conversion by increasing the open-loop gain.

EA(V) =0.4+ (G- (Vyer = Vsense)) (57)

Considering F as some function, let F(t) be the instantaneous value at time
t, and F(t + 1) be the subsequent output value. Since the oscillation frequency is
proportional to the starving current, and this current is proportional to the control voltage,
it follows that if:

fosc(t) > 16GHz — Vorri (t+1) < Vorri(t) = Iro(t + 1) < Igo(t) — fosc(t + 1) < fosc(t)

T
fOSC(t) =16GHz — VCTRL(t"' 1) = VCTRL(t) — IRO(t+ 1) = /Ro(t) — fOSC(t+ 1) = fOSC(t)
T

fosc(t) < 16GHz — Vorr (t+1) > Vorri(t) = Igo(t + 1) > Igo(t) — fosc(t + 1) > fosc(t)

A hard voltage clamp was implemented to restrict the error voltage values within
the range of 0.2 V to 0.6V. These limits were defined to prevent the circuit from driving
transistors in saturation, ensuring an adequate voltage margin for proper operation.

In addition, a low-pass RC filter was incorporated to extract the DC component
proportional to the error correction signal while suppressing any high-frequency com-
ponents that could cause unwanted VCO behavior due to transient spikes from the
circuit’s operation. Using a resistor R = 1 MQ and a capacitor C = 800 fF, the cutoff
frequency f; of this first-order RC low-pass filter can be calculated by:

1 1
f = =
CU=2r R-C 2mr-1-1086-800-10-15

=198.94kHz ~ 200kHz (58)

This cutoff frequency was chosen because initial simulations without the low-
pass filter showed oscillation frequency variations around 20 MHz. Thus, setting the
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cutoff approximately two decades below this frequency was a deliberate design decision
to effectively filter the signal.

This creates a control scenario where if the oscillation frequency fpsc is higher
than the target, the control voltage V;; will decrease, reducing the current and con-
sequently lowering the oscillation frequency. Conversely, if fosc is higher, V4 will in-
crease, raising the current and the oscillation frequency. When fysc equals the desired
frequency, V4, remains stable without change.

Figure 29 — Frequency and Control voltage over time
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Figure 29 shows the frequency and control voltage evolution over time under a
simple PVT variation. The graph demonstrates that, despite starting at different initial
frequencies due to process, voltage, and temperature changes, the feedback circuit
adapts the control voltage to bring the output frequency close to the target of 16 GHz.
As observed, the feedback loop requires several hundreds of nanoseconds to converge.
Since convergence time was not a primary design criterion, using alternative transistor
configurations or design techniques could reduce this settling time. Overall, the feed-
back loop model is validated as an effective evaluation tool and can be used for further
simulations.



4 RESULTS

4.1 MOTIVATION

With all the required blocks, the oscillator core, the buffer stage, and the voltage-

controlled current source designed and integrated, the next step is to evaluate the global
performance of the complete VCO system. These final simulations aim to replicate a
range of realistic operating conditions, including process, voltage, and temperature
(PVT) variations, as well as different control voltage scenarios.

The objective is to assess the system ability to maintain the desired output spec-

ifications under non-ideal conditions. By analyzing how the assembled VCO responds
as a whole, it becomes possible to validate the robustness of the design and ensure
that the interactions between blocks do not degrade performance.

Figure 30 — Voltage controlled oscillator design
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Figure 30 presents the schematic of the complete VCO. The block features six
pins: two for the power supply, one for OTA biasing, one for the input control voltage,
and two output pins, with all blocks referenced to Vgg =0V.

The VCCS receives a bias current source with a DC value of 1 pyA to bias the
internal OTA. The control voltage is applied at the node ctrl, which sets a proportional
current at the i_out pin. This current flows through node i_starving.

The ring oscillator receives the current flowing through i_starving to bias the
oscillator relative to Vpp. The output signal from the oscillator is then routed to the
buffer through the nodes osc_p and osc_m.

After receiving the signal from the oscillator, the buffer processes it and outputs
the VCO differential signal through the nodes out_p and out_m, which can then be
evaluated and used by subsequent circuits.

Table 27 — Testbench for VCO design

Testbench
Simulations

Type Stimulus Objective
Shotting Newton | Force DC supply voltage, /Igjas Evaluate the VCO
Periodic Steady | current and voltage at Vorg, steady state behavior
State (PSS)
Shotting Newton | Made with the results of (PSS) Evaluate the noise
Noise interference

Observed parameters
Parameter Objective
VCO output Measure the maximum and minimum voltage swing due
swing PVT variation
VCO output Measure the maximum and minimum oscillator
frequency due PVT variation
VCO power Measure the average power consumption
Phase Noise Measure the noise component at specified frequency delta
Duty cycle Evaluate if duty cycle is close 50%
Rise time Evaluate time needed going from low to high
Fall time Evaluate time needed going from high to low

Source: Author

Table 27 presents the testbench developed to evaluate the VCO. This setup is
intended to assess the performance and verify whether the design meets the defined
specifications, serving as the basis for the subsequent tests.

4.1.1 Open-loop test

Open-loop tests are performed to evaluate the free-running performance of the
VCO, with no feedback loop or additional circuitry connected. These results are intended
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to characterize the VCO in isolation, without the influence of other circuit blocks that
could affect its behavior.

Under these conditions, the VCO is the only active block in the testbench, and
all other components are considered ideal. Consequently, the control voltage, typically
provided by a feedback or channel selection circuit, is also modeled as an ideal source,
set to the nominal design value of Vgorg = 0.4 V.

Figure 31 — Open-loop testbench diagram
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Table 28 — VCO open-loop results with Complete PVT variation
Parameter Minimal | Maximum | Mean Unit Match
specification
Frequency 14.150 17.858 15.824 GHz Yes
Swing 732.83 932.65 833.94 mV Yes
PN @ 100 kHz | -67.803 | -60.410 | -63.413 | dBc/Hz Yes
PN@1MHz | -87.803 | -80.410 | -83.413 | dBc/Hz Yes
PN @ 10 MHz | -107.80 | -100.41 -103.41 | dBc/Hz Yes
PN @ 100 MHz | -127.82 | -120.38 | -123.41 | dBc/Hz Yes
PN @ 1 GHz -147.48 | -140.13 | -143.12 | dBc/Hz Yes
Power 609.48 1458.6 919.27 uw Yes
Duty-cycle 49.262 49.795 49.547 % Yes
Rise time 2.3675 4.1546 3.0311 % Yes
Fall time 2.2733 4.2057 2.9764 % Yes

Source: Author
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Figure 32 — Phase noise over frequency offset for open-loop simulations for Vger = 0.4
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Figure 32 shows the phase noise graph over the frequency offset for the open-
loop simulations for a simple PVT variation, showing that all corners stay below the
specifications.

Table 28 presents the results obtained for all possible combinations that can
occur. All design specifications were successfully met under these conditions. The
simulations were performed using a periodic steady-state (PSS) analysis, which cap-
tures the circuit behavior under stable operating conditions, after all transient effects
have settled. This provides a reliable representation of the VCQO’s steady-state output
performance.

Although the deviation of the oscillation frequency increased, driven by a broader
range of achievable maximum and minimum values, the phase noise performance
remained within acceptable limits. The rise in current required for the oscillator to
operate at 16 GHz contributed positively to the phase noise characteristics. Additionally,
the buffer and VCCS blocks introduced negligible noise into the system. The average
power consumption remained well below the specified maximum threshold and, even
under the worst-case scenario, the design still complies with the defined specifications.

The output swing follows the variations in Vpp, with the minimum, maximum,
and mean values directly reflecting the corresponding voltage corners. These results
indicate that the buffer is capable of delivering a signal with a full voltage excursion
from Vgg to Vpp, rather than a reduced fraction of the supply range. Consequently, for
digital circuits that operate within the same voltage reference levels, the amplitude of the
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buffered signal will not compromise edge detection, ensuring a reliable interpretation of
rising and falling transitions.

Additionally, the results for duty cycle, rise time, and fall time demonstrate that
the VCO output closely resembles an ideal square wave. The duty cycle remains near
50 %, and the rising and falling transitions occupy a minimal portion of the signal period.

These findings confirm that the designed VCO, even when operating in open
loop mode without a feedback path, satisfies all specified design requirements in the
evaluated scenarios. This validates the architectural and circuit-level design choices
and confirms the feasibility and robustness of the proposed VCO implementation.

4.1.2 Close-loop tests

Figure 33 — Close-loop testbench diagram
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The feedback circuit was designed as an auxiliary tool for evaluation and val-
idation purposes. While it is not an essential component of the VCO architecture, it
enables the assessment of the VCO dynamic behavior when integrated with a control
system that enforces convergence to a target frequency. In this context, the results
presented in this section do not focus on the absolute performance metrics of the VCO,
but rather on its ability to achieve frequency convergence when subject to closed-loop
control. Although the open-loop specifications are used as reference values, they will
not serve as criteria for evaluating VCO performance in this configuration.
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Table 29 — VCO close-loop results with Medium PVT variation

Parameter Minimal | Maximum | Mean Unit Match
open-loop
specification

Frequency 15.839 16.126 | 15.992 | GHz Yes
PN @ 100 kHz | -75.004 | -40.886 | -63.211 | dBc/Hz No
PN@ 1 MHz |-95.231 | -60.887 | -83.284 | dBc/Hz No
PN@ 10 MHz | -115.25 | -80.891 | -103.33 | dBc/Hz No
PN @ 100 MHz | -135.53 | -100.87 | -123.36 | dBc/Hz No
PN@1GHz |-159.42 | -120.77 |-143.10 | dBc/Hz No
Power 648.80 1403.3 | 947.08 | uW Yes
Duty-cycle 49.396 | 49.623 | 49.521 Y% Yes
Rise time 2.2219 | 4.0858 | 3.1413 % Yes
Fall time 2.3372 | 4.1612 | 3.0819 % Yes
Vet 335.43 | 516.51 418.03 % Yes

Source: Author

Table 29 presents the results obtained under closed-loop conditions. It can be
observed that the phase noise performance does not meet the same specifications
established for the open-loop scenario. The primary cause appears to be the addi-
tional noise introduced by the feedback circuit itself. Tests revealed that even when the
feedback circuit is connected to the output nodes but disconnected from the control
input, the phase noise performance deteriorates compared to when the feedback circuit
is completely disconnected. This behavior may be related to the interaction between
the Verilog-A model and the simulator, as the code is not fully optimized for the entire
system, being primarily designed to enforce frequency convergence via control voltage
adjustment.

From the 108 simulation scenarios, 4 failed completely due to convergence
issues with the simulator. Additionally, 22 cases were unable to complete the periodic
steady-state (PSS) simulations, though these cases still produced Vrg; values within
the maximum allotted simulation time. Further investigation and model refinement could
help mitigate these convergence problems. Nonetheless, the V1g; values obtained
from these simulations can be applied in open-loop simulations to verify whether the
VCO output, under virtual feedback, continues to meet the design specifications.

Apart from phase noise degradation, all other performance specifications were
met, demonstrating that the feedback circuit allows the system to converge reliably to
the desired output frequency.

4.1.3 Open-loop test with defined control voltage

Using the same circuit setup as shown in Figure 33, the current test applies the
VgL values obtained from the closed-loop simulations for specific PVT corners. This
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approach aims to validate the VCO performance under feedback conditions without the
feedback loop itself interfering with the measurements. The four corners that failed to
converge in the previous closed-loop tests were excluded from this validation.

Table 30 — VCO open-loop results with defined Vs7g; and Medium PVT variation

Parameter Minimal | Maximum | Mean Unit Match
open-loop
specification

Frequency 15.987 16.031 16.007 GHz Yes
Swing 732.83 932.65 833.94 mV Yes
PN @ 100 kHz | -70.267 | -60.641 | -63.498 | dBc/Hz Yes
PN@ 1 MHz | -90.267 | -80.641 | -83.498 | dBc/Hz Yes
PN@ 10 MHz | -110.27 | -100.64 | -103.50 | dBc/Hz Yes
PN @ 100 MHz | -130.28 | -120.62 | -123.50 | dBc/Hz Yes
PN@1GHz |-149.95| -140.38 | -143.23 | dBc/Hz Yes
Power 687.75 1403.1 950.55 uw Yes
Duty-cycle 49.231 49.788 49.555 % Yes
Rise time 2.4948 4.0911 3.1497 % Yes
Fall time 2.3706 4.1611 3.0943 % Yes

Source: Author

Figure 34 — Phase noise over frequency offset for open-loop simulations for Vger =
VcrRL of close-loop tests
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Figure 32 shows the phase noise graph over the frequency offset for the open-
loop simulations with the control voltage set as the close-loop final result for a simple
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PVT variation, showing that all corners stay below the specifications, evaluating phase
noise behavior with a virtual feedback loop .

Table 30 presents the results of the VCO operating with an ideal feedback circuit,
using the control voltages previously determined to achieve the desired oscillation fre-
quency. These results demonstrate that the VCO can converge to the target frequency
while meeting the design specifications established in the open-loop simulations.

This confirms that suitable input control voltages exist to enable proper frequency
convergence, suggesting that with a well-designed feedback loop, the VCO will maintain
the expected performance. Although the feedback circuit implemented here serves
primarily as a proof-of-concept, the parameters and blocks developed provide valuable
guidelines for the final design.

4.1.4 Monte Carlo open-loop simulations

Monte Carlo simulations are performed to model uncertainties in the design.
While previous simulations assume ideal transistor parameters as specified in the mod-
els, the actual fabrication process can introduce variations. These variations affect
parameters such as threshold voltage (V7), effective channel width (Wy¢), and channel
length (L), thereby influencing the circuit behavior and performance.

Monte Carlo simulations address this by running numerous iterations with ran-
domly varied parameters, simulating the impact of process variations. These variations
can be classified as Global, affecting all devices uniformly, Local, affecting each device
independently, or a combination of both, all.

For these tests, 200 iterations will be performed for each variation type, Global,
Local, and All, using random seeds to evaluate the open-loop oscillator performance
under these randomized fabrication variations.
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Figure 36 — Monte Carlo results for Phase noise
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Figure 37 — Monte Carlo results for Duty cycle
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Figure 38 — Monte Carlo results for Power
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As expected, the Global Monte Carlo simulations exhibited fewer deviations
because the same variation is applied uniformly to all devices, causing them to behave
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proportionally to the baseline circuit. In contrast, the Local and All variation simulations
showed greater deviations, which is also expected since devices can vary independently.
This can lead to imbalance in the circuit, for example, different stages charging and
discharging with varying slopes.

All simulations and iterations met the specifications except for two iterations in the
All variation case, which failed to meet the frequency requirements. This behavior likely
resulted from mismatch in the VCCS current mirror transistors. Since the design relies
on both the p and m lines oscillating in synchrony, severe mismatch in these transistors
caused the mirrored current to be too low. Consequently, the ring oscillator loaded with
the buffer could not achieve the expected oscillation frequency at Vg, = 0.4V.

This finding highlights a potential risk in the design. Further investigation may
be needed to mitigate such mismatches, or alternatively, the feedback loop could be
designed to suppress these issues in future implementations.
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5 CONCLUSION

This work presented the design of a 16 GHz voltage-controlled oscillator (VCO)
intended for digital PLL clock generation, implemented using 12 nm FinFET technology.
During the design process, various oscillator topologies were evaluated, highlighting
their advantages, limitations, and the impact of each design decision on the overall
architecture. The analysis emphasized the trade-offs involved and the dependency of
key performance parameters on schematic choices, circuit adaptations, and simulation
results.

Key design specifications, including output frequency, voltage swing, and duty
cycle, were comprehensively addressed, with particular emphasis on optimizing phase
noise and power consumption. The final architecture employs a ring oscillator topol-
ogy, selected for its advantageous frequency tunability and compact footprint relative
to alternative approaches. This is complemented by a buffer stage that isolates the
oscillator from downstream circuit loads while maximizing the output voltage swing.
A voltage-controlled current source (VCCS) governs the oscillator bias current, allow-
ing precise frequency control. Collectively, these components constitute a robust VCO
design optimized for integration within advanced PLL systems.

To meet the specifications, each block was developed independently and then
integrated sequentially for testing and evaluation. Selecting an appropriate oscillator
topology was crucial not only to satisfy the performance requirements but also to ensure
manufacturability, with considerations for power consumption, area efficiency, future
scalability, and noise impact. The ring oscillator topology proved to be the most suit-
able choice. Furthermore, the necessity of including a buffer was confirmed to prevent
loading effects from subsequent circuits and to enable a full signal swing. The voltage-
controlled current source (VCCS) design incorporated an operational transconductance
amplifier (OTA) to internally fulfill the buffering function, ensuring proper operation while
minimizing noise contribution. The design process highlighted the critical role of transis-
tor sizing, as it directly affects parasitic effects and overall circuit behavior. Additionally,
it emphasized how each transistor and block influences the global VCO performance
and their respective importance within the design.

The results showed that the circuit can match the design specifications. The
voltage swing with the typical voltage supply value allows for maximum excursion. For
specific frequencies, phase noise had a maximum value of -80.41 dBc/Hz at 1 MHz
from the carrier, a great performance over noise for ring oscillators, but also having a
margin from the specification. Comparing this result with the same specification for only
the oscillator, the VCO circuit is 0.71 dB noisier than the oscillator alone, showing that
the complete design did not add much noise to the main block. The duty cycle, rise time,
and fall time also show that it can produce a very coherent digital clock signal for other
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circuits, validating the design concept of the VCO as part of a future PLL. The frequency
output is close to 16 GHz for all variations, showing that even though the circuit is not
in typical conditions, it still is close to the original design, also the developed feedback
line makes it possible for the circuit to converge to the desired frequency. This results
shows that the VCO is capable of performing the actions that are intended to it, but also
it matches the design specifications made for the project.

The results demonstrate that the circuit meets the design specifications. The
voltage swing, under typical supply voltage conditions, achieves maximum excursion.
For specific frequencies, the phase noise reaches a maximum value of —-80.41 dBc/Hz
at 1 MHz offset from the carrier, representing excellent noise performance for a ring
oscillator and providing a comfortable margin relative to the specification. Comparing
this to the oscillator alone, the full VCO design introduces only 0.71 dB additional noise,
indicating that the integrated circuit adds minimal noise beyond the core oscillator block.
The duty cycle, rise time, and fall time results confirm that the VCO can produce a
highly stable and coherent digital clock signal suitable for downstream circuits, thereby
validating the VCO design concept for integration within a future PLL. The output fre-
quency remains close to the target 16 GHz across process, voltage, and temperature
variations, confirming robust performance even under non-ideal conditions. Further-
more, the implemented feedback loop ensures frequency convergence to the desired
value. These results collectively demonstrate that the VCO not only fulfills its intended
function but also aligns well with the project’s design specifications.

In comparison to state-of-the-art designs, the performance of this VCO is com-
parable to results reported in recent literature. Since the referenced works do not share
identical specifications with this project, an individual analysis provides clearer insight.
For instance, (XIA; WU; TIAN, 2024) employs a more advanced FinFET technology
node than this work and discusses a complete PLL implementation. While meeting the
frequency specifications, their design exhibits higher power consumption. The work by
(LI et al., 2024) also utilizes 12 nm FinFET technology, enabling a more direct compari-
son. It achieves a phase noise of -81.45 dBc/Hz at 1 MHz offset under typical conditions,
whereas this work attains an average phase noise of -83.41 dBc/Hz at 1 MHz across
tested corners, with a slightly higher power consumption but operating at a higher center
frequency. On the other hand, (SUN et al., 2024) presents a dual LC-based oscillator
optimized for different frequency bands, enhancing tunability at the cost of increased
area due to the technology node and higher power consumption. Similarly, (TURKER
et al., 2018) reports an LC oscillator with improved phase noise performance but with a
notable increase in power consumption. Collectively, these comparisons indicate that
the proposed VCO design is competitive in terms of phase noise, frequency range, and
power efficiency.

Future work could focus on implementing a complete PLL using this VCO as the
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core oscillation source. This would involve designing and integrating a transistor-level
feedback loop and error amplifier to evaluate circuit performance with real compo-
nents, enabling further testing and optimization of the VCO. Although layout design was
considered within the scope of this work, it was deprioritized due to time constraints.
Completing the layout would allow more accurate extraction of parasitic effects, enhanc-
ing design precision and supporting the circuit’s feasibility for fabrication, testing, and
eventual production.

Table 31 — State of art comparison with this work

Work Power Power Frequency | Phase | Tech. | Topology
supply | consumption Noise
@ 1 MHz
(V) (mW) (GHz) (dBc/Hz) | (nm)
Ll etal., 0.8 1.08 0.7-125 -81.45 12 RO
2024 °
SUN et at., 1.2 30.07 0.05-17.8 | -109.9 65 Dual LC
2024
XIA; WU; 0.75 4.95 4-16 - 6 RO
TIAN; 2024
TURKER - 45 7.4-14 -123.2 16 LC
et al.,2018
LIU; GOH; 1.8 50 8.4-10.1 -99.9 180 RO
SIEK, 2005
This work *:
Typical 0.8 0.91927 16 -83.41 12 RO

Source: Author

*Simulated results only
°VCO only
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APPENDIX A - VERILOG-A

As described in the work body, some Verilog-A codes were adapted to compose
the feedback circuit line. Some adaptations, as the documentation is scarce, and the
first contact with this hardware description language was while developing the work,
to fix and understand errors Gemini Pro Artificial Intelligence was used. In sequence,
there are the codes adapted from ahdlLib:

A.0.1 Frequency to voltage converter

‘include "discipline.h"

‘include "constants.h"

‘define PI 3.14159265358979323846264338327950288419716939937511

nature Frequency
abstol = 1m;
access = FF;
units = "Hz";

endnature

module freq _meter(vp,vn,fout);
electrical vp, vn;
electrical fout;

parameter integer log_to_file = O;

integer out_file;

real tlast_cross = -1.0;
real t_prev_cross = -1.0;

real fout_freq_val = 0.0;

parameter real voltage_scaling factor = 25e-12;

analog begin

@ ( initial_step ) begin
if (log_to_file ) begin
out_file = $fopen( "%C:r.dat" );
$fstrobe(out_file,"# Generated by Spectre from module ‘%M’");

end
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V(fout) <+ 0.4;

end

@ ( cross (V(vp,vn),0,1.0, vp.potential.abstol) ) begin
if (tlast_cross >= 0) begin
t_prev_cross = tlast_cross;
end

tlast_cross = $abstime;

if (t_prev_cross >= 0 && (tlast_cross - t_prev_cross) > 0) begin
fout_freq_val = 1/(2*%(tlast_cross - t_prev_cross));
end else begin
fout_freq_val = 0.0;
end

end

if (log_to_file) begin
$fstrobe(out_file, "%-.10g\t%-.10g", $abstime, V(fout));

end

V(fout) <+ fout_freq_val * voltage_scaling factor;

@ ( final_step ) begin
if (log_to_file) $fclose(out_file);
end
end

endmodule

A.0.2 Error amplifier

‘include "discipline.h"

‘include "constants.h"

module error_calc(sigset, sigact, sigerr);
input sigset, sigact;

output sigerr;

electrical sigset, sigerr;

rotational sigact;

parameter real tdel = O;

parameter real trise = 10f from (0:inf);
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parameter real tfall = 10f from (0:inf);

parameter real gain = 400;

analog begin

V(sigerr) <+ transition(V(sigset) + (gain * (V(sigset) - Theta(sigact))),
tdel, trise, tfall);

end

endmodule




