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Abstract

The Memristor is a two-terminal non-volatile electronic element, whose resistance is decided
by the history of voltage or current on it. Because of these characteristics, the memristor is
promising in many research directions, like artificial neural networks, memory cells, digital
calculation, machine learning and so on. Compared with these directions, research on us-
ing memristors in analogue and high-frequency applications typically attracts less attention.
However, the memristor also has great potential in designing reconfigurable analogue and
RF circuits. By considering memristors as voltage- or current-controlled tuneable resistors,
we can combine them with existing circuits and adjust/trim some of their core performance
parameters. This project researches the application of memristors in analogue and RF circuit
structures, rendering them reconfigurable. This thesis introduces the theories of memristors,
reviews the literature on using memristors in analogue and RF applications, analyses the
limitations of memristors, and researches the different methods of using memristors in recon-
figurable devices. Three reconfigurable circuit structures based on memristors are discussed
in this thesis: a tuneable instrumentation amplifier, a tuneable delay circuit, and a tuneable
N-path filter.

The instrumentation amplifier is built on breadboards and measured with a memristor package
in the laboratory, which can work under 450kHz with 9.5 to 16dB adjustable gain controlled
by a memristor. The tuneable delay was simulated in Cadence with two working frequency
ranges of [0.2, 10]MHz and [0.05, 1.6]GHz, which has output delay values [13, 55]ns and
[269, 632]ps for each frequency range controlled by memristor-based DC voltage sources.
The tuneable delay circuit is sent to tape out, and the test bench PCB for taped out tuneable
delay chip is also designed. The N-path filter was built on a stripboard and measured with
a memristor package in the laboratory at 1MHz center frequency with [1.5, 2]kHz variable
bandwidth, controlled by the memristor. A multiple-memristor-based N-path filter structure
which works at 1GHz center frequency with [0.99, 1.38]MHz variable bandwidth is also sim-
ulated. The memristor packages that have been used in the measurement are 10x10um?
Pt/TiO,/Al,03 /Pt devices. The technology that has been used in Cadence circuit design is
180nm CMOS technology.



Lay Summary

Communications technology, such as what powers mobile telephony and the internet, relies on
microchips that can operate reliably and process extremely fast-changing signals (which we
call "high-frequency signalling" or HF-signalling). The development of ever-better HF circuitry
is the subject of active research. As one of the research approaches, researchers are trying
to design devices which have the capability of performance adjustment, allowing a single
device to be utilized in a wider range of working environments. To achieve it, a novel type
of component called the "memristor" can be introduced into HF circuits. This is a relatively
new technology, not many research groups have access to physical memristors yet and its
insertion into HF circuits has to be done with extreme care to not upset the delicate balance
that HF circuits normally require. For that reason, most studies attempting to understand how
memristors should be used to improve HF circuits have thus far remained in the simulation
domain.

In this thesis, | attempt to apply memristors in HF circuits, to adjust the performance of these
devices. To achieve this goal, | designed three circuits whose partial performance can be
adjusted by memristors and that work at 3 different frequency levels, which are low frequency,
medium frequency and ultra-high frequency. | combined two circuits with manufactured mem-
ristor packages in the laboratory for measurement, and integrated memristor elements with
the last circuit in a microchip, sending this chip to a factory for production.

My research shows the difficulties faced when operating memristors directly in HF signal en-
vironments, provides realistic measurement data for other researchers attempting to combine
memristors with HF signal devices, and offers reliable approaches for combining memristors
with HF circuits for other researchers. My research results will benefit researchers in designing
electronic products with better performance and a wider range of applications in the future.
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Impedance-frequency response of a TiO,/Al, O3 memristor. Related to the res-
istance level of the memristor, the cut-off frequency of this memristor varies in a
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(a) Image of a memristor RF switch. (b) Schematic illustration of geometry for this
memristor RF switch. (c) Signal transmission loss of the RF switch ON state. (d)
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A memristor-based tuneable pulse generator [17]. Memristors are applied to change

the output delay time of the pulse generator. . . . . . . . ... ... ... .... 26

(a) Lumped element model of memristor. (b) Memristor-based instrumentation
amplifier. Ratio between R; and R, decides the gain of the circuit. A memristor is
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The instrumentation amplifier on breadboard(left), and memristor package on
ArCTwo(right). In practical operations, the memristor package is placed on a break-
board when connecting with the instrumentation amplifier for normal work, and
integrated on the ArC Two only in the programming of the memristor. . . . . . . . 32
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CMRR simulation and measurement results with different values of resistor and
memristor. The measured CMRR values are lower than the simulation results. . .
THD+N curves for different input signal amplitude and vary memristor value [18].
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(a) The memristor-controlled DC voltage source (red region) and the voltage-
controlled delay element (blue region). In the DC voltage source, MD, RD and
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Q4 control the memristor programming. By changing the memristor value, the
output voltage of the DC source changed, and hence the output delay of the delay
element can be controlled. (b) Structure of the cascade 3-stage delay circuit. The
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The memristor digital programming controller. In one programming process, only
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Chapter 1

Introduction

1.1 Motivation and Challenge

Memristive devices, or memristors, are two-terminal non-volatile passive elements. The resist-
ance of a memristive device is affected by the charge from different directions flowing through
it. Besides, the memristive element will maintain its resistance level when no charge flows
through it [19]. Because of these characteristics, a memristive device is able to record the
history of current or voltage on it, which means it can be used as a memory element. On
the other hand, as the history of charge can change the resistance level of the memristive
device flow through it, people can also use voltage or current to adjust the resistance of
the memristive device easily, hence memristive device can also work as a tuneable resistor
controlled by voltage or current. If only changing the resistance between the lowest level and
highest level, considering these two levels ON and OFF states, the memristive device then
becomes a two-terminal switch. As the memristive device can maintain its resistance level
without power supply, its power consumption is much less than other electronic elements
which are volatile or active.

Since the concept of memristor was established in 1971, the memristor in the natural world
has not been found. However, with the requirement of novel electronic devices, many elec-
tronic elements which have the same behavior as memristors had been designed. In 2008, HP
laboratories first related their two-terminal thin-film device with the definition of memristor [2].
After that, many different kinds of memristive devices with varying materials and structures
have been designed [20] [21] [22] [23] [24] [25]. They are suitable to work in different applica-
tions.

Memristors have been used in many research fields. Because the behavior of memristor is
similar to the synapse in the neuron network of a human being, it is considered to have good
potential in simulating synapses [26] [27] and building artificial neural networks, like spiking
neural network [28] [29] [30]. Many types of research have also been done using memristor as
memory cell [31] [32] [33] [34] [35], digital computation element [36] [37] [38], and analogue
/ radio frequency (RF) programmable circuit element [39] [40] [41] [42] [43] [44]. This report
mainly focuses on the research of memristor applications in analogue and RF circuit design.



1.1. Motivation and Challenge 2

A reconfigurable high-frequency communication device can change some of its characteristics
like bandwidth, signal gain, and so on, to deal with different working requirements. There are
many methods to reach reconfigurable wireless communication device designing, like using
micro-electromechanical (MEM) switches [45], Complementary metal-oxide—semiconductor
(CMOS) circuits, monolithic microwave integrated circuit (MMIC), or radio frequency integ-
rated circuit (RFIC) [46]. Compared with them, the advantages of memristor are low power
consumption [47], fast switching speed [48] [49], small area usage [50], and good compatibility
with CMOS technologies [51] [52] [53].

When considering the “high-frequency behavior” of memristive devices a distinction must be
made between two very different aspects: a) the behavior of resistive switching under very fast
timescales and b) more classical frequency domain/response characterization dealing with
how signals pass through the memristive device. In this work, we mainly preoccupy ourselves
with memristors as trimming/tuning elements for high-frequency circuits and hence are more
concerned with aspect (b). This includes the study of transmission, reflection, and distortion
ratios when high-frequency small signals pass through our devices.

One of the main problems that limited the high-frequency applications of memristors is the
parasitic capacitance in the memristor device. As the structure of a metal-oxide-metal mem-
ristor is similar to a metal-insulator-metal(MIM) capacitor, the memristor also has an unwanted
capacitance in between its two metal layers. The parasitic capacitance value depends on the
size, material, and technology of the memristor. For RF reconfigurable circuits design, the
type of memristor being used is normally memristor RF switch [54], which can work in very
high frequency, but only program between two states. Although the memristors being used
in analogue circuit design normally have the ability of analogue resistance programming that
can offer multiple resistance levels, most of these analogue memristors have a high signal
distortion ratio at high frequency. Because of that, memristors with multiple stages are hard to
apply in high-frequency circuits.

1.2 Objectives

This thesis researches on expanding the applications of the memristor in high-frequency
reconfigurable devices. To reach this objective, research is done on combining analogue
memristors with reconfigurable devices that work in different frequency levels for signal trim-
ming. The research in this thesis includes the applications of memristive devices in three
different frequency levels, as shown in Figure 1.1. First, a memristor is combined with an
instrumentation amplifier which works at low frequency, to adjust the gain of the amplifier. The
circuit is built on a breadboard and measured with a memristor package in the laboratory.
This project verifies the feasibility of combining memristors with existing analogue circuit
structures and makes them reconfigurable in practice. Second, the memristor is used in the
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design of a tuneable delay circuit that can work in low GHz(ultra high frequency). To avoid
the condition that the GHz delay circuit doesn’t work and nothing can be measured from
the circuit, and also as a comparison partner of the GHz delay circuit, a delay circuit which
has the same structure as the GHz delay circuit but works at 10MHz(high frequency) is also
designed. The whole tuneable delay is sent for tape-out progress. At the same time, a PCB
is designed as the testbench of the tuneable delay circuit. Finally, based on the experience
of the two subjects before, memristors are considered to be used in N-path filter structures.
A tuneable 4-path filter is built on a stripboard and measured with a memristor package in
the laboratory. This memristor-controlled 4-path filter can work at 1MHz(medium frequency)
in measurement. A memristor-based N-path filter structure that works at 1GHz(ultra high
frequency) is also simulated. These three subjects prove the feasibility of applying multi-stage
memristors in high-frequency reconfigurable devices in practice and show the potential of
multi-stage memristive devices in the direction of designing high-frequency reconfigurable
circuits. The memristor package used in the laboratory measurement of this research has
10x10um? TiO,/Al,O3 memristors, and the technology used in the Cadence simulation is
180nm CMOS technology.

Low Frequency(LF):

Chapter 3

Reconfigurable Instrumentation Amplifier
Working Frequency:

Under 450kHz in measurement.

High Frequency(HF) &
Ultra High Frequency(UHF):

Chapter 4
Multi-Stage Memristor Reconfigurable Tuneable Delay System
Applications in Working Frequency:
Different Frequency levels [1M ~ 10M]Hz & [50M ~ 1.6G]Hz in simulation.

The chip is in tape-out progress.

Medium Frequency(MF) &
Ultra High Frequency(UHF):

Chapter 5

Reconfigurable N-path Filter

Working Frequency:

1MHz in measurement (+ 1GHz simulation result).

Figure 1.1: The memristor applications that have been researched in this thesis. Based on ra-
dio frequency spectrum bands, in this thesis memristors are applied in reconfigurable devices
that work in different frequency levels, including low frequency(LF), medium frequency(MF),
high frequency(HF), and ultra high frequency(UHF).
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1.3 Thesis Overview

Chapter 2 discusses the background knowledge about the memristor and the related ana-
logue/RF reconfigurable designs. First, the concept and behavior of memristor are introduced.
Then the frequency domain characterizations of analogue memristors are analyzed, literature
on using memristors in analogue and RF reconfigurable devices are reviewed, and methods
of using memristor which has relatively poor frequency domain characters at high frequency
are considered.

In Chapter 3, a reconfigurable instrumentation amplifier controlled by a memristor is designed,
built on a breadboard, connected with a memristor array package and finally measured in the
laboratory. In measurement, this reconfigurable instrumentation amplifier can work at frequen-
cies under 450kHz, with tuneable gain in a range of [9.5, 16]dB controlled by a memristor.

In Chapter 4, a memristor-based tuneable delay circuit is discussed. The delay elements are
originally controlled by switched capacitors in the literature. In this research, memristor-based
DC voltage sources are used to control the delay elements and adjust the output delay time
of the circuit. A delay circuit works at 10MHz and a delay circuit works at 1.6GHz are de-
signed. The two delay circuits, the memristor-based DC sources, the memristor programming
controller, and the output buffers of the delay circuits are designed as a chip, which is in the
tape-out process now. In Cadence simulation, the memristor-based DC voltage sources offer
DC voltage in a range of [584, 711]mV, the MHz delay circuit can off a tuneable delay range
of [13, 55]ns in the frequency range from 200kHz to 10MHz, and the GHz delay circuit has
a tuneable delay range of [269, 632]ps in a frequency range of [0.05, 1.6]GHz. A PCB board
is designed to measure the chip. The operations in the chip measurement process are also
recorded in this chapter.

Chapter 5 discusses the possibility of combining memristors with N-path filters. Different struc-
tures of memristor-based reconfigurable N-path filters are designed, simulated and compared.
One of the tuneable 4-path filter structures is measured with a memristor array package in the
laboratory. Measurement results show this 4-path filter can work at 1MHz, with a tuneable
bandwidth [1.5, 2]kHz controlled by a memristor. The drawbacks of the memristor-based N-
path filter are discussed, and a tuneable N-path filter that uses multiple memristors is designed
and simulated. In the simulation, the tuneable N-path filter with multiple memristors can work
at 1GHz, which has a tuneable bandwidth of [0.99, 1.38]MHz.

Finally, Chapter 6 concludes the research in this thesis, discusses some of the problems of
applying multi-stage memristors in reconfigurable RF circuits, and introduces the future work
of the subjects in this thesis.



Chapter 2

Review of Memristive Technologies
and Memristor-based Applications

2.1 Introduction of Memristor

The memristor concept was first defined by Chua in 1971 [19]. He inferred that based on the
existence of three basic circuit elements, resistor, capacitor and inductor, which link to the
relationship between voltage, current, flux and charge, there should be a lost fourth electronic
element that can link to the charge and flux in mathematics, as shown in Figure 2.1.

Capacitor
dg = Cdv

Memristor
d® = Mdq

Resistor
dv=Rdi

Inductor
do=Ldi

Figure 2.1: The relationship between four basic electronic elements [1]. Memristor is the
element that links the relation between charge and flux in mathematics.

The relationship between memristor value, charge and magnetic flux linkage is shown as
Equation 2.1, in which M is the memristor value. The equation Equation 2.1 also shows
that the memristor works as a charge-dependent resistor. The value of a memristor can be
changed by the charge applied to it, and when the memristor value is constant, its function is
just like that of a resistor.
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d¢
Mig) = 2 = 2.

dt

With the development of nano-electronic technologies, many thin-film nanoscale devices which
have similar behaviour as memristor have been designed [20], but nobody connects them
with the concept of memristor. In 2008, Strukov et al manufactured a two-terminal non-volatile
P,/TiO, /P, device, and first linked this device with the concept of memristor, as they have
a similar key function. Since then, this type of artificial metal-insulator-metal electronic ele-
ments were also seen as memristors. Until now, many different memristive devices with
Metal/Insulator/Metal structures have been designed.

Figure 2.2 (a) shows the basic principle of the memristor element generated by HP laborat-
ory [2]. The memristor has a semiconductor film with a length of D in between two metal
layers. The right part of the semiconductor is stoichiometric 7i0,, in which the oxygen
to titanium is perfect 2:1. The left part of the semiconductor is also titanium dioxide but
misses some of its oxygen, which is written as TiO,_,. Because the oxygen vacancies in
the TiO,_, region are positively charged, the TiO,_, part can be considered as "doped"
region with length of w whose dopant is positive ions, and the normal TiO, part is "undoped”
region. As oxygen vacancies work as charge carrier, TiO,_, is conductive low resistance
material, while TiO, is high resistance semiconductor. The electrode close to the doped
region(Ti0O,_y) is the positive pole of the memristor, and the electrode close to the undoped
region(Ti0,) is the negative pole. When voltage applied to the memristor from the positive
pole, the positive charged oxygen vacancies are pushed to the TiO, part and transform TiO,
to TiO,_, increase the length of the TiO,_, part. As the low resistance region expands, the
resistance of the whole memristor reduces. Oppositely, when voltage applied to the negative
pole, the oxygen vacancies are pushed to the positive pole, makes the TiO; region expand
and increases the resistance of the memristor. Because of that, a memristor can work like
a tuneable resistor whose resistance varies with the voltage on it, as the circuit in the right
part of Figure 2.2 (a). The ratio w/D shows the resistance level of the memristor. When w/D
closes to 1, nearly the whole semiconductor layer in the memristor is transformed to low
resistance TiO,_, material, the memristor resistance trends to minimum value; When w/D
closes to 0, nearly the whole semiconductor layer is transformed to the high resistance TiO,
semiconductor, thus the memristor resistance trends to its maximum value.

Memristor has both "static" and "dynamic" resistance variation characteristics. The static res-
istance variation happens when different voltages with values lower than a threshold voltage
applied to a memristor. The electric field is insufficient to generate significant structural changes
in the memristor, but causes limited change in the local charge distribution of the TiO,/TiO,_,
materials, and make the memristor shows different resistance values under different voltages.
The dynamic resistance variation happens when a voltage higher than the threshold applied
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Figure 2.2: (a) Simplified equivalent circuit of a memristor. (b) Output current wave, w/D
radio and |-V curves of a memristor when the input voltage sine wave continuously changes
direction. (c) Output current wave, w/D radio and |-V curves of a memristor when the input
voltage sine wave maintains in one direction for several periods. [2]

on the memristor, large electric field changes the internal structure of the memristor signific-
antly by shifting the boundary between Ti0,/TiO,_, material or forming/breaking the filament
in a filament-based memristor, and causes non-volatile resistance changes. The threshold

voltage is the minimum voltage required to generate a sufficiently strong electric field to
mobilize the ions in the TiO,_, material of Figure 2.2 (a). It is also the minimum voltage to
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form or break filaments in filament-based memristor structures, which will be discussed in the
following paragraphs. Figure 2.2 (b) shows both the static and dynamic resistance variation
characteristics. In the left-hand side waves, a sin wave AC voltage signal is applied to the
memristor device, the blue curve is the input voltage wave, and the green curve is the current
wave that flows through the memristor. The input voltage fluctuates between 1V and -1V,
which shows the voltage applied on the memristor changes direction every period. The right-
hand side figure in Figure 2.2 (b) is the |-V curve of this memristor, which shows the variation
of current on the memristor with the change of the input voltage value. The red arrows show
the time flowing in one period of voltage signal. The voltage starts from 0V, rises to 1V,
then reduces to -1V, and finally back to 0V. When the voltage is low, the |-V curve is nearly
linear, which means the resistance is close to a constant value. When the voltage is close
to 1V, the I-V curve of the memristor becomes non-linear, which shows the memristor static
resistance variation. After the voltage reaches the maximum value and reduces to smaller
than 0.5V, the |-V curve has a different constant gradient, showing the resistance has been
changed to a different constant value, which is the dynamic resistance variation direction. In
this example, the threshold voltage of the memristor is about 0.8V. When voltage reduces
to minus value, the voltage applies to the memristor from the opposite direction, and will
also change the memristor value in the opposite direction. After one period of input voltage
wave, the resistance of the memristor is changed back to the original value, as the input
voltages to the memristor from the two directions are the same. The charge-flux plot shows
the charge is a single-valued function of the flux value [2]. The dynamic resistance variation
of a memristive device needs a large amount of charge and a voltage that is higher than the
threshold voltage of the memristor. The electrical characteristics of the memristor, including
the threshold voltage value and the time needed for memristor resistance level changes
between the max/min stages, are closely related to the formation, thickness and structure
of materials in the insulating layer of the memristor [55].

Figure 2.2 (c) mainly shows the dynamic resistance variation characteristic. Different from
the condition of Figure 2.2 (b), Figure 2.2 (c) first applies 3 periods of input voltage to the
memristor from one direction, then applies 3 periods of voltage to the memristor from the
opposite direction with the same amplitude. The 6 periods of voltages are labelled as numbers
1 to 6. The I-V curves on the right-hand side show the variation of memristor resistance in each
period. In period 1, the slope of the |-V curve is small, showing that the memristor has a large
resistance value. In periods 2 and 3, the slopes of the |-V curves increase, which means the
resistance is reduced by the input voltage from the same direction step by step. By applying
multiple high voltage(1V in this case) pulses to the memristor from the same direction, the
resistance of the memristor can be shifted to a different value. After that, periods 4, 5 and 6
show the voltage applied to the memristor from the opposite direction with the same amplitude
and increase the memristor resistance back to the original value.
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The memristor structure and |-V curve are not limited by the representation of Figure 2.2.
Instead of doped and undoped regions in the semiconductor, some memristor structures have
low-resistance filaments in the insulator layers [56] [57]. As many transition metal oxides which
conduct both electron and ions can be used to generate memristive devices [58], some of the
memristors use other materials instead of TiO, [56] [59], and some others combine multiple
material layers in the memristor [22] [24]. An example of a memristor with filament structure
and LiNbO, material is shown in Figure 2.3 [3]. The basic structure of this filament-based
memristor includes two metal electrodes and a dielectric layer(LiNbO,/LiNbO3). Similar to the
TiO,_, layer in Figure 2.2 (a), the LiNbO, material also includes large amount of positively
charged oxygen deficiencies. When applying a voltage that higher than threshold to the bottom
electrode, the ions in the LiNbO, are pushed toward the top electrode, and form a conductive
filament. In Figure 2.3 (b) and (c), it can be observed that with more voltage pulses applied on
the bottom electrode, the filament becomes longer and thicker, which reduces the resistance
of this memristor. When applying voltage on the top electrode, the filament is dissolved back
to ions. Except of generating filament by oxygen deficiencies in semiconductor materials,
the filament can also be formed by metal cations. Reference [60] introduces a memristor
structure which has an electrochemically active electrode made by Ag, an electrochemically
inert electrode made by Pt, and a solid electrolyte layer in between them. When a voltage
higher than threshold applied on the active electrode, anodic dissolution reaction happens on
the Ag metal and generates Ag™ cations. Due to the electric field, the Ag™ cations migrate
to the inert electrode, then reduce to Ag metal on the surface of the inert electrode and form
an Ag filament according to the cathodic deposition reaction. When applying a high voltage
to the inert electrode, the metal filament is dissolved to cations again [56]. With different
designs, fabrication technologies and materials, the |-V curves and resistance ranges of
different memristors also vary. However, an analogue memristor will always have the static
and dynamic resistance variation characteristics, to make it work as a tuneable resistor.

In this research, the operation of memristors can be classified into two modes, which are
the normal work mode and the programming mode. In normal work mode, memristors are
supposed to behave like a normal constant resistor; In the programming mode, the resistance
of memristor will be changed by external devices. The usage of memristors also follows the
static and dynamic characteristics of the memristor. As a large DC voltage applied on the
memristor continuously will change the memristor resistance or even destroy the memristor
elements, to make sure the memristor can behave as a constant resistive element in normal
work mode, it is the best to control the DC voltage on the memristive device smaller than or
equals to 0.5V, especially for long sequences of reading operation. Besides, as the memristor
resistance value varies with the voltage applied to it, the voltage on the memristor should be
maintained nearly constant. Prolonged exposure to even normally sub-threshold voltage may
still cause resistive state drift, and hence large margins are used. 0.5V is chosen in the normal
work mode as this value is low enough that will not cause dynamic resistance variation of the



2.1. Introduction of Memristor 10

Pt (80nm) Pt (80nm) Pt (80nm)
[Tt ]
LiNbO,
42 nm
Pt (50nm) Pt (50nm) Pt (50nm)
SiO, (1pm) SiO, (1pm) SiO, (1um)
(a) (b) (c)

Figure 2.3: A memristor with Ti/Pt/LiNbO,/LiNbO5/Ti/Pt structure. When voltage pulses
applied on the bottom electrode of the memristor, (a) The filament starts growing, the
resistance of the memristor is reduced. (b) Pulses continuously applied on the bottom
electrode, formation of the filament finish, the resistance of the memristor reaches a low value.
(c) With more voltage pulses, the filament becomes thicker, and the memristor resistance
reaches the minimum value. [3]

memristor with Ti0,/Al, O3 structure which is used in this research, but is high enough to offer
a good signal to noise ratio when reading the memristor resistance [61]. Opposite to the small
constant voltage applied to the memristor in normal work mode, in the programming mode,
voltage pulses with large amplitude are applied to the memristor, to make sure the resistance
of the memristor can be adjusted to the wanted value [4].

To explain the memristor programming process clearly, a simulation of memristor model pro-
gramming is made in this research as an example, as shown in Figure 2.4. The simulation is
done in Cadence Virtouso environment. The memristor is programmed from 12kQ to 15.5kQ,
by voltage pulses with amplitude 1.5V and pulse width of 5us. 5us is a value that much
higher than the minimum memristor programming period. As the aim of this simulation is just
showing an example of memristor programming, there is no need to program the memristor
quickly, hence this value is chosen to make sure the programming process can be done
smoothly. It can be observed that when reading the memristor value under 0.5V voltage,
the memristor shows 12kQ to 15.5kQ resistance, and when reading the memristor value with
1.5V voltage, it shows 1.7kQ to 2.2kQ resistance. When programming memristive devices to
a specific resistance value, first the original memristor value will be read, and then positive
or negative voltage pulses will be applied to the device, depending on whether the initial
resistance needs to be reduced or increased. After several pulses have been applied to the
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Figure 2.4: An example of programming a memristor model in Cadence. The diagrams from
up to down show the resistance of the memristor, the input voltage applied to the memristor,
and the current flows through the memristor.

device, the resistance value will be read again. If the resistance has not reached the specific
value, the instrument will continue applying pulses to the memristor, and if the resistance has
changed too much compared with the target value (resistance “undershoot” or “overshoot”),
the instrument will apply pulses in the opposite direction to adjust the resistance.

In this project, measurement instruments “Arc One” and “Arc Two” are used to program
the memristor in the laboratory. ArC One and Two are measurement instruments that can
work well with crossbars of emerging non-volatile memory technologies, including memristor,
resistive memory, phase-change memory, and others [61]. ArC One can be used in read/write
of memory components, |-V curve measurement and current cut-off forming. Based on the
functions of ArC One, ArC Two has fully parallel characteristic, which allows it to achieve
concurrent and independent control of its 128 channels. As an example, when Arc One is used
for programming the memristor, it will first transmit some pulses in the default direction. If the
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trend of memristor resistance changing is opposite to the wanted result, Arc One will reverse
the pulse direction and do the work again. During programming, Arc One will read the value
of the memristor in real-time, and when the memristor resistance is close to the target value
within an acceptable tolerance, the instrument will stop the program. Pulse amplitude starts
from a low value to protect the memristor, and will progressively increase during programming.
For the memristors used in this project, the device can maintain a stable resistance level for
biasing below approximately 1.2V, loosely defined as the switching threshold of the device,
hence the pulse voltages chosen to program the memristor are in the [0.6, 2]V range. The
pulse starts from a guaranteed non-invasive level and ramps up progressively in order to give
a chance to the device to change its state using gentle pulsing. By starting the programming
from a small pulse amplitude, the possibility of accidentally destroying the memristor can be
reduced, and the device ageing can also be slowed down [61]. More information about the
algorithm used to program the device can be found in reference [61]. In this project, for the
memristor package in the laboratory, the programming voltage is limited to 2V to make sure
the memristive device is not destroyed. The amplitude of programming voltage depends on
the technology of the memristor. In some cases, the programming voltage needs to be higher
than 5V. For example, the novel 1 ,umz TiO,/Al,O3 memristor model used in the circuit design
of Chapter 5 of this research needs a programming voltage of 5.5V.

TE
RRAM BEOL !
integration
TE
S G ﬁ

Substrate

Standard CMOS process

(a) (b) (c)

Figure 2.5: (a) Photo of a memristor at the crosspoint sub-1pm? active area. (b) Back-end-of-
line integration of a memristor on a standard CMOS process. "TE" is the top electrode of the
memristor. (c) Straightforward post-CMOS integration of memristor on a multi-layer material
structure. [4]

Figure 2.5 (a) shows a photo of a memristor at the crosspoint of two electrodes [4]. As
the typical structure of a memristor is metal-oxide-metal stack layers, a memristor can be
formed between two metal electrodes with a dielectric layer in between them. The multi-
layer stack structure of memristors allows it to integrate with CMOS technologies, which also
have multi-layer structure. Figure 2.5 (b) shows the back-end-of-line(BEOL) integration of a
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memristor on the drain of a transistor, and Figure 2.5 (c) shows the physical structure of
a memristor integrated on the top of CMOS material layers. The form and connections of
different electronic elements in a CMOS circuit are based on different material layers, which
are one poly layer and several metal layers. By using the top metal layer(M4 in Figure 2.5
(c)) as one of the electrode metal layers of the memristor, the memristor structure is hence
integrated on the top of the CMOS circuit.

Tuneable Resistor
Memristor

£ =

Parasitic Capacitor

Figure 2.6: A lumped element model of memristor. A memristor can be considered as one
tuneable resistive element in parallel with one fixed parasitic capacitive element.

As the two metal layers in the memristor structure can be seen as a capacitor, the lumped
element model of the memristor can simply be seen as a tuneable resistor in parallel with
a small capacitor, as shown in Figure 2.6. This simplified memristor model only been used
in frequency response analysis, and considers the memristor function as a tuneable resistor,
excludes the threshold voltage and static/dynamic characteristics of memristors. When using
the memristor model in Cadence Virtuoso environment, the tuneable resistor part is replaced
by a memristor function model written in Verilog-A language, to simulate the threshold voltage
and non-linear |-V characteristics of the memristor. In reality, there are also some small
inductances in series with the parallel resistor-capacitor element caused by the connection
ports between the memristor and circuit [62] [63]. However, as this inductance only form as
an additional impedance in series with the resistive memristor at high frequency, and for RF-
used memristors the parasitic inductance is only around 1nH per electrode [64], it is normally
ignored when designing lumped element memristor modules. As the distance between two
metal layers maintains a constant value, ideally the parasitic capacitance of the memristor
is also constant. The value of the capacitance depends on the size and material of the
memristor. Because of the existence of parasitic capacitor and inductor, the frequency will
affect the impedance of the whole memristor, hence limiting the working frequency range of
the memristor.

Figure 2.7 shows the impedance frequency response of a Pt/TiO,/Al,03/Pt memristor
with size 10x10um? [5]. It can be observed from Figure 2.7 that for this memristor, all
the resistance levels start to reduce after about 3MHz, and the higher the resistance level,
the earlier the impedance starts to reduce with the increase of frequency. For the highest
resistance level shown in Figure 2.7 which is 88kQ, its impedance starts to reduce from
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Figure 2.7: Impedance-frequency response of a TiO,/Al,Os memristor. Related to the
resistance level of the memristor, the cut-off frequency of this memristor varies in a range
of around [0.3, 3]MHz. [5]

about 100kHz. When a signal with 1MHz frequency flows through this memristor which has
a [6.2, 88]kQ2 tuneable resistance range, it can only work as a resistor with a [6, 32]kQ
resistance range. When a 10MHz signal flows through it, the memristor can only show about
2kQ to 3.5kQ resistance. The problem is mainly caused by the high parasitic capacitance
between the metal layers. The metal-oxide-metal layer structure of a memristor is similar
to a metal-insulator-metal capacitor, the two metal layers also form a parasitic capacitor.
The parasitic capacitance of this memristor is approximately 10pF. The parasitic capacitance
mainly depends on the size, thickness and dielectric constant of the semiconductor layer in
the memristor. Larger size causes larger parasitic capacitance, as the 10pF large parasitic
capacitance of this 10x10um? size memristor. This characteristic limits the high-frequency
applications of multiple-stage memristors.

To expand the application of memristors in radio frequency, many memristive devices which
being used as RF switches have been designed [65] [66] [10]. One of the structures of
the memristor RF switch is shown in Figure 2.8 [6]. It can be found from Figure 2.8 (a) (b)
that the memristor is fabricated on a coplanar waveguide (CPW) transmission line, and the
technology and material are all different from the multi-stage memristor discussed before.
This memristor RF switch is fabricated on an intrinsic silicon wafer with a 380nm thermally
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Figure 2.8: (a) Image of a memristor RF switch. (b) Schematic illustration of geometry for
this memristor RF switch. (c) Signal transmission loss of the RF switch ON state. (d) Signal
transmission loss of the RF switch OFF state. [6].

grown silicon dioxide layer. One terminal of the memristor is composed by a gold(Au) layer
with a thickness of 140nm and a very thin titanium(Ti) adhesion layer, another terminal of
the memristor is generated by silver(Ag) with a thickness of 70nm. Instead of a dielectric
layer, there is a 35nm air gap in between the two terminals. When applying voltage to the
Au/Ti terminal, a 100nm-wide continuous Au filament is formed in the 35nm air gap, and the
memristor switch is turned on. The thickness of thermally grown silicon layer, gold layer and
titanium adhesion layer, as necessary conditions for forming the memristor structure, does not
affect the performance metrics of the RF memristive switch. The low bulk resistivity of sliver,
combined with the short air gap length (35nm) and the relatively large cross-sectional area
(70x100nm?) of the sliver metal layer, results in a very small ON-state insertion loss (-0.3dB
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at 40GHz) and a low programming voltage (0.4V) of the memristor RF switch. On the other
hand, the low effective dielectric constant and the high resistivity of the air gap results in a
very small parasitic capacitance (average 1.4fF) in between the thermals and a very large
OFF-stage isolation rate (-30dB at 40GHz) of the RF switch.

Figure 2.8 (c) (d) show the memristor RF switch has low insertion loss for the ON state and
high isolation at the OFF state. The ON resistance of the switch is around 3.6€2, the OFF
resistance is 10! times the ON resistance. The parasitic capacitance is smaller than 2fF,
which makes the memristor RF switch work at high GHz. The parasitic capacitance value
of the memristor RF switch is much smaller than the analogue memristor in the previous
paragraphs. This is because the air gap in the memristor RF switch has a very small dielectric
constant, and the cross-sectional area of the terminals in the memristor RF switch is much
smaller than the electrode area of the analogue memristor. However, this memristor RF switch
only has ON and OFF two states, and can only work with very high frequency.

In addition to the multi-stage memristor and the memristor RF switches, there are still other
memristor structures with distinct characteristics, such as the digital memristor that exhibits
extremely fast switching speeds [67]. The operation period of this type of memristor can be
reduced to smaller than 100ps [68]. However, as this research focuses on applying memristors
in analog signal processing, the other memristor structures are not been further discussed
in this thesis. When considering the use of memristors in circuit design, it is necessary
to differentiate between various types of memristors, identify functional differences among
different structural configurations of memristors, and choose the appropriate type of memristor
based on the specific design requirements.
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2.2 Literature of Analogue / RF Application of Memristor

In this section, some of the analogue and RF reconfigurable circuits based on the application
of memristors which have been published by other researchers are shown and compared. As
different applications use different types of memristors, all the applications are classified by
the types of memristors they use, which are analogue memristors or memristor RF switches.
The main applications of memristors in analogue and radio frequency fields shown in this
report are designing amplifiers, filters, modulators, resonators, active inductors, attenuators,
and delay cells. It is important to note that due to the varying functionalities and design
purposes of each designed circuit, and considering that this research aims to explore the
application of memristors in larger frequency ranges, this section only documents the working
frequency of each product, without recording other performance values.

2.2.1 Analogue and Low-Frequency Application of Memristor

In lower-frequency applications, memristors can be used as tuneable resistors, to help design
reconfigurable analogue devices. The simplest method of using a memristor in analogue
circuits is replacing some of the resistors in the original circuits with memristors, to make
the characteristics affected by these resistors becomes controllable.

+ Mem |

R+ I

iy
Sre

Differential —i Peak Detector
Amplifier and
Low Pass Filter |__Arer

Figure 2.9: A memristor-controlled AGC architecture [7]. A memristor is applied to control the
gain of the amplifier.

Figure 2.9 shows an automatic gain control(AGC) circuit based on a memristor-controlled
variable gain amplifier(VGA). The memristor takes the place of a resistor in Figure 2.9 to make
the gain of the circuit controllable [69]. After that, a peak detector, differential amplifier with
a low pass filter, and a feedback resistor form a feedback circuit, to maintain the memristor
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resistance at a specific value [7]. The working frequency range of this AGC circuit is only
single-digit kHz. This is because the circuit is designed for working in baseband, hence there is
no need to consider the condition when it works with high-frequency signal, and the memristor
is only been considered as a resistor instead of the combination of resistor and capacitor.

When designing circuits for high-frequency applications, it is necessary to consider the effect
of the parasitic capacitance in the memristor. The memristor should be seen as a resistor-
capacitor parallel element as Figure 2.6 rather than only a tuneable resistor.

R, R,
% Rs
Cl
4 M
R'a

(a) (b)

Figure 2.10: (a) An inverting amplifier based on a memristor. (b) The same inverting amplifier
which is based on resistor R, and capacitor C, [8].

Figure 2.10 (a) shows a gain variable inverting amplifier based on a memristor, and Figure
2.10 (b) replacing the memristor and capacitor C1 with RC element, which has the same
lumped element structure as the memristor [8]. The capacitor C1 in Figure 2.10 (a) is used to
minimize the effect of input biasing current to the memristor, which has a capacitance value
that does not affect the desired working frequency range. Because of that, ideally, as capacitor
C1 does not affect the output function in the desired frequency range, the resistors R1 to R6
in Figure 2.10 (a) and (b) have the same values, and resistor R, combines with capacitor C,
form a simplified memristor model, the two schematics in Figure 2.10 have the same function.
Frequency simulation results show that the frequency responses of the two circuits are similar,
and both of them can work up to 200kHz. This frequency range result expands compared with
the analogue circuit in Figure 2.9. The frequency range in Figure 2.10 is limited by the circuit
schematic and analogue op-amp. The op-amp used in the original article has a bandwidth
of 10MHz. To expand the frequency range further, a special op-amp and circuit schematic
designed for high-frequency applications are necessary.
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Figure 2.11: (a) A memristor-based tuneable current generator. (b) A current-controlled OTA.
(c) The tuneable gyrator-C active inductor. (d) The equivalent circuit of (c) see from port 1. [9]

When using an analogue memristor in high-frequency applications, the frequency range will
always be limited by the memristor, as shown in Figure 2.6. To avoid this problem, one of
the solutions is setting the memristor at a position where a high-frequency signal does not
flow through. Figure 2.11 shows a tuneable gyrator-C active inductor circuit controlled by a
memristor [9]. In Figure 2.11 (a), M1 to M4 form a current mirror structure, which makes
the M1/M3 branch and M2/M4 branch have the same current and makes the voltage of the
memristor V..., follow the value of V;, given by the voltage buffer. The current in M2/M4 branch
then equals to [Vi./Ruemristor]- In this case, the output current can be tuned by changing
the memristor resistance value. Figure 2.11 (b) is a rail-to-rail folded cascode operational
transconductor(OTA),in which all the biasing currents lbias are offered by the memristor-
controlled current generator. The transistors M1 to M4 in Figure 2.11 (b) form the differential
signal input stage, and M5 to M12 form the cascode summing circuit and subsequent stage.
Ideally, the currents flow through M7 to M10 equal to Ibias, and currents flow through all the
other transistors equal to half of Ibias. By making transistors M1 to M4 in the input stage
work in weak-inversion region, the total output transconductance of the OTA is proportional to
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the biasing current. Figure 2.11 (c) shows an active inductor in which the transconductance of
OTAs can be controlled by memristor (related to Figure 2.11 (a)(b)), and Figure Figure 2.11 (d)
is the equivalent circuit of (c) see from Port 1. In Figure 2.11 (c), two OTAs form a gyrator, G,
and G, are two additional conductors placed at Node 1 and 2 in parallel with two capacitors C,
and C;. Assume the input voltage and current at Port 1 are V;, and [;,,, the output voltage and
current of OTA1 at Node 2 are V,,, and 1,,,;, the equations of I;;, and I,,,, can be written as [[;;, =
sCVip + GoViy, - gma Vil and [,y = gm Vi, = sC1 Ve + G1V,,]. Based on these two equations,
the impedance see from Port 1 can be written as Y=sCy+G,+1/(sCi/gmigma+G1/gmigm,),
and be considered as a parallel RLC network as Figure 2.11 (d), where R, equals to [1/G>],
C, equals to C», R, equals to [G}/(gmigm»)], and L equals to [C}/(gmigmy)]. By using a
memristor to control the current, and indirectly control the inductance of the simulated active
inductor, the frequency range of the active inductor is from 30kHz to 14MHz. The benefit of this
structure is, not only the gyrator-C active inductor, the memristor-based current generator can
be employed in all the circuits where the biasing currents determine some of the performance
values, thus the application scope of memristor is greatly expanded.

2.2.2 Radio Frequency Application using Memristor RF Switch

In high-frequency applications, the memristive RF switch has been used in many devices.
Based on the measurement results from [54], the ON state resistance of the memristor RF
switch has usually been chosen as about 3Q, and the OFF state capacitance is 1.4fF. The
OFF state resistance of the memristor RF switch is very large, which is about 1T, hence in
the OFF state only the OFF capacitance is considered, and the resistance path is seen as cut
off.

IS (dB) IL (dB)
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Figure 2.12: (a) The schematic of a memristor-based SPDT switch. (b) Isolation rate (IS) and
insertion loss (IL) of the SPDT switch. [10]
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Single-pole double-throw (SPDT) switch is one of the examples, as shown in Figure 2.12
(a) [10]. P1 is the input port, P2 and P3 are the optional output ports. V,;;; and V., are
the control voltages that can program the memristors. In the programming of memristor RF
switches, when V11 = +3V, V4 connects to ground, memristor M1 and M3 will be turned
ON or OFF, which depend on the positive or negative voltage in the V,,,;; port; When V1 =
Verriz = £3V, M1 and M3 maintain their state, M2 and M4 will be turned ON or OFF. Based
on the memristor directions shown in Figure 2.12 (a), the ON/OFF states of M1 and M3 are
always opposite, and the ON/OFF states of M2 and M4 are also opposite. In the work of the
SPDT switch, when memristor M1 and M4 turn on, M2 and M3 turn off, signal input from P1
and output from P2. Here M4 turns on to make P3 have good isolation performance. When
switches M2 and M3 turn on, M1 and M4 turn off, the signal output from P3. Figure 2.12 (b)
shows the signal attenuation with frequency at the output port and the isolation port. It can be
seen that the SPDT switch isolates the signal in one port and has low signal attenuation in
another pass port, in a very large range of frequency (10GHz to 40GHz).
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Figure 2.13: (a) A 3D model of memristor-based band-switching reconfigurable antenna [11].
(b) A circuit element schematic of this memristor-based band-switching antenna [12].

An important memristive switch application is to turn on/off a part of the circuit, hence con-
trolling the characters of the circuit and making an RF device reconfigurable. Figure 2.13
shows a band-switching patch antenna structure [11] [12]. The operation frequency of this
patch filter can switch between 2.308GHz and 3.143GHz. The band-switching filter has one
main patch and two separate patches connect with the main patch by 6 memristors. When
the memristors are turned off, this patch antenna can only use the main metal patch for signal
receiving. When the memristors turn on, two additional patches connect to the main patch
and the resonant frequency of the antenna becomes lower.

Many other reconfigurable RF devices are designed based on this idea. Figure 2.14 (a) shows
the 3D model of a tuneable inductor controlled by a memristor RF switch, and Figure 2.14 (b)
is a dual-band low noise amplifier(LNA) whose bandwidth controlled by the tuneable inductor
[13]. Different from the tuneable active inductor in Figure 2.11, this tuneable inductor applies
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Figure 2.14: (a) 3D model of a tuneable inductor controlled by a memristor RF switch. (b)
A dual-band LNA with a tuneable bandwidth controlled by the memristor-based tuneable
inductors. [13].

a memristor RF switch in the spiral inductor and adjusts the inductance value by changing
the length of the spiral. When the memristor switch turns off, the signal from the upper layer
flows to the lower layer from the regular via; When the memristor turns on, the upper layer
signal can flow to the lower layer through the memritor with less number of spiral routes,
and hence the inductance in this case is smaller than the original inductor. In the cascode
common source LNA circuit of Figure 2.14 (b), transistor M1, inductor L, and inductor L, form
the main LNA structure and decide the LNA input impedance, transistor M2 is in cascode with
M1 to reduce the Miller effect of drain-source capacitance in M1 and improve the stability of
the LNA, transistor M3 and resistor Ryias offer the DC voltage bias to the LNA. Memristor-
controlled inductor structures are used in both Ls; and L,,;. Inductor Ls resonates with the
gate-source capacitance of M1; Similarly, inductor L,,, resonates with the output capacitor
group [Cour1+Cour2] and drain-source capacitance of M2, affects the LNA output impedance.
When the values of Lg and L, vary at the same time, the resonating frequency of this circuit
changes, hence the LNA can work at different frequencies. As a result, by switching the value
of memristor-controlled inductors L and L, this LNA can switch the operation frequency
between 2.4GHz and 5GHz.

Figure 2.15 (a) shows a dual-band reconfigurable bandpass filter [14]. When the memristor is
off, both the low-frequency bandpass filter (operation frequency 2.44GHz) and high-frequency
bandpass filter (operation frequency 5.3GHz) work, hence the system is a filter with two pass
bands. When the memristor turns on, the high-frequency bandpass filter is turned off and the
device becomes a low-band bandpass filter. Figure 2.15 (b) shows the layout of this dual-
band filter. The basic filter structure is a fifth-order Chebyshev interdigital bandpass filter,
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Figure 2.15: (a) The concept of memristor-based dual-band bandpass filter. (b) The layout of
the dual-band bandpass filter. [14]

which includes 5 resonators (R1 to R5) in between the input and output ports (Z0 ports).
The memristor connects to the open end of the R2 resonator in the high-frequency bandpass
filter. When the memristor turns off, the R2 resonator is a quarter-wavelength resonator as all
the other resonators, and the function of the filter is not change; When the memristor turns
on, the R2 resonator becomes an eighth-wavelength resonator, which suppresses the signal
flows through the high-frequency filter, and the dual-band filter becomes a single-band filter.

Figure 2.16 (a) shows the 3D model of a reconfigurable phase shifter controlled by memristor
RF switches, and (b) shows the circuit schematic of that phase shifter [15]. Phase shifters are
widely used in RF communication systems, especially in designing phase array antennas. This
phase shifter is modified from the basic main-line mounted type phase shifter structure, which
includes a main transmission line, two stub susceptance loads, and two PIN diodes in between
the main line and stub loads. The memristor RF switches are used to take place of PIN diodes
in the original circuit. By switching the ON / OFF stages of memristors, the electrical length of
the stub loads is going to be changed, hence the phase shift of the circuit can be controlled.
In the simulation, the memristor-based reconfigurable phase shifter can work in a frequency
range from 5GHz to 5.6GHz and reduces the power consumption compared with the original
phase shifter which uses PIN diodes as switches.
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Figure 2.16: (a) 3D model of a memritor-based phase shifter. (b) Equivalent electrical
schematic of this phase shifter. [15]
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2.2.3 Radio Frequency Application using Analogue Memristor

In the articles about RF applications of memristors, many of them also use analogue memris-
tors which can change resistance level continuously instead of using memristor RF switches.
However, in many of these articles, the function of the memristor is only been considered as
a tuneable resistor.
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Figure 2.17: A memristor-based tuneable negative group delay filter [16]. Memristors are
added to the isolation ports of the short-circuited resonators of the filter, to change the
negative group delay value.

Figure 2.17 shows a tuneable negative group delay filter (NGDF) based on memristors [16].
The main structure of this filter includes branch lines and short-circuited coupling lines. Four
memristors are connected to the isolation ports of the short-circuited resonators. By chan-
ging the memristor resistance, the input admittance of the short-circuit couple lines can be
changed, hence the negative group delay time can also be adjusted. In the simulation results
of the article, this NGDF has a stop band at 1.92GHz which offers different negative group
delay. However, as the memristors are only seen as resistive elements in this article, the
parasitic capacitance of the memristor is not included in the analysis, which may make the
performance in practice completely different to what is expected from the theory work.

Figure 2.18 is a pulse generator that uses memristors to adjust the output delay time. The
pulse generator works in an On-Off Keying(OOK) ultra-wideband (UWB) transmitter [17]. This
pulse generator includes a pulsed oscillator, memristors, a programming circuit of memristors,
and a pulse-shaping filter. In pulse generator working mode, MN1 to MN3 turn on and MN5
to MN7 turn off. On the other hand, when the pulse generator is in memristor programming
mode, MN1 to MNS3 turn off and MN5 to MN7 turn on. In the pulsed oscillator, MP1 to MP3
open and close alternately to generate the negative and positive cycle of the pulse. Assume
at the start point MP1 starts to turn off, the voltage at Note A (gate of MP2) is going to reduce,
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Figure 2.18: A memristor-based tuneable pulse generator [17]. Memristors are applied to
change the output delay time of the pulse generator.

the input capacitance of the second stage(mainly the gate-source capacitance of MP2) will
discharge through MN1 and R,,. The time that second-stage input capacitor C, needed to
reduce its voltage to half of Vdd equals to 0.69*RC, which is 7;=0.69*(RN,;,1+Rm)*C,, where
RN,,1 and Rm; are the resistance of the first stage ON-state NMOS and memristor. Once
the voltage on the gate of MP2 reduces to smaller than half of Vdd, MP2 starts to open, and
charge the third stage input capacitor(gate-source capacitance of MP3). The time that needed
to charge the third stage input capacitor Cs up to half of Vdd is 7,=0.69*RP,,»*C3, where RP,,»
is the ON resistance of MP2. Finally, similar to the first stage, when the voltage on the gate of
MP3 increases higher than half of Vdd, MP3 starts to turns off and make the input capacitor of
the first stage C discharge, with discharging time 73=0.69*(RN,,,;3+Rm3)*C;, where RN,,,3 and
Rms are the resistance of the third stage ON-state NMOS and memristor. When the voltage
at Node 3 reduces to half of Vdd, one negative cycle of the pulse outputs to the pulse shaping
filter, which means negative cycle delay Ty=T7|+7>+73. For positive cycle, the operations are
similar. As the positive/negative cycle of the pulse decided by the charging/discharging time
of each stage, the frequency of the pulse is thus controlled by the resistance of memristors.
The memristor model been used in this circuit has a tuneable resistance range of [60, 214]Q.
The simulation results show the final transmitter can work in a frequency range from 3GHz
to 5GHz. In this article, the model been used to simulate memristor is Voltage ThrEshold
Adaptive Memristor (VTEAM) model [70]. VTEAM is a general, simple, flexible and accurate
model for describing the function of voltage-controlled memristors. It simulates the current-
voltage characteristics of memristors based on a threshold voltage, where the resistance
of memristors do not change for voltage under this threshold. As the |-V curve offered by
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VTEAM model can match most of the voltage-threshold memristors, this model is widely used
in the simulation of analogue memristors. As the parasitic capacitance of a memristor can be
included in the input capacitance of this stage, this pulse generator, to some extent, takes
into account the parasitic capacitance of the memristor and leverages it in the overall design.
However, as VTEAM model simulates memristors as purely resistive elements, the parasitic
capacitance of memritors are not calculated in the input capacitance of each stage, hence
the frequency of the output pulse with practical memristive devices will different from the
simulation results. Because of that, it cannot be guaranteed that this pulse generator will also
function in practical applications.

The technologies of memristor designing and fabrication are still in development, and different
types of memristor can offer varied performance. The RF circuits designed with analogue
memristors may also find suitable types of memristors, hence these designs are valuable for
reconfigurable RF circuit designing.
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2.3 Conclusion

Memristors have the potential to be applied in reconfigurable analogue and RF circuit designs.
However, because of the difficulty of using analogue memristors in high-frequency circuit
designs, the analogue memristor applications and RF memristor applications are nearly sep-
arate. The main problem in the high-frequency applications of memristors is the limited high
resistance range and low cut-off frequency of the multiple resistance levels memristor. How-
ever, it is still feasible to design analogue circuits which have a frequency range close to the
cut-off frequency of the memristor to get possible high-frequency reconfigurable devices, or
use some methods to avoid the limitation of the memristor frequency range.

In this thesis, the applications of multi-stage analogue memristors in different frequency levels
are attempted. In Chapter 3, a reconfigurable memristor-based instrumentation amplifier whose
gain value can be adjusted by the memristor is discussed. This reconfigurable amplifier was
measured with a memristor package in the laboratory and can work at frequencies lower than
450KHz. In Chapter 4, a memristor-based reconfigurable delay circuit is designed. Memristors
are used in tuneable DC voltage sources, to control the output delay time of delay elements
indirectly. The whole delay circuit is designed as a chip, includes a 10MHz delay part, a
1.6GHz delay part, a memristor programming controller, input signal generators, and output
buffers. To measure the chip, a PCB board is designed, and the operations of the chip
measurement progress with the PCB are also discussed in Chapter 4. Chapter 5 discussed
the possibility of combining memristors with N-path filter structures. Different memristor-based
N-path filter structures are compared. One memristor-based reconfigurable 4-path filter was
measured with a memristor package in the laboratory and can work at 1MHz. The memristor-
based N-path filter which can work at 1GHz is also simulated. Finally, Chapter 6 concludes
the research in this thesis, and also includes the further plan of my study.



Chapter 3

Memristor-based Reconfigurable
Instrumentation Amplifier

3.1 Introduction

Memristors are two-terminal non-volatile passive circuit elements, whose resistance depends
on the history of current or voltage applied on them [19]. Their low power operation, small size,
ability to store multi-bit information [71] and other characteristics such as their simple, two ter-
minal structure [2] make them good tools for implementing reconfigurability on-chip. However,
the characteristics of memristors need to be carefully considered when designing circuits
and systems. Typical areas that require attention include avoiding potentially catastrophic
overvoltages and the memristors’ typically non-linear current-voltage curves that cause static
resistance to vary resistance with bias voltage [64]. Comparing with circuits that apply varying
voltage on memristors, circuits which apply fixed biasing voltage on memristors can maintain
the resistance of memristors stable, and reduce the influence of non-linear I-V characteristics
of memristors. Moreover, fundamentally metal-oxide-metal stack memristors act as metal-
insulator-metal (MIM) capacitors, potentially adding substantial parasitic capacitance and af-
fecting high-frequency operation. A more complete model of the memristor is thus a resistor
in parallel with a capacitor [54], as shown in Figure 3.1 (a), where the value of the parasitic
capacitance is mainly decided by the material, structure, and size of the memristor [5].

In this chapter, Ti0O,/Al; O3 memristor devices are introduced within an instrumentation ampli-
fier to add reconfigurability and test the actual behavior of memristors. The memristive devices
replace some of the gain setting resistors (see Equation 3.1) to render gain a tuneable
parameter. Previous attempts included using CMOS structures to replace the gain resistor
Rg from Figure 3.1 (b), rendering gain tuneable via a tuning signal [72], [73], or controlling the
gain with currents as per the current-mode instrumentation amplifier structure [74]. The circuit
was implemented on a breadboard, memristor array was set in a package and programmed
by a measurement instrument Arc Two. The gain and frequency response of the amplifier with
varying memristor resistance levels was measured, to test the performance of the memristor
as a tuneable resistor and the effect of parasitic capacitor. The CMRR and THD+N of the
circuit with gain resistor and memristor at the same value were also measured, to research

29
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Figure 3.1: (a) Lumped element model of memristor. (b) Memristor-based instrumentation
amplifier. Ratio between R; and R, decides the gain of the circuit. A memristor is used to
replace the gain resistor, to control the gain of the ampilifier. [18]

the effect that memristor gives to the signal. We discovered that the parasitic capacitance
of the memristor affects the gain bandwidth of the instrumentation amplifier, but does not
have much influence in CMRR characters. The non-linear current-voltage (I-V) function of the
memristor strongly increases the THD+N value, but measurement also shows that applying
multiple memristors in the amplifier can relieve the increase of signal harmonic distortion.

3.2 Design and Methodology

3.2.1 Design of Reconfigurable Instrumentation Amplifier

An instrumentation amplifier is a type of differential amplifier which have relatively large signal
gain with high input impedance, low output impedance and good common mode rejection
ratio [75] [76]. The typical structure of an instrumentation amplifier contains 3 Op-Amps, 2 for
the input stage and 1 for the output stage, as shown in Figure 3.1 (b). The input stage of the
instrumentation includes 2 resistors R; &R/, gain resistor R, and the two input Op-Amps as
buffers. At the right-hand side, resistors R,&R), R3&R}; and an output Op-Amp form a regular
differential amplifier that works as the output stage [77]. Ideally, the input stage focuses on
amplifying the input signal, and the function of the output stage is to remove the common
mode with a gain of 1 [76]. In the circuit structure, R, and R, have the same resistance, where
x is the number 1 to 3. In the input stage, the negative feedback of two Op-amps cause the
upper and below point of the gain resistor equals to the voltages at the input ports of Op-
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amps, and generate a current with value [V;,/R,] flows through R;, R, and R|. As R;=R), the
voltage difference between the input of R, and R, becomes [V;,(1+2R/R,)]. By multiplying
this voltage with the gain of the output stage differential amplifier [R3/R;], the instrumentation
amplifier output voltage gain can be shown as:

2R, R 2R
A= -2 — 1+ x =2 =14+ =" (whenRy =R, =R; =R 3.1
= (Jng)XRz +Rg(W€n1 » =R3=R) (3.1)

Where the input signal Vin is the voltage difference between input voltage ports of the input
stage Op-Amps. When setting all the resistors R to R3; equal to a resistance R, the gain of
this instrumentation amplifier can be defined by R and R,, which is shown in Equation 3.1.

Equation 3.1 shows that the gain of the instrumentation amplifier can be adjusted by changing
the ratio between resistance value R and gain resistor R,. This means that the instrumentation
amplifier can be reformed and become a tuneable gain amplifier by making the gain res-
istor controllable. Large amounts of modified tuneable circuits have been designed based on
instrumentation amplifiers. For example, switching from different gain resistors with varying
resistance values to make the gain adjustable, using CMOS structures to replace the gain
resistor and change its resistance by another voltage or current signal [72] [73], or controlling
the gain with currents based on current-mode instrumentation amplifier structure [74]. With
an adjustable resistance level controlled by the history of voltage on the device, the memristor
is one of the possible electronic elements which can be used in the designs of tuneable
amplifiers. Research has been done in using memristors with instrumentation amplifiers. One
of the directions is to use a memristor in the Op-Amps of the instrumentation amplifier to
improve some of the performance, like expanding the operational gain range, reducing the
on-chip area and power consumption [75]. Another direction is replacing the gain resistor with
a memristor, using voltage signals to control the resistance of the memristor and hence control
the gain of the amplifier [78]. In this chapter, the second direction, which replacing the gain
resistor with a memristor, was tested in the lab. An instrumentation amplifier was built on the
breadboard, and a memristor package was connected to the circuit as a gain resistor, with
an external instrument for the adjustment of the memristor value. The basic instrumentation
amplifier structure which has 3 Op-amps and 7 resistors were chosen for designing the
memristor-based amplifier circuit in this chapter, because the gain of the basic instrumentation
amplifier is set by R,, make it straightforward to control the gain by adjusting the resistance
of memristors. Besides, the basic instrumentation amplifier structure is inherently simple and
robust, makes it easy to integrate with memristor packages in the laboratory. Due to the limited
measurement results of memristor-controlled reconfigurable devices, starting with a structure
with less complexity to test the memristor-controlled circuit is a more prudent approach.
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Figure 3.2: The instrumentation amplifier on breadboard(left), and memristor package on
ArCTwo(right). In practical operations, the memristor package is placed on a break-board
when connecting with the instrumentation amplifier for normal work, and integrated on the
ArC Two only in the programming of the memristor.

3.2.2 Construction of the Experimental Circuit

Figure 3.2 shows the hardware of the circuit and memristor control instrument in the labor-
atory, in which the circuit on the left-hand side breadboard is the instrumentation amplifier,
and the instrument on the right-hand side is the memristor control instrument, with memristor
board on it.

The memristors used here are Ti0,/Al, 05 bi-layer devices [24], with electrode area 10x10um?
and active layer (the material between the electrodes) thickness of 4nm. Multiple memristors
are used in the measurement, whose resistances are in the total range of [10, 100]k€2, and
each of them can change their resistances in the range of about £10kQ2. Based on [5], the
cut-off frequency for TiO,/Al,O3 memristor with resistance range from 10kQ to 100kQ is
in the range of 0.1-1MHz. To ensure that the main gain roll-off effect does not arise from
the OpAmps’ characteristics we used TLV2372 OpAmps with a gain bandwidth product of
3MHz (typ. open-loop voltage gain 110dB). According to equation 3.1, when chosing R, value
between [0.5, 1] times of R;, the close loop gain of the circuit is 3 to 5, thus in this case the
bandwidth of the circuit is around f=GBW/A,=[600k, 1M]Hz.The entire circuit was prototyped
on a breadboard under a power supply of 5V. The constant DC biasing voltage is generated
by a DC voltage source, and the signal is sent by a signal generator. To calculate the power
dissipation, the current from the DC voltage source is measured by a current meter.
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3.2.3 Operation of the Memristor Package

External instruments “ArC One” and “ArC Two” (ArC instruments, UK) are used to program the
memristor [79]. These fundamentally act as source-meter units co-integrated with a routing
network with ArC One operating in pseudo-parallel and ArC Two in true-parallel mode [80].
Importantly, ArC Two is used as follows: Initially, the memristive package is connected to the
internal electronics of ArC Two, which allows us to adjust the test memristors to a specific
resistance level, and measure their |-V curves. Once at an appropriate and known level, the
instrument passes control of the device to the breadboard-based instrumentation amplifier.
On-board RC filters ensure that charge injection effects that have been previously found
to alter the state of memristive devices during such switchovers are sufficiently mitigated.
Then the main experiments are carried out and finally, the devices are switched back to
internal ArC Two control to check that the “before” and “after experiment” |-V curves do
not show significant alteration. Memristive devices were converged to the desired states
using automated algorithms similar in spirit to [61] that seek to change resistance states
gently, protecting the memristor devices and slowing down ageing. As the programming of
the memristor is set to have a tolerance, the memristor resistance values can have 1kQ to
3kQ error compared with the desired values. Finally, for the memristors used in this project
it was confirmed that the device can maintain a stable resistance level (no resistive switching
present) for biasing voltages below +1.2V (checked by applying multiple pulses of length
100ms at said voltage), we can loosely define as the switching threshold of the device. Hence
the pulse voltages chosen to program the memristors are in the [0.6, 2]V range. The 2V
upper limit is set to prevent overvoltage-induced memristor failure. As OpAmps are in follower
configuration, the voltage across the position Rg is a smoothed version of the input voltage.
Hence the memristor is biased invasively, there is no obvious mechanism by which accidental
programming can occur.

3.3 Measurement Results

3.3.1 Frequency Responses of Memristors in the Measurement

The impedance curves of the memristors at different frequencies with varying original res-
istance levels are plotted in Figure 3.3. The data is collected by sending small voltage sig-
nals with different frequencies to memristor elements, then measuring current signals flow
through memristors, and finally calculating the resistance based on the voltage and current
values. The trend of the memristor impedance curves in Figure 3.3 is similar to the memristor
impedance-frequency response in Figure 2.7 of Chapter 2. Reference to Figure 3.1 (a), as
the memristor has a parasitic capacitance, the impedance-frequency curve of the memristor
looks like a "low pass" curve. As the time constant of a memristor is decided by its resistance
and parasitic capacitance, the higher the original resistance at low frequency, the lower the
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Figure 3.3: The impedance-frequency curves of memristor with different original resistances
[18]. For memristor values higher than 20kQ, the memristor impedance values start to reduce
when the signal frequency closes to 100kHz.

"cut-off frequency"” of the impedance. It is found from Figure 3.3 that at 100kHz frequency, the
memristor resistance variation range [10k, 110k]Q has reduced to [10k, 85k]Q2. Compared
with the memristor impedance curves in Figure 2.7 of Chapter 2, it can be observed that
the impedance curves in Figure 3.3 start to reduce at lower frequencies, which shows the
memristors being used in this research project have larger parasitic capacitance than the
memristors used in the measurement of Figure 2.7.

The memristor impedance curves are measured from several memristors with different resist-
ance ranges. The memristor package used in this research has memristors with a minimum
resistance level lower than 10kQ2 and a maximum resistance level higher than several hundred
kQ. The memristors in this package have tuneable resistance ranges higher than 10kQ but
smaller than 50kQ. In the measurement of the instrumentation amplifier with resistors, the
instrumentation amplifier can work with a maximum gain resistance range of [10, 100]k<2, and
has the best performance with gain resistor range [30, 70]k€2. However, there is no suitable
memristor that is set at this resistance level and has this tuneable resistance range. Because
of that, two memristors that have resistance ranges [30, 50]kQ2 and [45, 70]kQ2 are chosen to
combine with the instrumentation ampilifier in this research. Using multiple memristors in the
measurement expands the tuneable resistance range, and hence the project can get more
measurement data.
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Figure 3.4: Gain-frequency response of the instrumentation amplifier with different memristor
values. The results of the circuit with 30kQ and 70kQ resistors are also included for
comparison. [18]

3.3.2 Memristor-based Instrumentation Amplifier Measurement Results

Based on Equation 3.1, when all the resistors R1 to R3 are set with resistance 75kQ, and the
memristor-defined Rg ranges in [30, 70]kQ, the gain of the instrumentation amplifier varies in
[9.95, 15.56]dB. The gain response of the instrumentation ampilifier for different values of Rg
is shown in Figure 3.4. Measurement with Rg implemented by a discrete resistor at 30kQ2 and
70k<2 are also given for comparison.

It can be observed that the curves for Rg 30kQ resistor and memristor match very well at
low frequencies. The gain values of 30k & 70kQ resistor at 1kHz is slightly smaller than
the calculation results, which is because of the normal gain reduction with the increase of
frequency in the circuit. It is found that the -3dB cut-off frequency of the memristor curve is
slightly higher than the resistor curve, providing a slight extension to the bandwidth and a
slightly cleaner transition into the roll-off region. For Rg > 40kQ, gain increase peaking is
observed at around 450kHz, and the peaking is larger than the 70kQ resistor curve. Both
these phenomena can be explained by considering that the impedance magnitude of the
memristive device starts to tail off around 100kHz, affected by its parasitic capacitance as
seen in Figure 3.3. The bandwidth of Op-amps TLV2372 are 3MHz, and when using 3 Op-
amps together, the bandwidth of the whole circuit further reduces. As a result, observing
from the curve with 30kQ resistor in Figure 3.3, the -3dB bandwidth of the circuit is around
400kHz. On the other hand, the parasitic capacitance of the memristor make the impedance
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of memristor reduces at high frequency, and hence increase the gain. The inherent reduction
trend of the gain combines with the rising trend caused by the memristor parasitic capacitance,
generate a gain peak at around 450kHz. Subsequently, as the upward trend in gain weakens,
the gain curve continues to decline. The gain increase peaking in the 70k resistor curve
can also be explained by the parasitic capacitance in the through-hole resistor element used
in the measurement. The difference in the 70k resistor curve and memristor curve shows
the parasitic capacitance in the memristor is larger than the parasitic capacitance in that
resistor. This causes Rg to drop and gain to increase before the TLV Op-Amps’ natural roll-
off takes over. At high frequencies, when the parasitic capacitor dominates the memristor
impedance, all memristors show the same low impedance value. This is a direct result of their
common parallel plate geometry (same plate size and same dielectric thickness). By ~1MHz,
all memristors feature practically the same impedance value (within 8%). This result illustrates
the importance of being aware of parasitic capacitance and the role that device geometry
plays in setting device characteristics. It suggests device area as an independent engineering
parameter in AC applications for devices where it has been shown that device area generally
does not directly affect resistive switching characteristics because the conduction mechanism
is localized in a filament-like region. This is especially true of metal-oxide devices of the
“electrochemical metallization” (ECM) variety [81], because in the ON-state of ECM devices
the currents are carried by narrow filaments in the oxide layers and hence have very weak
dependence on the device area, while the OFF-state resistance values are very large and
hence will not strongly affect the switching performance. However, overall layout geometry
may still indirectly affect device performance: for instance, the width of the electrodes used to
access the device may introduce series resistance and dull the impact of programming pulses
onto the device properly.

The common-mode rejection ratio simulation and measurement results with 30k&70kQ res-
istor and memristor are plotted in Figure 3.5. Comparing the measured 30kQ resistor and
memristor results, the CMRR curves are similar, with a CMRR value of around 95dB at
1kHz. Comparing the 30kQ and 70k memristor measured CMRR curves, it is found with
a larger Rg value, the CMRR value is larger at low frequency, but also reduces faster at
higher frequency. The measurement CMRR curves show degradation over the simulation
results with the same resistance. Simulation was done in TINA-TI, with manufacturer-provided
micromodels of the TLV2372 OpAmps, ideal resistor and ideal elements based memristor
lumped element model. The degradation is caused by the mismatch of the real resistor
elements and three OpAmps. This result is expected since the voltage applied across the
memristor remains largely unchanged regardless of common mode, hence mostly eliminating
it as a source of additional error.
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Figure 3.5: CMRR simulation and measurement results with different values of resistor and
memristor. The measured CMRR values are lower than the simulation results.
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Figure 3.6: THD+N curves for different input signal amplitude and vary memristor value [18].
The results measured with memristors show larger signal distortions compared with the
results measured with a resistor.

Figure 3.6 shows the total harmonic distortion plus noise (THD+N) curves of the instrumenta-
tion amplifier with different values of memristor and with Rg implemented by 30kQ resistor at
1kHz. The THD+N values roughly increase with the increase of memristor values. However,
it can be observed that the curves of memristor values 30k&40kQ show one increasing
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trend, and the curves of memristor values 50k&70k{2 have another increasing trend. This
is because multiple memristors are being used in the measurement, and different memristors
have different I-V curves. Different memristors can have the same resistance at a specific
voltage, but their resistance will vary at other voltages if they have different I-V curves [82].
The THD+N values of the instrumentation amplifier with gain resistor and memristor at input
AC amplitude 30mV are 1.1% and [1.8, 2.1]% range. These values are large compared
to simulation results using the manufacturer's OpAmp model and may be caused by the
electronic noise in the laboratory environment, possibly affecting probes and oscilloscope.
This hypothesis seems to be corroborated by the THD+N curve of the resistor first reduces
with the increasing input signal magnitude, allowing it to overpower noise-induced distortive
effects, and then increases after input signal amplitude higher than 200mV. We note that at
200mV input signal, THD+N is very close to baseline (0.1%). By 300mV input signal, the
amplifier starts to saturate and observed THD+N increases. By comparison, the memristor
design’s THD+N increases faster and nearly does not benefit from a THD+N reduction during
the amplitude sweep. The higher distortion is expected given the non-linearity in the I-V
function of the memristive device. What was less obvious a priori was that at a very small
input signal the overall levels of THD+N are nearly high enough to hide the non-linearity in the
IV of at least the particular flavour of memristive devices used in this work. We can expect that
to be both a result of higher noise levels reducing the competitiveness of the resistor-based
approach and perhaps more importantly the increasing “linearization” of the memristive device
as we enter a truly small-signal regime. It is therefore reasonable to expect that for <10mV
signal amplitudes (as may be the case for electrophysiological or other extremely fine signals)
the distortion induced by memristor-based amplification may not be a limiting factor, even in
systems employing hefty noise mitigation.

To test the signal distortion in the circuit with multiple memristor devices, resistors R1 and
R1’ are replaced by memristors, and the 3 memristors at positions Rg, R1 and R1’ are set to
have approximately the same value, as shown in Figure 3.7. As comparisons, results for the
amplifier with one memristor are also measured, with resistors R1 and R1’ having the same
value as the gain memristor. Measurement results show the triple memristors amplifier has
the similar Gain and CMRR as the instrumentation amplifier which has three resistors with
the same value. Figure 3.8 shows the THD+N results in this condition. To research on the
influence of memristor resistance to the signal distortion, in this experiment the memristors
are chosen to have extreme values, which are 10k and 100kQ. The memristors used in (3 x
memristors with value 10kQ) test have accurate values [8, 10, 9]kQ2, and memristors for (3 x
memristors with value 100k() test have accurate values [97, 101, 95]kQ. It can be observed
that THD+N values of using 3 x memristors are smaller than using 1 memristor. As the resist-
ance of the memristor floats with voltage changes, when there is only one memristor, the ratio
between the R1 resistor and the Rg memristor changes with time, hence the signal distortion
is large. However, when using memristors to take the place of R1 resistors, resistances of the



3.3. Measurement Results 39

R3
M\
Output
Input —0
R3’

Figure 3.7: Tuneable instrumentation amplifier with 3 memristors. In theory, the three
memristors will compensate the non-linear |-V characters of each other, to get a better signal
distortion performance.

3 x memristors vary at the same time, the ratio between R1 and Rg changes smaller, which
makes the THD+N value better. The THD+N of using 3 x 100kQ memristors is smaller than
using 3 x 10kQ memristors. This is because in these tests R1 memristors’ values have small
differences, and the (difference/ required resistance) ratio is larger when the memristor value
is smaller.

3.4 Discussion

Table 3.1 lists the performance characteristics of the memristor-based instrumentation amp-
lifier and other tuneable instrumentation amplifiers in the literature. Compared with other
tuneable instrumentation amplifiers, the memristor-based amplifier designed in this work has
comparable base characteristics such as bandwidth, CMRR and power dissipation. Although
the implementation of the circuit in this research is only integrated on a breadboard and using
off-the-shelf Op-amps, it still demonstrated a critically good tuneable gain range. Besides,
this circuit uses memristive devices with relatively modest ON/OFF ratio compared to other
circuits that has been reported in the literature: An ~ 2.63 ON/OFF ratio leads to an ~ 7.5dB
voltage gain ratio in the circuit of this work, whereas the literature reports memristive devices
with 103 [83] or even 106 ON/OFF ratios. As for different memristive devices, the performance
characteristics, including the I-V characteristics, ON-OFF ratio, parasitic capacitance, and so
on, are all different. Therefore, we cannot directly compare circuits designed with different
memristive devices.
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Figure 3.8: THD+N curves for instrumentation amplifier use 3 memristors compare with the
results of using 1 memristor [18]. The results of using 3 memristors have lower signal distortion
than the results of using 1 memristor in the instrumentation ampilifier.

The current implementation of this design was on a breadboard, which means that it carries
too much stray capacitance to be competitive as it stands, but with integration on chip it should
be able to become competitive in the niche of "non-volatile gain control". In the Table 3.1,
reference [74], [84], [85] are all volatile gain control, which need continue voltage / current
apply to maintain their stages, in which case the non-volatile control is the benefit of our work.

Table 3.1: Comparison of this work and other tuneable instrumentation amplifier designs.

Ref. This Work [74] [84] [85]
Gain (dB) 95~ 16 20 ~ 40 13 ~ 17 47 ~ 18
Bandwidth (Hz) 450k 10k 83.75M 3~ 14.8M
CMRR (dB) 80 44.4 - 49 96 51.2
Max to Min
Gain Ratio (dB) 75 20 4 133
Power
Dissipation (W) 7.33m 72 ~ 385m 4.43m 864u
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3.5 Conclusion

In this chapter, memristors with different resistance levels were used to take the place of the
gain resistor in the instrumentation amplifier, and made the circuit become a tuneable gain in-
strumentation amplifier. The tuneable instrumentation amplifier was built on a breadboard and
measured in the laboratory. The memristor-based reconfigurable instrumentation amplifier has
tuneable gain in a range of [9.5, 16]dB, and can work at frequencies lower than 450kHz. The
gain, -3dB bandwidth, CMRR and power consumption were measured and compared with
other tuneable instrumentation amplifier designs.

This work sought to understand the effects of using real memristive devices in the usually high-
gain and good precision instrumentation amplifier configuration. It was concluded that i) The
parasitic capacitance of the memristor needs to be considered carefully either as a nuisance
or as a “free capacitor” that can shape amplifier behaviour with a bit more design freedom. ii)
Harmonic distortion quickly becomes a problem as signal magnitudes increase if only Rg is
replaced by a memristor, but there may be a class of problems involving very fine input signals
where the memristors act in a sufficiently linear region to obviate this problem. Also, applying
multiple memristors can improve signal distortion, as memristors compensate the nonlinear I-
V characters of each other. iii) When balanced finely, the RC characteristics of the memristor
can provide a slight but possibly important advantage by extending the -3dB cut-off region
and sharpening the transition between pass-band and roll-off as shown in Figure 3.4 30kQ
memristor and resistor. In conclusion, the relatively low-cost reconfigurability bequeathed by
memristive trimming unto instrumentation amplifiers seems to come with acceptable losses
in other areas such as THD for at least certain application areas, thus removing a roadblock
towards the viability of memristive-tuned analogue AC electronics.



Chapter 4

Memristor-based Tuneable Delay
Circuit

4.1 Introduction

With the fast development of information transmission around the world, communication sys-
tems with less power, higher bandwidth and smaller signal distortion are needed. The phased
array antenna system is a widely used communication technology capable of fast steering
multiple beams in different directions with a high signal to noise (SNR) ratio [86] [87]. It
also has high reliability as the failure of some array components will not strongly reduce the
performance of the whole array system [88]. In phased array systems, true time delay (TTD)
elements are the key components [89]. True time delay can be used in the sub-array level
of the array system to alter the beam of radio wave direction, and reduce the "beam squint”
phenomenon [90] [91].

The true time delay needs to be reconfigurable to steer the phase array system. There are
many ways to achieve it, including using switched transmission lines [91] [92] [93], inductor or
capacitor network [94] [95], microelectromechanical (MEMS) devices [96], and complement-
ary metal-oxide semiconductor (CMOS) technology combined with other controlling signals
[97][98] [99] [100] [101] [102]. In these methods, CMOS technology is the most suitable one
for on-chip integration and combines with other techniques. A technique called memristor can
be considered when combined with CMOS technology. The memristor, also called resistive
random-access memory (RRAM), is a two-terminal non-volatile electronic device [19]. The
resistance of a memristor device depends on the history of voltage or current on it, thus the
resistance value of the memristor can be controlled by voltage or current signal [2]. Broadly,
there are two kinds of memristor devices, one can change its resistance between two digital
stages high and low [103], and another one can change its resistance continuously in an
analogue way [24] [104]. In the case of an analogue memristor, the memristor device can be
seen as a finely tuneable resistor. Memristors have shown good potential in different research
areas, especially in artificial neural networks [105] and as memory devices [31]. However, the
analogue memristor can also be used in reconfigurable analogue circuit design. By controlling
the memristor’s resistance value, the characteristics of the circuit output can also be adjusted.

42
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The biggest problem that limits the application of multi-stage analogue memristors in high-
frequency circuits is the parasitic capacitance in the memristor device. As the structure of a
metal-oxide-metal memristor is similar to a metal-insulator-metal(MIM) capacitor, the memris-
tor also has an unwanted capacitance in between its two metal layers. The parasitic capacit-
ance value depends on the size, material and technology of the memristor. For a 10x10um?
metal-oxide memristor, the parasitic capacitance can be around 10pF [5], which is a very
large value for RF applications. This research aims to apply multi-stage memristors in radio
frequency reconfigurable designs. To deal with the influence of the parasitic capacitance in the
memristor, this research applies memristors in low-frequency voltage generators, and then
uses the tuneable voltage generators to control a radio frequency device. By doing that, the
memristor can control a high-frequency device without affecting the high-frequency signals.

In this research, a tuneable true-delay circuit that uses memristor-CMOS hybrid circuitry for
fine delay tuning is proposed. The output voltage value of the DC source is decided by the
memristor resistance level, and the delay time of the delay element is adjusted by its input DC
voltage. In this case, the memristors control the delay time of the circuit indirectly. In section
4.2, the schematic of the memristor-based DC voltage source and delay element are reviewed.
A 3-stage tuneable delay circuit works in GHz is designed based on the tuneable voltage
source and delay element to increase the range of achievable delays to [155, 364]deg at 1.6
GHz. A memristor programming controller is designed to change the memristor resistance
level based on digital commands, and a low-frequency delay circuit working in the MHz region
is also designed to compare with the GHz circuit. The section 4.3 records the simulation data
of the memristor-based DC source, the GHz tuneable delay circuit and the MHz delay circuit.
The comparison of the delay with other works is recorded in the section 4.4. The section 4.6
concludes this research and discusses further prospects.

4.2 Design and Methodology

4.2.1 Basic Delay Element Overview

An ideal delay element can be seen as an all-pass filter with gain G=1 [106] [107] [108].
A CMOS all-pass filter was discussed in literature [109]. It uses a reconfigurable capacitor
group to control the output delay time (C1 in Figure 4.1 (a)). By connecting and combining
different capacitors in the reconfigurable capacitor group, the output delay time can be adjus-
ted. However, limited by the quantity of capacitors, the minimum step of delay time is large,
and the necessary space for the integration of capacitors is also large. In this research, the
basic delay element schematic remains the same, but the output delay is adjusted via the
input gate voltage of the NMOS transistors M1 and M2, as shown in Figure 4.1 (a). The red
region is a memristor-based tuneable DC source, and the blue region is the delay element. In
the following sections 4.2.2 and 4.2.3, the principles and functions of the memristor-controlled
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Figure 4.1: (a) The memristor-controlled DC voltage source (red region) and the voltage-
controlled delay element (blue region). In the DC voltage source, MD, RD and the memristor
form the normal DC voltage source part, and transistors Q1 to Q4 control the memristor
programming. By changing the memristor value, the output voltage of the DC source changed,
and hence the output delay of the delay element can be controlled. (b) Structure of the
cascade 3-stage delay circuit. The circuit includes three tunable DC sources and three delay
elements, and has three output ports that have different delay ranges.

DC voltage source and the all-pass filter delay element are described. In section 4.2.4, the
memristor programming controller for memristor resistance adjustment are introduced. Sec-
tion 4.2.5 summarizes the block diagram of the whole circuit and the connections between
different elements.
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4.2.2 Voltage-Controlled All-Pass Filter Delay Element

In the delay element, NMOS transistors M1 to M3 have the same width and length, while
the width of PMOS transistor M5 is twice that of the width of M4. The gain function of the
delay element is shown below, in which gm; to gm4 are the transconductance of transistors
M1 to M4, Ipys) is the current flow through M3, C is the capacitance of the capacitor C1.
The current flowing through M5 is two times the current through M4 and equals the sum of
the currents on M2 and M3, as shown in equation 4.1. The currents on M1 to M3 are ideally
the same. In this case, M1 to M3 have the same transconductance, and M5 has two times
the transconductance of M4. Equation 4.2 shows the gain function of the delay element is the
same as an all-pass filter when gm;=gm,=gms. The delay time offered by the circuit relates
to frequency: At low frequency, the delay is approximately the time constant of the all-pass
filter, as shown in equation 4.3, where d¢ is the phase shift, dw is the change in frequency,
and D is the delay time at the output. For high-frequency conditions, the delay starts to reduce
fast when the frequency approaches the pole of equation 4.3, and reduces to half of the
maximum delay value at the frequency pole. The functions shown in equation 4.1 to 4.3 are
the basic functions of the circuit as an all-pass filter. To expand the working frequency range
of the delay element, resistors R1 and R2 are added in the circuit as shown in Figure 4.1
(a). Resistor R1 helps increase the output phase linearity by creating an inductive peak at
the cut-off frequency similar to the nulling resistor in OpAmp [110], and resistor R2 combines
with the parasitic capacitance at the output port acts as an active inductor which expands the
bandwidth [109] [111].

2 X gm XV
Iprs) = e = Vingma + Vg (4.1)
T gms
v, 2
H(s) = 7 = g;n‘ & (4.2a)
in gms3 X ( + g74> 8gms3
-2 s (4.20)
sC - C '
2C
do e 2C
D=0~ e ™ gm 4.3
+Comy )
gma = \/PiBs < (Vin = Vr1) =/ B1Bs X Vovi (4.4)
dp -2C

~ (4.5)
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In this research, the input DC voltage of transistor M1V, is used to (indirectly) control gmy.
Equation 4.4 is the relationship between V;, and gmy4. 1, B4 are the gain factors of the M1
and M4, Vr is the threshold voltage of M1, and Vyy is the overdrive voltage of M 1. Based on
equation 4.2 4.3 and 4.4, V;, can then control the gain and delay of the circuit. With larger V;,,,
the delay at the output will be smaller. When V;, close to the V7 of the transistor, the delay is
larger, and the delay variation with the change of V;,, also becomes larger. Equation 4.5 is the
derivative equation of delay time D and overdrive voltage Vpy |, shows that at low frequency,
when Vpy is close to 0, the trade of delay variation becomes very huge.

The delay elements can be cascaded to get a larger delay range. Figure 4.1 (b) shows a 3-
stage delay circuit. The number of stages the circuit should include is decided by the required
gain variation range. Although connecting three first-order all-pass filters in series can not
improve their performance as all-pass elements, this method is still a simple method for
expanding the delay range. A problem is, that a circuit can never form an ideal all-pass filter,
as there are always errors between its poles and zeros. Cascading three all-pass elements
that are the same makes the error grow exponentially. To deal with it, the input DC voltages
of the three all-pass stages can be set slightly differently, hence the errors in the three stages
can counteract each other.

With more stages of delay element, the output delay range is expanded, but the gain variation
range is also larger and the minimum delay at the end of the cascade also accumulates. The
DC input offered by the memristor-based DC sources lies in a voltage range larger than the
threshold voltage of the transistors. As we seek to maintain the gain variation to < + 3 dB,
the voltage range of the DC input will also be limited by the output gain variation. To improve
the minimum delay step of the delay circuit, each stage of the delay element combines with
a memristor-based DC source to control the input DC voltage. The 3-stage delay circuit has
three output ports, Output 1, 2 and 3, corresponding to the different output delay ranges. The
minimum delay offered by the whole delay circuit is in Output 1, with DC Input 1 set to the
maximum value; The maximum delay is in Output 3, when all the DC Inputs are set to the
minimum value.

4.2.3 Memristor-Controlled Tuneable DC Source with memristor programming
interface

The red region in Figure 4.1 (a) is the memristor-based DC source. Transistors Q1 to Q4 are
the programming circuit, resistor RD, transistor MD and memristor form a DC voltage source.
Transistor Q5 is a switch which turns off when the memristor is in programming. R_H is a
resistor with very high resistance to avoid AC signal flows into the DC source.
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The delay circuit works with a voltage supply of 1.8V. However, based on the technological
reason the memristor in this research needs 5V pulses for programming. In this case, only the
transistors in the DC source (MD and Q1 - 05) and memristor digital programming controller
are high-voltage MOSFETs which are suitable for working with 5V power supply. The whole
circuit is able to work with all transistors at the same voltage rate if the memristor is capable
of programming at low voltage.

When the DC source is working, Vn is set to a specific value to turn on transistor MD,
VDDp;ogram Set 1o OV. Transistor Q1, Q5 opens, Q2 to Q4 close. As the resistance of Q1 in the
open state is very small, in this case, the voltage output is decided by the ratio between the
resistance of transistor M D and the resistance of [RD + Memristor]. To program the memristor,
Vn will first be set to 1.8V to turn off PMOS MD, V DDp,,,.am Set to pulse signal with peak value
around 5V. Program the memristor from the direction up to down needs Q1, Q3 open, and Q2,
04 close. Program the memristor down to up will need Q2, Q4 open and Q1, Q3 down. The
four transistors Q1 to Q4 are controlled by programming signals S1 and S2. Table 4.1 shows
the relationship between the working mode of the DC source and the signal S1, S2. It can be
found that in default condition both S1 and S2 are set to low voltage level, and the DC source
is in normal work mode. To program the memristor, depending on the programming direction,
S1 or S2 is set to the high voltage level. In up-to-down programming mode, the output of
the DC source offers a high DC voltage to the input of the delay element, reducing gain and
increasing power dissipation. To avoid this situation, a specific programming procedure is
followed: a) Shut down MD, which limits the current flow through MD route in programming,
b) Shut down switch Q5. ¢) Proceed with programming.

4.2.4 Memristor Programming Controller

The block diagram of the memristor programming controller is shown in Figure 4.2. For the
3-stage delay circuit, 3 memristor-based DC sources are used. The programming controller
controls activity at switches S1 and S2 for all 3 stages. When the V.DDp,,gram ports of the
memristor-based DC sources shown in Figure 4.1 (a) are connected to the programming
pulses, the chosen memristor can be programmed. Combined with the red region of Figure
4.1 (a), to program the three memristors separately, 3 groups of S1 and S2 signals, in total

Table 4.1: Memristor-based DC source working modes with different input control signals

Working Mode Signal S1 Signal S2
Normal work Low Low
Programming (up to down) Low High
Programming (down to up) High Low
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Figure 4.2: The memristor digital programming controller. In one programming process, only

one memristor should be programmed. Data In is the 6-bit programming command, and 6

output signals 1_S1 to 3_S2 are the control signals S1&S2 for the three memristor-based DC
sources.

6 control signals are needed. The structure of the memristor programming controller can be
divided into three layers, the bottom layer is a scan-chain configuration, while the bottom and
middle regqister layers form a serial-to-parallel register configuration, and finally, the third layer
has 6 AND gates whose outputs connect to memristor-based DC sources.

The controller programs a single memristor at a time and only one of the 6 outputs should be
high at any time (see table 4.1). The programming procedure begins by serially feeding the
correct 6-number binary codes to the input register via Data In with a serial clock CLK. At the
same time, Data Out starts to receive the Data in code from the output of the register F1_6 at
the sixth clock signal. Next, the Load signal rises and activates the serial-to-parallel register
block. Thereafter, the first layer registers are reset to all-0 in the process. Finally, to control the
timing of the bias, an asynchronous Enable signal is used. In the tuneable DC sources, the
VDDpyogram POrtin Figure 4.1 (a) offers pulse to the memristor, and MD, Q5 turn off. Once the
programming of one memristor is finished, V.DDp,yq.am is set to OV first to reset the voltage at
the DC Output node and then the Enable signal closes.
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Figure 4.3: Block diagram of the whole circuit. The whole tunable delay circuit includes a
GHz delay circuit with output buffers, a MHz delay circuit with output buffers, three memristor-
based DC sources, a memristor programming controller, and two oscillators for input signal
generation. Memristor programming controller adjusts the resistance of memristors, to control
the ouput delay time of the delay systems.

4.2.5 Memristor-Controlled GHz / MHz tuneable Delay Circuit Block Diagram

The block diagram of the whole circuit is shown in Figure 4.3. The delay circuit includes
both a 3-stage delay circuit part that works in low GHz and a 3-stage delay circuit part that
works in MHz. This is to research on the performance of the delay schematic in low-frequency
application, and compare the performance of the low and high-frequency delay circuits. Both
of the delay circuits use the same memristor-based DC sources group to get DC voltage
inputs. DC1, DC2, DCS3 are the outputs of the three tuneable DC sources, corresponding to
the three input DC voltages of 3-stage delay circuits. To reduce the power consumption and
avoid signal interference between different delay parts, the GHz delay part and MHz delay part
will not work at the same time. Only one delay part can get the DC voltage from the memristor-
based DC sources, another delay part will be turned off. Furthermore, a GHz oscillator and
a MHz oscillator are designed as signal generators for the two delay parts. The frequency of
their output signal can be adjusted in a small range, and the centre frequencies of the two
oscillators are 1.6GHz and 10MHz. The memristor programming controller connects to the
three tuneable DC sources as shown in section 4.2.4. The whole circuit is integrated on chip
in the area of 1mm?, which will be shown in the section 4.3.
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The working procedure of the entire circuit is as follows: First, the connections between the
memristor-based DC source and the Delay element module are cut off, and the memristor
programming controller adjusts the resistance of each memristor according to external control
signals. Second, the desired delay module(MHz or GHz) is selected, and the DC source is
connected to this delay module, while the corresponding oscillator outputs an AC signal as the
input signal for the delay module. Finally, the output signal from the delay module is connected
to a vector network analyzer(VNA) through the output buffer. At the same time, the AC signal
generated by the oscillator also outputs to the VNA. The VNA will compare the two signals to
calculate the delay time offered by the delay circuit.

4.3 Simulation Results

All simulations of the memristor-based tuneable delay in this section were performed at post-
layout. Delay data was simulated at the outer pins of the corresponding pads (i.e. including pad
ring effects). The memristor resistance range chosen in the simulation is 10k to 17kQ, which
is the range that has the best linearity in the whole resistance range of the memristor model
used in this research [112]. This resistance range is small compared with other RRAM models,
but it is sufficient to support a good delay range as we shall see below. The minimum step for
memristor resistance variation is approximated at 1% of the current resistance value [112].
Simulation results of the GHz delay circuit indicate a working range of up to 1.6GHz where
gain remains within 3dB of nominal. We thus quote a working range of 50MHz to 1.6GHz and
show performance result plots in the [0.05, 2]GHz frequency range.

4.3.1 Results of memristor-based DC source

The voltage output of a memristor-based DC source is shown in Figure 4.4. It can be found that
the DC voltage output increases with the memristor resistance nearly linearly. We empirically
find that to maintain the maximum gain variation from Output 1 to Output 3 of the delay circuit
smaller than 3dB, the best input DC voltage range is around 600mV to 700mV. Using Vn
= 850mV our memristors support minimum and maximum output voltages of 584mV and
711mV, with a tuneable voltage range of 127mV. These voltage values also yield the maximum
delay range of delay elements; it is no accident that these voltages are close to the threshold
voltage of M1 - M2. The Vn value is chosen based on the resistance range of the memristor,
the resistance value of resistor RD and the width-length ratio of transistor MD. To make sure
the memristor value is constant during the delay working mode, the voltage on the memristor is
maintained smaller than 0.6V. We note that Vn is an important tuning parameter: reducing Vn,
the output voltage values are increased and the tuneable voltage range can also be expanded.
Next, based on the minimum resistance variation step of the memristor, the resolution of the
DC output can be inferred. Table 4.2 shows the minimum voltage step of the DC source at
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different memristor values. The resolution data is calculated from the difference between the
nominal output voltage (at the chosen memristor value) and the output voltage at 101% of
that memristor value. Simulated results show that with increasing memristor resistance the
DC voltage output value increases. Voltage resolution remains <3mV for the whole memristor
resistance range.

During simulation, the voltage on the memristor stays within the [0.3, 0.5]V range, which will
neither destroy the memristor element nor change its resistance level. When the memristor-
based DC source switches to memristor programming mode, the programming pulse has a
maximum theoretical peak value of 5V. The maximum current flowing through the memristor is
3.38mA with VDD ,,gram=5V and memristor value 10k€2. In contrast, the current flow through
the RD and MD is around 7uA. The maximum voltage at the DC Output node of the DC
source in programming mode (up to down) is around 2.5V, which will be cut off from sending
to the input of the delay element by Q5.
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Figure 4.4: Memristor-based DC source output voltage with vary memristor values. Memristor
resistance varies from 10kQ to 17kQ, and the output DC voltage changes in a range of [584,
711]mV.

Table 4.2: Minimum voltage step of the tuneable DC source at different memristor value

Memristor (kQ) 10 11 12 13 14 15 16 17
Resolution (mV) 2.4 25 2.6 2.6 2.7 2.7 2.8 2.8
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The Monte Carlo simulation results of the minimum and maximum voltage outputs with mem-
ristor value at 10kQ and 17kQ are shown in Table 4.3. Simulation results show the maximum
and minimum voltage outputs may change in a fabricated integrated circuit, with the voltage
tuneable range maintained between 104mV to 126mV. However, the tuneable DC source can
adjust the output voltage range by changing the gate voltage Vn of transistor MD in Figure
4.1 (a), hence this problem can be relieved in the measurement of the taped-out circuit.

The corner analysis results of the minimum and maximum voltage outputs with different
transistor corners, different temperatures and different supply voltage VDD are shown in Table
4.4. The front end of line(FEOL) process corner shows conditions that NMOS and PMOS
transistors switch faster or slower compare with typical speed, including tt(typical-typical,
which is the normal case), ff(fast-fast), ss(slow-slow), sf(slow-fast) and fs(fast-slow). In these
corners, ff and ss represent the most extreme variations in performance. Besides, in normal
semiconductor manufacturing process both NMOS and PMOS are form by the same etching
step, hence ff and ss corners are more likely to occur compare with sf and fs corners. Because
of that, in this research only ff and ss corners are shown in the results. Temperature analysis
chooses -20°C and 85°C as the minimum and maximum work temperature the device may
face.By setting the temperature parameters in the Cadence simulation environment, each
model will operate according to its performance at the corresponding temperature. The white
regions of the table show the analysis results with the same Vn voltage in Figure 4.1 (a)
as a normal condition. Results show that the transistor corner and supply voltage variation
significantly change the output voltage value, but the effect of temperature is comparatively
small. This may be because the V,, on transistor MD in Figure 4.1 (a) is strongly affected by
the supply voltage and the transistor ff, ss corner effect. Also, the effect of corner, temperature
and voltage supply can be relieved by adjusting the gate voltage Vn. The green regions in
Table 4.4 show the output voltage range variations can be fixed by adjusting Vn.

Table 4.3: Monte Carlo result of the minimum and maximum voltage output of the DC source

Mean Max Min Std Dev
Min Output (mV) 594 841 432 123
Max Output (mV) 720 945 545 123
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Table 4.4: Corner, temperature and voltage supply variation analysis of Memristor-based DC
source

Condition Output Voltage (mV)
Normal (Vn = 850mV) 588 ~ 721
ff 953 ~ 1107
ff (Vn = 942mV) 590 ~ 727
SS 291 ~ 366
ss (Vn = 752mV) 590 ~ 720
T:-20°C 430 ~ 539
T:-20°C (Vn = 810mV) 589 ~ 719
T:85°C 760 ~ 908
T: 85°C (Vn = 900mV) 591 ~ 727
VDD 1.7V 280 ~ 356
VDD 1.7V (Vn = 749mV) 588 ~ 721
VDD 1.9V 1009 ~ 1158
VDD 1.9V (Vn = 950mV) 591 ~ 725

4.3.2 Result of GHz delay elements

The width/length(W/L) of transistors M1 to M4 in the GHz delay elements are 20um/180nm,
while the W/L of M5 is 40um/180nm, and the value of capacitance C1 is 33fF. The gain,
phase and delay curves of the GHz delay circuit Output 1 port with different memristor values
are shown in Figure 4.5. The delay value reduces with increasing memristor resistance via
higher input DC voltage in the delay circuit. The delay time changes with memristor resistance
non-linearly. This is because the relationship between the delay and input DC voltage of the
circuit is non-linear. Corresponding to equation 4.4, when the input voltage is small and close
to the threshold voltage of the input transistor, the variation of the input voltage will cause
a larger change in gmy and thus the final delay time. The gain and delay curves with high
memristor value show an upward trend at f > 1GHz as shown in Figure 4.5(c) (in fact peaking
at approximate 2.2GHz, which is outside both our working and display ranges). The peaks are
caused by the resistor R1 and R2 in Figure 4.1 (a), which expand the working frequency range
(nulling resistor effect). Resistor R1 can make the phase curve more linear in low frequency.
It causes a constant delay time reduction at low frequency, but does not influence the delay
time at a higher frequency close to the cut-off frequency of the curve, hence the difference
between delay values at low and high frequencies is reduced. Resistor R2 combines with
output capacitance and parasitic capacitance of the delay circuit and generates a peak at the
high frequency of the gain curve to expand the bandwidth of the delay element. The curve
rising has a larger impact on the signal with higher input DC voltage.
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Figure 4.5: (a) Gain, (b) phase and (c) delay time of the GHz delay circuit Output 1 port with
different memristor value. The gain variation in Output 1 is [-2.2, 0]dB in the range of [0.05,
1.6]GHz. Delay range reduces when frequency increases. At 1.6GHz, the delay range offered
by Output 1 is [269, 335]ps. (d) The delay time with different memristor values at 1.6GHz.
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The gain, phase and delay of the three output ports in the GHz delay circuit are shown in
Figure 4.6, with the detailed data recorded in Table 4.5. In a cascade circuit, the later-stage
circuit will have a larger gain variation. The 3dB gain variation limit is not violated if the second
and third stages of the delay circuit use a memristor in the range [11, 16]k€, whilst the first
stage delay uses the full [10, 17]kQ resistance range. The working frequency range of the GHz
delay circuit is 50MHz to 1.6GHz with gain variation smaller than 3dB. For gain values, the
circuit should maintain a gain variation smaller than 3dB in all the working frequency ranges.
To summarise, Table 4.5 records the gain variation from 50MHz to 1.6GHz of the cascade
delay circuit, and the Phase and Delay data with different memristor values at 1.6GHz. At
1.6GHz, the GHz delay circuit can offer 269ps to 632ps delay time, which is 154° to 360°
phase shift, with gain variation from -2dB to 1dB. The tuneable phase shift range at 1.6GHz
is 206°. It can be observed from Figure 4.6 and Table 4.5 that there is a delay gap between
335ps and 373ps, which is larger than the maximum delay offered by Output 1 but smaller than
the minimum delay offered by Output 2. Thus, in the case where the downstream user of the
delayed signals can access whichever tap they choose (e.g. via MEMS switches) the circuit
can offer nearly continuous delay coverage between approximate [270, 600]ps throughout its
operating range, corresponding to phase delays between [180, 400]degree at 1.6GHz.

Table 4.5: Gain, phase and delay of the GHz delay circuit

Gain (dB) Phase (deg) @ 1.6GHz | Delay (ps) @ 1.6GHz
Output1 | -1.7 ~-0.1 -154 ~ -191 269 ~ 335
Output2 | -1.7 ~ 0.1 -212 ~ -268 373 ~ 470
Output3 | -1.9~ 141 -270 ~ -360 474 ~ 632

Table 4.6: Minimum delay step of the GHz delay circuit with different memristor value

Memristor (kQ2) | Outputl (ps) | Output2 (ps) | Output3 (ps)
10 2.7 57 8.7
11 2.3 4.7 7.4
12 1.8 3.9 6.2
13 1.4 2.9 4.8
14 1.1 2.3 3.8
15 0.8 1.8 2.9
16 0.6 1.3 2.2
17 0.4 0.9 1.5
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Figure 4.7: Total harmonic distortion of the GHz delay circuit. Signal distortion increases with
the cascade output port number. To make sure all the output ports have signal distortion
smaller than 10%, the input signal amplitude should be smaller than 30mV.

The minimum tuneable steps of the delay time at each output port with different memristor
values are shown in Table 4.6. As the uncertainties of the delay circuit are compounded across
the cascade architecture, the worst minimum delay step is at Output 3 with memristor value
10kQ2, which is 8.7ps, equals to 1.4% of the delay at that output port with that memristor value.
The smallest minimum step is at Output 1 with memristor value 17kQ, the value is 0.4ps and
equals to 0.15% of the delay time at that output port and memristor resistance. It can be
observed that with the same memristor value, the minimum delay step in Output 2 is a little
higher than twice the minimum step in Output 1. This is because the signal connection wires
and capacitors in between different delay stages also add small delay values to the signal.

The total harmonic distortion (THD) results of the GHz delay circuit are shown in Figure
4.7. With the same memristor value, Output 3 has the largest distortion while Output 1 has
the lowest distortion. For all the output ports, output signals with larger delay values, which
also have lower memristor values, have worse distortion curves. This is because when the
input DC voltage is low, the transconductance of the transistor is also low, which makes the
harmonic distortion worse. To guarantee THD <10%, the input signal amplitude should always
be <30mV.
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Table 4.7: Monte Carlo analysis results of the GHz delay circuit

Mean Max Min Std Dev
Max gain (dB) 1.1 2.31 -1.33 0.6
Min gain (dB) -1.9 1.58 -6 1.22
Max delay (ps) 633 892 415 80
Min delay (ps) 255 301 199 17

Monte Carlo analysis results are shown in Table 4.7. The min/max gain and delay data is
collected at a frequency of 1.6GHz. As voltage Vn controls the resistance of transistor Mp in
Figure 4.1, reference to the green parts of Table 4.4, the deviation in the output voltage range
of the DC source can be corrected by adjusting Vn. Because of that, in this simulation the
DC input voltages were chosen to be constant values [605mV, 695mV, 711mV], which are the
nominal voltage outputs of the DC source when memristor is 11kQ, 16kQ and 17kQ. In these
three values, input voltage 605mV corresponds to the maximum delay and the minimum gain
at 1.6GHz in Output 3; Input voltage 695mV corresponds to the maximum gain at 1.6GHz
in Output 3, and input voltage 711mV corresponds to the minimum delay in Output 1. The
standard deviation (o) shows the variation of the data. The ratio of [Std Dev/ Mean value] for
the maximum delay is 12.6%, and for the minimum delay is 6.7%. Results show the minimum
value of the maximum delay time is 415ps, and the maximum value of the minimum delay is
301ps. As the period at 1.6GHz is 625ps, the delay circuit can always offer phase shift around
173° to 239° at 1.6GHz. It can be found the minimum gain and maximum delay values have
larger variations, which is because they are measured with low input DC voltage. When input
DC voltage is low, a small variation in DC voltage can generate a large change of gain and
delay in the output signal.

The corner, temperature and voltage supply variation analysis results are shown in Table 4.8.
As with the Monte Carlo simulation setting above, the data in Table 4.8 is collected in the
condition when fixed DC voltage is applied on the input of delay circuit with value [605mV,
695mV, 711mV]. Results show that transistor corners strongly affect the performance of the
circuit, while temperature and supply voltage variation have a smaller influence. Transistor
corner ff increases the gain variation and the cut-off frequency, but reduces the gain value,
delay value and delay variation range. Corner ss reduces the gain variation at low frequency
and the cut-off frequency, but increases the gain value, and offers a larger delay value and
delay range. In this simulation, the gain variation of the ff corner and temperature 85°C
become larger than 3dB at all frequencies, hence at the chosen bias voltages the operating
bandwidth is reduced to 0. To deal with the large gain variation caused by the ff corner,
the input voltage range needs to be reduced. The green regions show the results of the ff
corner simulated with input voltage [0.59, 0.65]V, and the circuit at temperature 85°C with
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input voltage [0.6,0.69]V. Both of the changed input ranges are affordable for the memristor-
based DC voltage source. Combined with the Monte Carlo analysis results above, it shows
the process variation in transistor functions is one of the largest problems in the performance
reduction of the GHz delay circuit.

The area of the GHz delay circuit is 164x181um?, in which the 3 stages delay elements
have an area of 82*104um?, while the rest of the area is occupied by the GHz output buffers.
The power consumption of the GHz delay part with memristor value [10, 17]kQ are [7.56,
18]mW, and the power consumption of one GHz output buffer is 68.4mW. To reduce power
consumption, the output buffers in the delay circuits can be turned off when the output ports
of these buffers are not used.

4.3.3 Result of MHz delay elements

The W/L of transistors M1 to M4 in the MHz delay elements are 12um/2um, while the W/L
of M5 is 24um/2um, and the value of capacitor C1 is 33fF. The MHz delay circuit and GHz
delay circuit have the same C1 capacitance value, to eliminate the difference of performance
caused by the capacitors. The gain, phase and delay data of the MHz delay element part
are recorded in Figure 4.8 Table 4.9. All data in Table 4.9 is collected with a 10MHz input
signal. As the gain variation of the MHz delay circuit is smaller than the GHz circuit, all the
three ports of the MHz circuit can use the full resistance variation range [10, 17]kQ of the
memristor to generate a larger delay range. The -3dB frequency of the MHz circuit is around
23MHz, well above the design operating frequency of 10MHz. Table 4.9 shows that the whole
10MHz delay circuit offers -46° to -198° phase shift, which equals to 13ns to 55ns time delay
at 10MHz, with gain variation from -0.5dB to -1.89dB. The tuneable phase shift range is 152°.

Table 4.8: Corner, temperature and voltage supply variation analysis of GHz delay circuit. See
text for modified versions.

Gain(dB) Delay(ps) | Bandwidth(Hz)
Normal -19~1.1 | 269 ~ 632 50M ~ 1.6G
ff -6.3~-1.1 | 230 ~ 461 None
ff (modified) -4~ -1 239 ~ 471 50M ~ 2.1G
ss -09~21 | 335~ 1126 | 50M ~ 550M
T:-20°C 2~ 1 258 ~ 664 50M ~ 1.2G
T:85°C -3.6 ~-05 | 299 ~ 677 None
T: 85°C (modified) | -3.2 ~-0.5 | 299 ~ 656 | 50M ~ 1.25G
VDD 1.7V -3~0 288 ~ 675 | 50M ~ 1.26G
VDD 1.9V 25~05 | 272 ~627 | 50M ~ 1.41G
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Figure 4.8: (a) Gain, (b) phase and (c) delay time of the MHz delay circuit. This MHz delay
circuit is assumed to work at 10MHz. The circuit has a gain variation of [-1.89, -0.5]dB from
200k to 10MHz, and offers a delay range of [13, 55]ns at 10MHz. (d) The delay time with
different memristor values at 10MHz.
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The delay resolutions of the MHz delay circuit at different memristor values are recorded in
Table 4.10. The best delay resolution is at Output 1 with memristor 17k, yielding 0.38% of
the delay. The worst delay minimum step is at Output 3 with the memristor at 10kQ, yielding
1.62% of the delay value.

The MHz THD results are shown in Figure 4.9. Similar to the trend of GHz THD curves, with
a higher stage of output port and lower memristor value, the THD values are also higher. To
make sure the THD <10% in all the conditions, the input signal amplitude should be smaller
than 20mV.

The Monte Carlo simulation results of the 10 MHz delay circuit are recorded in Table 4.11.
Results show that gain variation remains low (well within 3dB). The minimum delay of the
delay circuit has a change smaller than 1.8ns, but the maximum delay value varies up to
11ns. In the worst case, the delay circuit may not be able to offer 50ns delay time, which

Table 4.9: Gain, phase and delay of the MHz delay circuit

Gain (dB) Phase (deg) @ 10MHz Delay (ns) @10MHz
Output1 | -1.74 ~-1.2 -46 ~ -76 13 ~ 21
Output2 | -1.65 ~-0.7 -81 ~ -140 23 ~ 38
Output3 | -1.9~-0.5 -115 ~ -198 32 ~ 55

Table 4.10: Minimum delay step of the MHz delay circuit at different memristor value

Memristor (k<) Output1 (ns) Output2 (ns) Out3put (ns)
10 0.32 0.62 0.89
11 0.27 0.52 0.74
12 0.21 0.41 0.59
13 0.18 0.35 0.51
14 0.1 0.2 0.29
15 0.09 0.17 0.25
16 0.09 0.17 0.24
17 0.05 0.1 0.15

Table 4.11: Monte Carlo analysis results of the MHz delay circuit

Mean Max Min Std Dev
Max gain (dB) -0.5 0.36 -1.56 0.36
Min gain (dB) -1.96 -0.96 -3.16 0.4
Max delay (ns) 55 66 48 2.9
Min delay (ns) 13.7 15.5 12.6 0.5
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Figure 4.9: Total harmonic distortion of the MHz delay circuit. To make sure the signal
distortion smaller than 10% in all the output ports, the input signal amplitude should be smaller

than 20mV.

Table 4.12: Corner, temperature, and voltage supply variation analysis of MHz delay circuit

Gain (dB) Delay (ns) Bandwidth (Hz)

Normal -0.5~-1.89 13 ~ 55 40k ~ 23M
ff 23~ -3.6 12 ~ 48 40k ~ 28M

ss 1~-0.35 15 ~ 63 40k ~ 18M
T:-20°C -0.05 ~ -2.37 13 ~ 55 40k ~ 23M
T:80°C -0.95 ~ -2.65 15~ 57 40k ~ 20M
VDD 1.7V -0.2 ~-245 14 ~ 57 40k ~ 23M
VDD 1.9V -0.64 ~-2.5 14 ~ 56 40k ~ 23M

equals to 180° phase shift at 10MHz. The standard deviation results of the gain value in the

MHz circuit are much better than the GHz circuit. One of the main reasons is the circuit works

at a lower frequency and is therefore less influenced by parasitic capacitance. Another reason

is the cut-off frequency of the MHz circuit is at around 20MHz, while the Monte Carlo analysis

of the circuit was done at 10MHz. Finally, the gain variation of the MHz delay circuit at low

frequency is smaller compared to the GHz circuit, which means the input DC voltage range in

this research has not reached the extreme working condition of the MHz circuit.
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The transistor corner, temperature variation and voltage supply variation analysis results are
recorded in Table 4.12. The delay and bandwidth vary in a small range, the circuit being
able to reliably restrict gain within [0, -3]dB, support delays between [15, 48]ns and cover
a bandwidth of [0.04, 18]MHz. The gain variation in percentage is larger compared with the
delay and bandwidth but still affordable. It is found the MHz circuit has better stability than
the GHz circuit when dealing with transistor corner effect, variation of temperature and supply
voltage.

The area of the MHz delay circuit is 104 x 138um?. The power consumption of the MHz delay
part with memristor value [10, 17]kQ is [398, 954]uW, while the power of each MHz output
buffer is 4.6mW.

4.3.4 Overview of the Circuit

Figure 4.10 shows the layout of the core circuit. The core circuit without the pad ring and
connection wires is around 270x300um?, while the total area of the circuit including the pad
ring is 1.078x1.078mm?. The area framed in red is the GHz delay circuit including output
buffers, the area framed in blue is the MHz delay circuit, the purple region has three memristor-
based DC sources, and the orange region is the memristor programming controller. Other
parts in the circuit include the switches between delay circuits and DC sources, the memristor-
based DC sources, the oscillators to generate 1.6GHz and 10MHz signals, and the digital
memristor programming circuit. The whole circuit layout including the padring is shown in
Appendix A Figure B.5. In the padring, there are 4 VDD pads for the 1.8V power supply, and
4 VSS pads for ground. The multiple power supply pads ensure the high-power-consuming
analog circuits receive a sufficient current supply. The main power consumption of the whole
circuit is in the GHz output buffers. As expected, the GHz circuit uses much more power
than the MHz circuit. The power consumption with a memristor value 17k is larger than the
power with a 10k memristor because the memristor value controls the input gate voltage of
the transistors in delay elements, thus controls the drain currents flowing through the delay
circuits indirectly. Figure 4.11 shows the die photo of the tapped out tuneable delay circuit.
In the next step, this wafer will be sent to the laboratory to integrate memristors onto the top
metal layer.
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Figure 4.10: Layout of the tuneable delay core circuit. The red region is the GHz delay circuit,
the blue region is the MHz delay circuit, the purple region is the memristor-based DC sources,
and the orange region is the memristor programming controller.

Figure 4.11: Die photo of the tapped-out tuneable delay circuit.
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4.4 Discussion

4.4.1 Performance Analysis of the Tuneable Delay Circuits

Comparing the data of the GHz delay circuit with the MHz delay circuit, it is found that both the
maximum and the minimum phase shift offered by the GHz delay circuit are larger than the
MHz circuit. For the maximum phase shift, the reason is the data is simulated with 10MHz
frequency while the cut-off frequency of the MHz delay circuit is around 23MHz. For the
minimum phase shift, this result is mainly caused by the peripheral circuits of the GHz delay
elements, including the output buffers, wide connecting wires, electrostatic discharge devices
(ESD) and the pad ring around the whole circuit. When the signal flows through the buffers
and the pads, there is a delay added to the signal. Besides, the parasitic capacitance of the
peripheral circuits will also reduce the gain and increase the delay time of the delay circuit.
For the delay circuit that works in 10MHz and output delay time in the range of ns, the effect
of peripheral circuits is not obvious. However, for GHz delay elements that offer ps delay, the
delay time caused by the peripheral devices is very significant.

The THD values of the MHz circuit are fully larger than the data of the GHz circuit at the
same signal amplitude and output port. This is currently attributed to the smaller width/length
ratio of transistors M1 to M5 (and therefore smaller transconductance g,,) required for MHz
operation. Part of the effect can also be attributed to the MHz circuit using the full [10, 17]kQ
memristor range for DC voltage input, when the GHz circuit only uses memristor value 11kQ
for the maximum delay value, improving its THD figure. The smaller transconductance in the
transistor M1 to M5 increase the harmonic distortion of the MHz circuit.

The performance comparison between the GHz delay circuit in this paper and other delay
circuits is shown in Table 4.13. Both the size data of the GHz and MHz work in the table
include the area of the memristor-based DC source, memristor programming controller and
the oscillators for input signal generation, hence the sizes shown in this table are larger than
the values that are recorded in the result chapter. The delay circuit in this research uses
a small area, and reaches a very fine delay resolution when the output delay time is low.
When the output delay value is high, the resolution reduces but also remains relatively high
compared with other designs. The resolution of the design in this research changes as the
delay time varies with the memristor value non-linearly. The power of this design also varies
in a range, because the input DC voltages of delay elements change and vary the currents in
the circuits.

There are still aspects that can be optimized. First, the delay range of this delay circuit strongly
relates to the voltage Vn in the memristor-based DC voltage source, as shown in Figure 4.1
(a). Even if circuit performance is affected by the environment, by changing Vn the output
DC voltage of the tuneable DC source can be adjusted to a suitable range-restoring function.
However, it also means the accuracy of voltage Vn needs to be very high, otherwise the
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Table 4.13: Comparison between the works in this research and other literature

This Work | This work
[109] [113] [114] [115] Gz, Wiz
0.14um 65nm 0.13um 65nm 0.18um 0.18um
Technology | o\i0s | cMos | cMOs | oMos | oMoS CMOS
Supply
. . . . . 1.
Voltage (V) 15 1.2 15 1.2 1.8 8
. 45 ~ 4.8 ~ 19~
Gain (dB) | 12~15 | O | 5~ 11 - 2~ i
Gain
Variation @g) | 14 105 13 0.14 115 1.2
Max. Delay
o) 550 2000 225 1000 632 55000
Frequency 1G~ | 01G~ | 1G~ | 02G~ | 005G~ | 0.2M~
(Hz) 25G 0.5G 15G 3G 1.6G 10M
Delay 18% | 05% 14% 1% 41% 5.4%
Variation
Power (mW) 90 9.6 78 30 76~86 | 5~56
Resolution 13 ; 15 2 04~87 | 50~ 890
(ps)
Size (mm?) 0.07 0.12 15 0.185 0.052 0.05

variation of Vn will change the performance of the circuit. On the other hand, engineers still
necessary to calibrate the Vn value by themselves, which makes the operation of this circuit
more complex. To solve these problems, an automatic negative feedback circuit that can adjust
the output range of DC sources might be helpful. As memristors show varying static resistance
as a function of bias voltage, it might be possible to use memristors to design such a feedback
circuit. Second, the circuit is designed to be able to choose one of the three output buffers
open and the other two close for lower power consumption, i.e. different delay ranges are
made available at different, buffered output ports. A better method may be to use only one
buffered output port, with a switch group to select which tap controls the buffer. The challenge
in this method is designing high-frequency switches. They also need low gain distortion to
allow high-speed signals to pass when they turn on, and isolate the signal effectively to avoid
signal mixing via cross-talk. Third, this delay circuit cascades three 1*-order all-pass filters.
This method helps expand the delay range, but does not make the whole delay circuit become
a higher order filter. To improve the circuit structure, the 3-stage delay circuits can include one
1*-order all-pass filter and two 2"-order all-pass filter, to generate a 5"*-order all-pass filter.
These three directions can be considered to improve the design in further work.
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4.4.2 Consideration of Other Design Feasibility

During this research, many circuits based on memristor applications are considered. However,
only a small quantity of circuits which are necessary for the final tuneable delay chip are
used. In this section, two types of circuit structures that are not adopted in the chip are
discussed. The first topic is the different structures of memristor-based DC voltage sources.
The comparisons of output voltage ranges, corner analysis results and Monte Carlo results
of different voltage sources are discussed. The second topic is an unused memristor-based
tuneable delay element structure. Different from the method of using a memristor to generate
tuneable DC voltage and control the delay element indirectly by this voltage, the delay element
in this section is directly controlled by a memristor. Performance analysis of this delay element
is shown in this section, and the reason for abandoning this design is explained.

Different Structures of Memristor-Based DC Voltage Sources

Referring to Figure 4.12 (a) and the red region of Figure 4.1 (a), the memristor-based tuneable
DC voltage source can be separated into two parts, which are the memristor programming
part and the DC voltage source part. In the memristor programming part, transistor Q1 turns
on and Q2 to Q4 turn off when the voltage source is in normal work, hence in this part,
only the memristor device affects the output voltage. The DC voltage source part plus the
memristor undertake the primary role of this circuit as a DC voltage source. The ratio between
the resistance of [Position 1] and [Position 2 + memristor] decides the output voltage. In Figure
4.1, Position 1 is a PMOS transistor controlled by external voltage Vn, and Position 2 is a
resistor. By placing different combinations of circuit components at positions 1 and 2, the
range of output voltage will vary.

Figure 4.12 (b) shows four designs of the adjustable DC source part which are different from
the original design in Figure 4.1. Designs 1 and 2 place Vn-controlled PMOS at Position 1,
and use one NMOS / PMOS with the gate connects to the drain at Position 2. Designs 3 and
4 place Vn-controlled NMOS at Position 2, and use a resistor / PMOS whose gate connects to
the drain at Position 1. Table 4.14 lists the devices in Position 1 and Position 2 of each design,
including the width and length (W/L) ratio of each transistor and the value of external control
voltage Vn. In the condition of a resistor, the resistance value is recorded.

Comparing the data of Design 1 and Design 2 with the Original design in Table 4.14, it can be
found both Design 1 and Design 2 use a large-size transistor at Position 2. To output a voltage
with a range of 0.6 to 0.7V and maintain a voltage of around 0.5V on the memristor, Position
1 should have a large resistance, and Position 2 needs to have a small resistance. However,
in the condition of Design 1 and Design 2, the drain-to-source voltage on the transistors in
Position 2 becomes very small. When the gate of this transistor connects to its drain, the input
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Figure 4.12: (a) The Basic structure of the memristor-based DC source in this research.
(b) Four additional designs of the adjustable part in the DC source. Different designs have
different output voltage ranges and abilities to maintain the output voltage amidst variations in
corners, temperature, supply voltage, and other random variables.

Table 4.14: Different designs of memristor-based tuneable DC voltage source, and the
size/resistance of their transistors/resistors.

Designs Position 1 Position 2
Original PMOS (Vn = 0.85V) Resistor
Design WI/L: 20um/600nm 10kQ
Desian 1 | PMOS (Vn = 0.95V) NMOS
g W/L: 51m/600nm W/L: 3001m/600nm
Desianz | PMOS (Vn=08V) PMOS
g W/L: 51m/600nm W/L: 3001m/600nm
Desian 3 Resistor NMOS (Vn = 1.35V)
g 40kQ W/L: 20m/600nm
Desian 4 PMOS NMOS (Vn = 1.35V)
g W/L: 51m/600nm W/L: 2014m/600nm
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Table 4.15: Output voltage range of each design in normal work, ff/ss corners, -20/85°C
temperatures and 1.7/1.9V supply voltages.

Conditon | ooy | e | | o |
Normal 588 ~ 721 652~ 692 | 679~725 | 601~ 1010 | 601 ~ 697
ff 953 ~ 1107 | 666 ~ 757 | 719 ~ 810 436 ~ 741 644 ~ 749

ss 291 ~ 366 670 ~ 683 | 671 ~687 | 908 ~ 1220 | 552 ~ 640

T:-20°C 430 ~ 539 677 ~698 | 705~733 | 712~ 1090 | 606 ~ 690
T:85°C 760 ~ 908 629 ~ 698 | 647 ~ 716 509 ~ 904 596 ~ 705

\1/25 280 ~ 356 559 ~ 571 578 ~ 595 518 ~ 910 505 ~ 599
VDD
19V 1009 ~ 1158 | 776 ~ 867 | 799 ~ 887 | 691 ~ 1100 | 699 ~ 796

voltage of this transistor is small, hence its resistance tends to be a large value. To avoid
that, the W/L ratio of this transistor has to be very large, to reduce the resistance. Because of
these reasons, Design 1 and Design 2 are not suitable for DC voltage sources with low output
voltage.

Table 4.15 records the output voltage ranges of each design in the normal condition, ff/ss
corners, low/high temperatures, and smaller/larger supply voltages. It is found that Design 1
has the smallest tuneable voltage range, which is only 40mV. Design 2 is similar to Design 1,
the tuneable output voltage range is 46mV. Design 3 has over 400mV tuneable voltage range,
which is the largest range, and Design 4 has a 96mV voltage range, similar to the 133mV
range of the original design. The small voltage ranges of Design 1 and Design 2 are caused
by the transistors at Position 2 with gates connected to the drains. For a transistor whose
gate connects to its drain, when the voltage on it rises, its gate-source voltage(Vgs) increases
and reduces its resistance, hence the rising voltage on it will be suppressed; Same, when the
voltage on it decreases, its Vgs value reduces and increase the resistance. Because of that,
the transistor with the gate connected to the drain will suppress the change of voltage. For
Design 3, the gate voltage of transistor N1 is controlled by Vn. When memristor resistance
increases, the voltage on the memristor, which is also the source voltage of N1 increases,
which makes the Vgs of N1 reduce, and further increases the resistance of N1. Because of
that, the Vn-controlled transistor at Position 1 increases the change of voltage, which makes
Design 3 has the largest tuneable voltage range. Design 4 has both the transistor whose gate
connects to the drain and the Vn-controlled transistor at Position 1, hence their impacts on the
tuneable voltage range cancel each other.
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Table 4.16: Minimum voltage step of different voltage source designs with varying memristor
values.

Memristor Original Design 1 Design 2 Design 3 Design 4
(kQ) Design (mV) (mV) (mV) (mV) (mV)
10 2.4 0.6 0.7 8.6 2
11 2.5 0.6 0.7 8.4 1.9
12 2.6 0.7 0.8 7.7 1.8
13 2.6 0.7 0.8 8 1.9
14 2.7 0.8 0.9 7.3 1.8
15 2.7 0.8 0.9 6.9 1.7
16 2.8 0.9 1 6.6 1.7
17 2.8 1 1 6 1.6

It can be observed that for all the corners, temperatures, and supply voltage variation con-
ditions, Design 3 and Design 4 have smaller variations in output voltage ranges compared
with the Original Design results. The voltage ranges of Design 1 and Design 2 reduce in the
conditions of ss corner, T = -20°C, and VDD = 1.7V, but also increase in conditions ff corner,
T =85°C, and VDD = 1.9V. The minimum/maximum voltage range of Design 1 is [12, 99]mV,
and the minimum/maximum output range of Design 2 is [17, 98]mV. These results show the
stability of Design 1 and Design 2 are low. Design 3 also shows reduced voltage ranges in the
ff and ss corners, which are around 300mV compared with the 400mV range in normal work.
Design 4 has the best stability. In all the conditions, it has a maximum voltage range of 105mV
and a minimum voltage range of 84mV. Besides, the output voltage shift of Design 4 is also
the minimum one, which is always smaller than 100mV, while the maximum voltage shift for
the original design is 421mV.

Table 4.16 records the voltage resolutions for each design with different memristor values. The
voltage resolutions for all the designs are different, which is mainly caused by the difference
in tuneable voltage range. As all of them use memristors to adjust the output voltage, with
fixed resistance range and minimum step of memristor programming, the voltage resolutions
calculated as percentages should be similar for all the designs.

One thing that can be observed from Table 4.16 is, that for the designs that place Vn-controlled
transistors at Position 1 (Original Design, Design 1, Design 2), the minimum voltage steps in-
crease with the memristor resistance. However, for the designs that set Vn-controlled transist-
ors at Position 2 (Design 3, Design 4), the minimum voltage steps reduce with the memristor
resistance. This phenomenon can be explained by the variation in Vds (drain-source voltage)
on the Vn-controlled transistors. When the memristor value is small, Vds on the Vn-controlled
transistor is large, which makes the transistor work in the saturation region. In this case,
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Table 4.17: Monte Carlo results of different voltage source designs.

Memristor (Q2) | Mean (mV) | Max (mV) | Min (mV) | Std Dev (mV)
Original 10k 594 841 432 123
Design 17k 720 945 545 123
Design 10k 653 758 556 43
1 17k 695 821 577 51
Design 10k 680 708 671 7
2 17k 727 791 694 19
Design 10k 607 850 453 92
3 17k 1003 1180 823 76
Design 10k 601 688 511 37
4 17k 696 776 608 35

an increase in memristor value, which also means a reduction of Vgs of the Vn-controlled
transistor, will strongly increase the resistance of the transistor, and hence the output voltage is
strongly increased. However, when the memristor resistance is large, the Vds of the transistor
becomes smaller, making the transistor exit the saturation region. The reduction of Vds will
reduce the resistance of the transistor. Because of that, when the memristor resistance is
large, the rising trend of the output voltage slows down.

Table 4.17 shows the Monte Carlo results of each design. The 4 new designs have smaller
standard deviation values compared with the original design. Design 1 has the minimum
tuneable voltage range, but the Std Dev values are still large, which means it has low stability,
and the actual performance of the circuit after fabrication may differ significantly from the
simulated results. Design 3 also has large Std Dev values. However, it has the largest tuneable
voltage range, hence the large deviation values are acceptable. Design 2 has one of the
smallest tuneable voltage ranges, but also the lowest deviation values. Overall, Design 4
achieved the best balance between performance and stability. It has a tuneable voltage range
slightly smaller than the Original Design, but the Std Dev values are smaller than all the other
designs except Design 2.

Combining all the comparison results, including the transistor sizes, output voltage range, and
stability, the designs that have great overall exhibitions can be found. Design 1 has the lowest
tuneable voltage range and low stability, which is not suitable for use in practice. Design 2 can
be used for very fine small-range voltage control. Design 3 can be applied in circuits that need
a larger tuneable delay range compared with the delay elements in this research. Design 4
has a small size and good stability, which is suitable for use in voltage-controlled circuits that
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need a voltage range of around 90mV. However, as Design 4 has good stability, it is also hard
to increase its tuneable voltage range. Because of that, Design 4 has a voltage range that is
slightly smaller than the requirement of the tuneable delay circuit in this research, and finally
not be used in the chip.

Memristor Directly-Controlled Tuneable Delay Circuit

Referring to Figure 4.1, in this research, the tuneable delay elements are controlled by the
DC input voltages of the NMOS transistors M1 and M2, and the DC voltages are controlled
by a memristor-based tuneable DC voltage source. However, this is not the only way of using
memristors in the design of a reconfigurable delay circuit. Figure 4.13 (a) shows another
structure of the tuneable delay element. In this structure, the input DC voltages of NMOS
transistors M1 and M2 are constant, a memristor is placed between the ground and the
sources of NMOS transistors. When the memristor resistance changes, the Vgs values of
the three NMOS transistors M1 to M2 also change, and hence the output delay time is
changed. By doing this, the memristor can adjust the output delay directly, instead of placing
the memristor in an extra DC voltage source and control the delay element indirectly. Figure
4.13 (b) shows a 3-stage tuneable delay circuit generated by 3 memristor-directly-controlled
delay elements in cascade. Different from the circuit in Figure 4.1 (a), this delay circuit doesn’t
need DC sources for delay time adjustment, hence the structure is simpler and the circuit area
will be smaller.

This delay circuit was also simulated under the same test environment of the GHz circuit and
MHz circuit in the research of this chapter. Figure 4.14 shows the simulation results of the
gain, phase, delay of the memristor-directly-controlled delay circuit, and also the delay time
at 120MHz related to the memristor value. The data in detail is recorded in Table 4.18. In this
delay circuit, all the 3 delay elements can work with the whole resistance range [10, 17]kQ
of memristors. The memristor is assumed to have a parasitic capacitance of 10pF. The input
DC voltages of the NMOS transistors are 1.2V, and the capacitor C has a value of 10fF. As
the functions of the phase linearity resistor R1 and bandwidth expand resistor R2 only work
at high frequency(>GHz), in this circuit simulation these two resistors are deleted. This delay
circuit can work in a frequency range from 1MHz to 120MHz, with gain varying between -

Table 4.18: Gain, phase and delay of the memristor-directly-controlled delay circuit

Output 1 -1.67 ~-0.33 -62 ~ -78 1.43 ~ 1.82
Output 2 -2.8~-0.2 -105 ~ -138 241 ~ 3.22
Output 3 | -2.95 ~ -0.05 -139 ~ -187 3.22 ~ 4.38
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Figure 4.13: (a) A tuneable delay element structure directly controlled by a memristor. A
memristor is placed between the source of NMOS transistors and the ground, to adjust the
Vs of NMOS transistors and then change the output delay. (b)A tuneable Delay circuit based
on the memristor-directly-controlled delay elements.

Table 4.19: Minimum delay step of the memristor-directly-controlled delay circuit.

Memristor (kQ2) | Output1 (ps) | Output2 (ps) | Output3 (ps)
10 6 13 18
11 6 13 19
12 7 14 21
13 8 15 21
14 8 15 23
15 8 17 24
16 9 17 25
17 9 18 26

2.95V and -0.05V. At 120MHz, this circuit offers a tuneable phase in a range [62, 187]°, which
is [1.43, 4.38]ns in delay time. It can be observed from Figure 4.14 and Table 4.18 that there

is a delay gap between 1.82ns and 2.41ns because the minimum output delay of Output 2 is

larger than the maximum delay offered by Output 1.
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Figure 4.14: (a) Gain, (b) phase and (c) delay time of the memristor-directly-controlled delay
circuit. This delay circuit can work from 1MHz to 120MHz. The tuneable delay circuit has a gain
variation of [-2.95, -0.05]dB, and offers a tuneable delay range of [1.43, 4.38]ns at 120MHz.

(d) The delay time with different memristor values at 120MHz.
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Figure 4.15: THD of the memristor-directly-controlled delay circuit. To maintain the signal
distortion smaller than 10% in all the output ports, the input signal amplitude should <10mV.

Comparing Figure 4.14 (d) with Figure 4.6 and Figure 4.8 (d), it can be found that the delay
time offered by the memristor-directly-controlled circuit is more linear than the DC voltage
controlled GHz and MHz delay circuits. The detailed minimum delay steps offered by the
memristor-directly-controlled delay circuit at different memristor values are recorded in Table
4.19. In the memristor-directly-controlled delay circuit, the ratio between the largest and smal-
lest [minimum delay step] offered by the same output port is around 1.5, while this ratio in
the GHz and MHz delay circuit is around 6. This means the user of the memristor-directly-
controlled delay circuit can estimate the required memristor value from the wanted delay time
more accurately.

Figure 4.15 shows the THD curves of the delay circuit. With a higher stage of output port
and higher memristor value, the signal distortion will also be higher. For those curves that
rise very fast with the increase of the input amplitude, their rising trends slow down at high
input amplitudes, which is because when the signal distortion is large, the influence of signal
deformation to the THD value becomes smaller compared with the condition when the signal
distortion is small. Compared with the THD results of the GHz and MHz delay circuits, it is
found the signal distortion in the memristor-directly-controlled circuit is worse. To make the
THD of all the output ports smaller than 10%, the input signal amplitude should be maintained
under 10mV.
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The Monte Carlo simulation results of the memristor-directly-controlled delay circuit are listed
in Table 4.20. Comparing the standard deviation values of this circuit with the GHz and MHz
circuits, it is found that this circuit is more stable compared with the GHz and MHz circuits.
This is because a voltage-controlled delay circuit includes a tuneable DC voltage source and a
delay element, which has more circuit elements and more complex operation steps compared
with a memristor-directly-controlled delay circuit. When more circuit elements join the work of
the circuit, there will be a larger deviation in the fabricated circuit chip.

Table 4.21 records the change of the performance for the memristor-directly-controlled circuit
in the conditions of transistor corners, temperature variation, supply voltage variation, and
input DC voltage variation. The transistor ff corner will expand the working frequency range of
the circuit, but reduce the tuneable delay range; By contrast, the transistor ss corner expands
the tuneable delay range but reduces the working frequency range. The circuit shows good
stability under different temperatures, with the gain, delay, and bandwidth having only very
small changes. When the supply voltage reduces, the gain value and the frequency range of
the circuit will be reduced, and the delay value increases; When the supply voltage increases,
the gain and frequency range of the circuit increases, while the delay value reduces. Finally,
increasing the DC input voltage will reduce the gain value and delay range but increase

Table 4.20: Monte Carlo results of the memristor-directly-controlled delay circuit

Mean Max Min Std Dev
Max gain (dB) -0.06 0.26 -0.45 0.12
Min gain (dB) -3 -2.47 -3.79 0.28
Max delay (ns) 4.38 5.28 3.39 0.34
Min delay (ns) 1.44 1.91 1.05 0.16

Table 4.21: Corner, temperature and voltage supply variation analysis of the memristor-
directly-controlled delay circuit

Gain (dB) Delay (ns) Bandwidth (MHz)
Normal -3~0 1.44 ~ 4.38 1~120
ff -2.95 ~ 0.05 1.03 ~ 3.33 1~ 142
ss -2.63 ~ 0.37 2.16 ~5.78 1~97
T:-20°C -2.82 ~-0.18 1.51 ~ 4.37 1~118
T:85°C -3~0 1.42 ~ 4.43 1~116
VDD 1.7V -4.42 ~ -1.42 2.1 ~5.21 1~102
VDD 1.9V -2.28 ~ 0.72 1.19 ~ 3.91 1~130
Vin DC 1.15V -2.66 ~0.34 1.38 ~ 4.48 1~115
VinDC 1.25V | -3.57 ~ -0.57 1.59 ~ 4.38 1~124
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the frequency range, and vice versa. In a word, the circuit is stable with the variation of
temperature and input DC voltage, while the transistor corners and supply voltage variation
will have more impact on the circuit performance. Comparing the results of this circuit with
the voltage-controlled GHz and MHz circuits, the overall stability of the memristor-directly-
controlled circuit is better than the voltage-controlled delay circuits. However, the voltage-
controlled delay circuits can adjust their performance by changing the value of voltage Vn
in the tuneable DC source(as shown in Figure 4.1 (a)). By doing this, they can maintain their
characteristics at affordable values in nearly all the conditions, as shown in Table 4.8. Because
of that, the stability of these two structures can not be compared directly.

As a conclusion, the memristor-directly-controlled delay circuit has a simpler structure, more
linear output delay value, and better stability compared with the [memristor-controlled DC
voltage source + voltage-controlled delay elements] structure in the previous sections. Be-
sides, in the voltage-controlled delay circuits, to adjust the input DC voltage of the delay
elements, there are capacitors between the output of the first stage delay element and the
input of the second stage delay element, as shown in Figure 4.1. As the output DC voltages of
the delay elements are float(from 600 to 700mV) and not suitable for the input of their output
buffers, there are also capacitors to separate delay elements and their corresponding output
buffers, hence for the 3-stage voltage-controlled delay circuit, there are totally 6 capacitors
been used, which takes up a large space in the whole area of the circuit, as shown in the
Appendix A Figure B.3. However, in the memristor-directly-controlled delay circuit, as the input
DC voltage is constant, there is no capacitor needed to separate the different stage delay
elements and their output buffers. As a result, the size of the memristor-directly-controlled
delay circuit is only half of the [memristor-controlled DC voltage source + voltage-controlled
delay elements] circuit.

The reason for not applying this memristor-directly-controlled delay circuit into the final tune-
able delay circuit design is, that the working frequency of this structure is limited lower than
around 100MHz by the memristor. As this chapter aims to research the applications of memris-
tors in radio frequency devices whose working frequencies are higher than GHz, the memristor-
directly-controlled delay circuit that works under 100MHz is finally abandoned. Besides, the
high THD rising trend of this circuit structure also makes the circuit hard to work in practice.
However, the research on the memristor-directly-controlled delay circuit expands the working
frequency of applying multi-stage memristors in high-frequency environments from under
10MHz to around 100MHz. This circuit shows it is worth continuing the research on this type
of memristor-directly-controlled high-frequency device in the future.
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4.5 Design and Operation for Chip Testbench PCB

4.5.1 Introduction of the Testbench

This section introduces the PCB test bench designed for the tuneable delay circuit chip.
To measure the circuit works in radio frequency, the PCB is designed with RF PCB rules
instead of normal PCB rules. Except for the test bench PCB, the measurement of the tuneable
delay chip also needs other instruments, including oscilloscope, tuneable DC voltage source,
measurement FPGA ArCTwo, and vector network analyzer (VNA). In the following section,
the structure and elements of the PCB are going to be discussed, and in the subsection
Measurement Instrument Setting, the connection between the tuneable delay chip, test bench
PCB and other instruments in the chip measurement will be introduced. The operations of
different instruments in the measurement of the chip will also be discussed.

4.5.2 Testbench PCB Structure

Figure 4.16 shows the top and bottom view of the PCB layout. Table 4.22 lists all the compon-
ents on the PCB. The tuneable delay chip has 32 pins and includes 4 pins with RF signals
flowing through. The package of the chip in this project is QFN48. Quad-flat no-lead (QFN)
package has a small size, low cost, good electrical and thermal performance. It reduces
lead inductance and self-impedance compared with leaded packages, and is widely used
in RF devices. A 48-pin package is chosen for the chip, as the space pins can separate the
sensitive pins from other pins close to them. The chip hold socket is 248-5205-00, which is
manufactured by 3M for 48-connect QFN packages. The chip socket J1 is only shown as
a footprint in Figure 4.16. The PCB is designed with 4 stack layers, including top & bottom
signal layers, and power & ground plane layers. The analog signals flow on the top layers,
while digital signals and biasing voltages flow on the bottom layer. The ground and power
plane are set in the middle to avoid the influence of digital signals on RF signals. To isolate
the two signal layers comprehensively, dielectric layers are placed between the [top layer]
/ [ground plane] and the [power plane] / [bottom layer], and 3 dielectric layers are placed
between the [ground plane] / [power plane].

The MHz part of the tuneable delay circuit has 4 AC signal pins, which are one MHz signal
input pin and three output pins. The delay circuit includes a built-in voltage control oscillator
(VCO) that works at around 10MHz to offer the input signal for the MHz delay part. If the built-
in MHz VCO works well, the MHz signal input pin will send the signal generated by the MHz
VCO to an external oscilloscope for measurement. However, if the built-in VCO doesn’t work,
the VCO will be turned off and the MHz signal input pin will send the input signal to the delay
circuit from an external signal generator. The MHz external input signal can be generated by
the oscilloscope or waveform generator. All the AC signal pins on the PCB connect to SMA
connectors, which can connect to the cables of the oscilloscope easily.



4.5. Design and Operation for Chip Testbench PCB 79

(b)

Figure 4.16: (a) Top view and (b) bottom view of the PCB layout. The RF signal connectors
and high-frequency-signal-related circuit elements are placed on the top layer, while the power
supplies, digital signal paths, and connectors to ArC Two are placed on the bottom layer.

The GHz delay circuit also has 4 AC signal pins, with 1 input pin and 3 output pins. As the 4
pins work with RF signals, the design of the GHz test bench is more complex than the MHz
test bench. In an RF device, the input and output impedance of the devices are normally set
to 50Q2. In this project, at 1.6GHz, the input impedance of the GHz delay circuit is 9Q, and
the output impedance of the GHz delay circuit is 28Q. All the GHz input and output pins are
combined with impedance-matching networks consisting of inductors and capacitors, to match
the impedance to 50Q2. All the GHz AC signal pins connect to SMA connectors with coplanar
waveguides, to reduce the signal interference from the environment and other high-frequency
signal routes. The GHz delay circuit has a built-in VCO on the chip as signal input, and another
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Table 4.22: Components on the PCB
Component Manufacturer Description Identifier
248-5205-00 3M Chip socket J1
73100-0114 Molex SMA connector J2t0 J9
QSE-040-01-C-D-A Samtec ArCTwo Connector J10, J11
CVCO55CW-0800-1600 | Crystek Corporation | 0.8 ~ 1.6GHz VCO U1
ADG918BRMZ-REEL7 Analog Devices RF switch u2
INA250A4PWR Texas Instruments | Current Sense Amp us3, U4
LT1964EDDPBF Analog Devices Voltage regulator us
HMC973ALP3E Analog Devices RF attenuator U6
GRMO0335C1E5R1CAO01D | Murata Electronics 5.1pF capacitor C1toC3
GJMO0335C1E3R9BB01D | Murata Electronics 3.9pF capacitor C4
GRM155R71H103KA88 Murata Electronics 10nF capacitor C5, C6, C10
C1005C0G1H101J050BA TDK 100pF capacitor C7,C8
GRM21BR61A106KE19 Murata Electronics 10uF capacitor C9
RC2012F1152CS Samsung 11.5kQ resistor R1
MCA1206MD1003BP100 Vishay/Beyschlag 100kQ2 resistor R2
LQG15HN2N4S02D Murata Electronics 2.4nH inductor L1to L3
LQG15HS5N6S02D Murata Electronics 5.6nH inductor L4

VCO offers signals from 800 MHz to 1.6GHz is set on the PCB as an auxiliary input signal
generator. An RF switch is placed at the output of the auxiliary VCO. When the built-in VCO of
the GHz delay circuit works well, the RF switch and the auxiliary VCO turn off, the signal from
the built-in VCO flows to the delay circuit and the SMA connector for measurement. If the built-
in VCO doesn’t work, the RF switch and auxiliary VCO turn on, and the signal from the VCO
flows to both the chip and the SMA connector. As the signal from the auxiliary VCO needs to
flow in two directions, a power splitter is placed between the RF switch, SMA connector and
the input pin of the chip, to reduce signal distortion and reflection. The peak-to-peak signal
amplitude of the auxiliary VCO output is 3V. This voltage is reduced by half when it passes
through the power splitter and flows in two directions. However, the 1.5V peak-to-peak signal
is still too large for the input of the chip. To deal with it, an RF attenuator is added to the VCO
output. when offering 2.8V biasing voltage to the attenuator, it can offer around -18dB to the
signal, making the input signal amplitude of the chip reduce to around 25mV.
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Both the tuneable delay chip and the PCB use two supply voltage levels 1.8V and 5V. To
separate the power supply of the chip from the PCB, two power ports are used to offer the
two voltage levels for the chip, and the other two power ports are set to supply power for
PCB circuit components. Two current sense amplifiers with shunt resistors are placed at the
power ports for the chip. The current sense amplifier can measure the current flows through
the shunt resistor without affecting the work of the chip. The measured current value is shown
as a voltage value with a gain of 2V/A. Combine the measured voltage level of 1.8V or 5V with
the current in the roads, the power consumption of the 1.8V circuit and 5V circuit in the chip
can be measured.

The power supply, control signal and biasing voltage of the PCB are offered by FPGA board
ArCTwo. ArcTwo is a measurement instrument which suitable for reading and writing RRAM
crossbar arrays. It can also offer biasing voltage from the analog channel signal ports, 1.8V
& 5V voltage from power supply ports, and -15/+15V fixed voltage supplies. In this research,
the biasing voltages, and 1.8V control signals are offered by the analog channel signal ports
of ArCTwo, 5V digital signal input and output are connected to the digital channel ports. The
programming of memristor, including the writing pulse generation and reading of memristor
value, is also supplied by ArCTwo. The work of the GHz auxiliary VCO on the PCB needs
a supply voltage of 11.5V and a frequency turning voltage of up to 19V. To supply the large
voltage, the power pin of VCO is connected to the ground of ArCTwo, the -15V port of ArCTwo
combines with a -11.5V voltage regulator connected to the ground of VCO, and uses an
analog channel to offer 0 to 7.5V turning voltage. In this case, the voltage difference between
the power and ground port of the VCO is 11.5V, and the turning voltage on the VCO is 11.5V
to 19V, allowing the output signal frequency of the VCO to vary from 1.2MHz to 1.6MHz. J10
and J11 are the connectors between the PCB and ArCTwo, which are set at the bottom layer
of the PCB and shown as footprints.

4.5.3 Measurement Instrument Setting

The tuneable delay circuit has mainly two work modes, which are memristor programming
mode and delay circuit working mode. The delay circuit working mode can also be separated
into GHz delay mode and MHz delay mode. For all these working modes, the PCB connects
with ArCTwo to get power and control signals. In memristor programming mode, the PCB
board only connects to ArCTwo, leaving all the SMA connectors space. In GHz delay mode,
the four GHz signal SMA connectors connect to the vector network analyzer, to measure the
gain and phase change between the input and 3 outputs, with all the MHz SMA connectors
space. In MHz delay mode, the four MHz signal SMA connectors connect to an oscilloscope
for measurement, leaving all the GHz SMA connectors space.
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Table 4.23: Input and output signal of ArCTwo

Signal Description Value
ArCTwo VDD1.8 Power supply for chip 1.8V
Output VDD5 Power supply for chip 5V
Power VDD1.8PCB Power supply for PCB 1.8V
Supply VDD5PCB Power supply for PCB 5V
Osc Ctrl Turning voltage for VCO 0to 7.5V
GHz input Ctrl Control signal for RF switch 0/5V
Vregulator Voltage bias for regulator 2.8V
Switch Switch MHz/GHz circuit 0/1.8V
Switch OscGHz Integrated oscillator switch 0/1.8V
Switch OscMHz Integrated oscillator switch 0/1.8V
ArCTwo DC 1 Biasing voltage for chip 0.55 ~ 0.75V
Output DC2 Biasing voltage for chip 0.55 ~ 0.75V
Signal DC 3 Biasing voltage for chip 0.55 ~ 0.75V
Vn Biasing voltage for chip 0.85V
Pulse Memristor programming pulse | 0/5V pulse
Data IN Memristor programming code | 0/ 5V digital
CLK Clock signal 0/5V digital
Load One pulse digital signal 0/5V
Enable Enable switch signal 0/5V
ArCTwo Data OUT Programming code feedback | 0/5V digital
luput | result1.8 Current value in 1.8V circuit 0~1V
Signal | result5 Current value in 5V circuit 0~1V

All the control signals and biasing voltages are offered by the ArCTwo. Besides, the digital
data output of the chip and the measured currents in the 1.8V and 5V circuits are also read
by ArCTwo. Table 4.23 lists the input and output signal and biasing voltages of ArCTwo.The
power supplies offered by ArCTwo are constant, and the input/output signal operations change
with different working modes of the tuneable delay circuit.
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Table 4.24: Signal operation in memristor programming mode

Signal Step 0 | Step1 | Step2 | Step 3
Pulse Off Off Off On
Data IN Off On On Off
Changed CLK Off On On Off
Signal Load Off Off On Off
Enable Off Off Off On
Data OUT Off Off On Off
Osc Cirl 0 0 0 0
GHz input Ctrl 0 0 0 0
Vregulator 2.8 2.8 2.8 2.8
Constant Switch 0 0 0 0
Signal | Switch OscGHz/MHz | 1.8 1.8 1.8 1.8
DC1~3
Vn 5 5 5 5
| result1.8/5 On On On On

Memristor Programming Mode

The signal operation in memristor programming mode is shown in Table 4.24. Step 0 turns off
the delay circuits, the built-in oscillators and the external VCO on the PCB, making the circuit
ready for memristor programming. Referring to Figure 4.2, in Step 1, [CLK] and [Data IN] turn
on to send commands into the programming controller circuit. [Data OUT] starts reading the
code at the sixth clock signal. In Step 2, [Load] turns on for one pulse to save the previous
command to the second flip-flop layer. [Data OUT] finishes the code reading. [Data IN] sends
an all-0 command to the programming controller and resets the first layer flip-flops. After the
command from [Data OUT] is checked correctly, in step 3, the [Enable] signal turns on and
then [Pulse] turns on to start the programming for the chosen memristor. The memristor value
is measured in real-time by measuring the voltage / current ratio in the Pulse port of ArCTwo.
When the memristor reaches the wanted resistance, the [Pulse] signal turns off first to set the
voltage on the memristor to a low value, and then [Enable] turns off to finish the programming.
In this case, the circuit back to the Step 0 condition and waits for other operations. Figure 4.17
shows an example of signal operations with input code 100000, which programs the third
memristor from the direction up to down. This research does not aim to reach high-speed
memristor programming, hence signals [Data IN], [CLK], and [Lord] are set with 500ns pulse
width, and the memristor programming pulse has 100ns pulse width.
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Figure 4.17: Memristor programming signals with input code 100000. Step 1: [Data IN] sends
the command to the first flip-flop layer. Step 2: [Load] save the command to the second flip-
flop layer. Step 3: [Enable] starts the programming of the chosen memristor.

Delay Circuit Working Mode

Table 4.25 shows the signal operation when the circuit is in delay circuit working mode. During
the working of the delay circuit, all the signals remain constant. Some of the signals are fixed
in all the conditions. [Vregulator] signal always offers 2.8V DC voltage to the regulator on
the PCB, and maintains the negative voltage level for the VCO on PCB. Digital signals turn
off in delay circuit working mode, and [l result] ports turn on to measure the currents, hence
the power consumption can be calculated. However, 3 working conditions need to be set up
before the circuit starts working, and some signal values vary with different conditions.

First, the circuit should be set to work with the MHz delay circuit or GHz delay circuit. Second,
the engineer should choose to use the built-in MHz / GHz oscilloscope to offer the input AC
signal, or use external signal sources to generate the input AC signal. Two built-in VCOs work
in 10MHz and 1.6GHz are integrated into the tuneable delay circuit, which can generate the
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Table 4.25: Signal operations on delay working mode

Signal Value
Switch Depends on MHz/GHz circuit selection
Osc Cirl
Signal GHz input Ctrl | Depend on built-in Oscillator / PCB VCO
Vary with | Switch OscGHz selection
Condition | gyitch OscMHz
DC 1~3 Depend on built-in DC source/ArcTwo DC
Vn voltage reference selection
Vregulator 2.8V
Pulse Off
Data IN Off
. CLK Off
;'gﬁ:l Load Off
Enable Off
Data OUT Off
| result1.8 On
| results On

wanted input signal for the delay circuits. However, if the built-in VCOs don’t work, auxiliary
external signal sources are prepared to offer input AC signals. Third, a decision needs to be
made about using built-in memristor-based DC sources to generate DC voltage for the delay
circuit or using ArCTwo channels to offer DC voltages to the circuit. Generally, the memristor-
based DC sources can offer DC voltages to the delay circuit, and the DC voltage levels are
measured by ArCTwo from DC 1~3 ports. When the memristor-based DC sources don’t work,
ArcTwo would output DC voltages to the delay circuit from DC 1~3 ports, to maintain the
normal functions of the remaining circuits and allow their performance to be tested.

The signal operations in the first and second working condition settings are shown in Table
4.26. The [Switch] signal controls the circuit to work in the GHz or MHz frequency range. When
the [Switch] signal is 0V, the GHz delay circuit turns on and the MHz part turns off; When the
[Switch] is 1.8V, the MHz circuit turns on and the GHz part turns off. [Switch OscGHz] and
[Switch OscMHz] control the built-in GHz/MHz VCOs. when they are set to 1.8V, the built-in
VCOs turn off; Oppositely when they are 0V, the built-in VCOs they control are turned on.
[Switch OscGHz] sets to OV only when the circuit works in GHz and built-in GHz VCO is
chosen. In the same way, [Switch OscMHz] sets to 0V only when the circuit works in MHz
and built-in MHz VCO is chosen. The external signal source for the GHz circuit is the GHz
VCO on the PCB, and the external signal source for the MHz circuit is a waveform generator
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Table 4.26: Signal operations in GHz/MHz circuit selection and built-in/external signal source
chosen

Built-in VCO External signal source
GHz work | MHz work | GHz work | MHz work
Switch ov 1.8V ov 1.8V
Osc Cirl ov oV 0~ 75V ov
GHz in Ctrl ov ov 1.8V ov
Switch OscGHz ov 1.8V 1.8V 1.8V
Switch OscMHz 1.8V ov 1.8V 1.8V

Table 4.27: Signal operations in DC source chosen

Signal Built-in DC Source | ArcTwo as DC Source
DC 1~3 | Measure DC voltage 0.55 ~ 0.75V
Vn 0.85V 1.8V

instrument in the laboratory. When an external signal source is needed for the GHz circuit, the
[GHz input Ctrl] signal is set to a high voltage level to turn on the RF switch at the output of the
GHz VCO on the PCB, and the [Osc Citrl] signal varies to adjust the frequency of the signal.
When using a waveform generator instrument as the external MHz signal source, the [Osc
Ctrl] and [GHz input Ctrl] signals turn off, [Switch OscGHz/MHz] signal set to 1.8V, and the
SMA connector of the MHz input port on the PCB connects to both the waveform generator
and the oscillator, to measure the input signal of the delay circuit.

The signal operations related to the third working condition setting are shown in Table 4.27.
When built-in memristor-based DC sources are working, the [Vn] signal is set to 0.85V to
maintain the wanted output voltage range of the DC sources, and ArcTwo measures the output
voltage levels of the DC sources from [DC 1~3] ports. When built-in DC sources don't work,
[Vn] sets to 1.8V to turn off the DC sources. At the same time, ArcTwo offers DC voltages to
the delay circuit from the [DC 1~3] ports.
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4.6 Conclusion

In this chapter, a reconfigurable delay circuit controlled by memristor-based DC voltage sources
is reported. The memristor-based DC source offers DC voltage from 584mV to 711mV with
high resolution. The GHz delay circuit works in a frequency range from 50MHz to 1.6GHz,
and it offers an output delay range from 269ps to 632ps, with only 0.4ps minimum resolution.
A delay circuit working at low MHz was also simulated to compare with the GHz circuit. The
MHz delay circuit can work from 200kHz to 10MHz, and offers a tuneable delay in a range of
[13, 55]ns, with 50ps minimum resolution. The memristor programming circuit for changing the
memristor resistance is also introduced. This research shows the potential of memristors in
reconfigurable analogue and RF devices: by using memristors in tuneable voltage or current
sources, and designing circuits which can be controlled by voltage/current, memristors can
introduce elegant and fine-grained reconfigurability even in circuits operating at very high
frequencies.

The tuneable delay circuit chip has been sent to the factory and is now in tape-out progress.
The design of a PCB board for measuring this chip is also discussed. The necessary ele-
ments, the power supplies & control signals of the PCB, and the required external measure-
ment devices are listed, and the operations of the PCB in measurement progress with different
models are also discussed. ArC Two board is chosen to offer all the power and control signals
for the PCB, vector network analyzer and oscilloscope are used to measure the output signal
from the chip.

For further work, the next step of this research is to measure the chip with the PCB in the
laboratory after the chip is sent back. After the performance of the chip is measured, the
delay circuit can be improved to get a larger delay range, or work at higher frequencies. If
the chip didn’t work well in the measurement, first the PCB design needs to be checked, and
then the delay circuit may need to be redesigned to make it work in practice. The experience
of chip measurement in practice is important for circuit designers, and can help me a lot
in my studying and working career. Besides, Chapter 5.4.2 discussed a memristor-directly-
controlled delay element structure that uses a memristor in the high-frequency circuit directly,
which also shows good potential. In the future, by using memristor elements that have small
parasitic capacitance, research in memristor-directly-controlled high-frequency devices will
also get good results.



Chapter 5

Memristor-based N-path Filter

5.1 Introduction

With the development of modern wireless communication technologies, reconfigurable filters
are widely used in radio transceivers. In all the filter design solutions, the N-path filter structure
is one of the designs which have high linearity, high quality factor suitable for integrating on-
chip with CMOS technology and a high potential for transformation [116] [117] [118]. A large
amount of research has been done to design reconfigurable band-pass filters based on the
original N-pass filter structure, including using a tunable local oscillator to adjust the centre
frequency of the filter and using switched-capacitor or other structures to adjust the bandwidth
[119][120] [121] [122] [123] [124].

Memristors are a type of two-terminal non-volatile electronic circuit element, which can save
the history of the voltage applied to it in its resistance level. Because of this characteristic, it
can be used as a programmable resistor. Some of the research has been done to combine
memristor crossbars with reconfigurable filters [125] [126]. In this research, instead of using
memristor crossbars and arrays, one or a small number of memristors are applied to the basic
N-path filter structure, to adjust the bandwidth of the filter.

In this chapter, the methodology part shows two different schematics of the N-path filter
combined with the memristor, and discusses the functions of the N-path filter after adding the
memristor. In the Result section, first, the simulation results of the two structures of the N-path
filter were compared. Then one of the N-path filters was built on a stripboard and combined
with a memristor package in the laboratory, the measurement results were recorded. In the
discussion section, the drawbacks of the measured N-path filter structure with memristor were
listed, and the third N-path filter structure which combines multiple memristors was discussed,
and the simulation results were listed.

88
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5.2 Design and Methodology

5.2.1 Functions of Basic N-path Filter

The basic schematic of a 4-path filter is shown in Figure 5.1 [127]. For convenience, this
circuit is called Schematic 1 in the following sections. Capacitors C1 to C4 have the same
value. Switches S1 to S4 turn on sequentially as shown in Figure 5.1, with all the pulse widths
T,, the same and equal to 1/4 period of the switch control signals. As only one switch turns
on at any moment, the basic working model of the circuit is an RC low pass filter in transient.

When the input signal frequency f;, equals the switch signal frequency fs, every time one of
the switch S turns on, the corresponding capacitor C faces the same part of the input sine
wave, as shown in Figure 5.1 (b). Assume RC > T,,, with enough time pass, the voltage on
the capacitor will be a constant DC value which equals the average voltage of that part of
the sine wave. Combining the voltages on the 4 capacitors in sequence, a sampled wave is

Vout
Resistor
. R1 S1
Vin A : o/ Switch Period
o——A\W !
c1 s1 :
,,,,,,,,,,,,,, s .
Memristor Lo
M1 S3
C2 S4

Vin /
when
C3 fin="fs /

Vout

(a) (b)

Figure 5.1: (a) Schematic of a 4-path filter and the condition of replacing the resistor with a
memristor. (b) Waveform of the switches S1 ~ S4, Vin when f;, = f;, and Vout in one period
of switch signal.
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generated at the Vout node [117]. A simple 4-path filter samples the signal with 4 parts per
period. To sample the signal finer, a higher-order N-path filter, like an 8-path or 16-path filter
can be chosen. When the f;, is different from f;, capacitors will face different parts of the input
sine wave at different periods. The different parts of the wave will neutralize each other, hence
the average DC voltage stored on the capacitors will be smaller, resulting in a smaller gain
at the Vout node compared with the condition when f;,=f;. Because of this characteristic, the
N-path filter works as a band pass filter whose centre frequency equals the switch frequency
fs, while the bandwidth is decided by the value of R, C, and the number of paths.

Equation 5.1 shows the relationship between resistor value, capacitor value, path number and
-3dB bandwidth of the N-path filter [128] [129] [130]. The function of quality factor Q is shown
in Equation 5.2, which equals to the ratio between centre frequency and -3dB bandwidth. The
benefit of the N-path filter is the centre frequency controlled by the digital clock can be very
high, which forms a very large quality factor value when combined with a small bandwidth
decided by the resistor and capacitor values.

Although the centre frequency of an N-path filter can be controlled by adjusting the digital
clock, the bandwidth is fixed by the values of the resistor and capacitor, thus the quality
factor of an N-path filter varies when the centre frequency changes. To make the bandwidth
adjustable, one memristor is used to replace the resistor in the N-path filter, to generate a
reconfigurable N-path filter whose bandwidth can be adjusted by the memristor resistance, as
shown in Figure 5.1 (a). By changing the memristor value, the quality factor of the filter can
be maintained at a constant value in a range of centre frequency. The range of the centre
frequency in which the reconfigurable N-path filter can maintain a constant Q factor is decided
by the tuneable range of the memristor.

1
f-34B = ZNRC (5.1)
_ s
Q= ——=7nNRCf (5.2)
f-3a4n

Before adding the memristor to the N-path filter, the transfer function of the original N-path
filter needs to be explained. Assume the switch S1 turns on, at this moment, the memristor
works as a low pass filter with resistor R and capacitor C. The function of an ideal filter in
which the ON resistance of the switch is ignored is shown as equation 5.4. For a filter in
reality in which the ON resistance R,, of the switch is included, the transfer function shows in
equation 5.5. When the frequency is very large, the gain of the filter will tend to a constant
value which equals the ratio R,/R. Combine equation 5.3 and 5.5, the memristor-controlled
filter bases on the schematic in Figure 5.1 has the transfer function shown as equation 5.6.
Equation 5.7 expresses the condition of equation 5.6 when the frequency is very large, which
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shows the gain tends to 1 when the frequency approaches infinite, and the circuit becomes a
band-stop filter instead of a low pass filter. On the other hand, this schematic also does not
allow the memristor to be programmed. To combine the memristor with the N-path filter, some
adjustments need to be made to the schematic.

1

Ty = (5.3)
R + SCp
+ 1
HS)igeast = —C— = 5.4
(S)[tdeal] R"‘é 1+ sRC (5.4)
1 1+sR,C
H(S) ) = e ] (55)
e
1 1
H(S)[JrMemristor] = 1 sZ,C 1 SRC (5.6)
+15R,C + TR0 (175RC,)
1
H(S)HMemristoeraoo] ~ 1 1 (5.7)
+ sR,C

There are mainly two things that need to be considered when combining memristors in the
existing circuits. First, memristors are not ideal tuneable resistors. The lumped element model
of a memristor can be seen as a resistor R in parallel with a parasitic capacitor C,. The
impedance Z,, of a memristor can be expressed by equation 5.3. Second, the memristor
has both dynamic and static resistance variation characteristics. The dynamic characteristic
means the memristor resistance will change when a large voltage is applied to it from the
same direction continuously. This characteristic is the base of using a memristor as a tuneable
resistor. The static characteristic is, when the voltage on the memristor is relatively large, the
memristor will show a non-linear I-V curve, which means the memristor will show different
resistances with different voltage on it. The larger the voltage on the memristor, the smaller the
resistance level that memristor shows. Because of these characteristics, a memristor requires
a small voltage (the best <0.5V) on it to have a constant resistance value in normal work, and
large voltage pulses (>1.2V) for resistance stage programming.
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Figure 5.2: Schematic of memristor-based reconfigurable 4-path filter. A memristor is used to
take the place of the resistor in a normal N-path filter structure, and a pair of switch elements
are used in each signal path.

5.2.2 One-memristor-based N-path Filter

Figure 5.2 shows the modified memristor-based 4-path filter, which is called Schematic 2 in
the following sections. The basic concept of the schematic in Figure 5.2 is the unsimplified
version of the N-path filter [127]. As the capacitors will get most of the DC voltage from the
input signal, the DC voltage on the memristor should be very small, hence the memristor can
maintain a constant resistance level in normal work. To make sure the memristor works in a
safe environment, the DC voltage of the input signal is set to 0.5V. The circuit also adds 4
extra switches S1_2 ~ S4_2, and the position of output node Vout is varied. The switches
Sx_1 and Sx_2 are controlled with the same signal, and will turn on and off simultaneously.
With the schematic shown in Figure 5.2, when a pair of switches Sx_1 and Sx_2 turn on, the
transfer function of the filter is shown in equation 5.8, where R,,, is the output resistance of
Vout node. As Vout is assumed to connect with the gate of transistors, R, will be very large
and can be considered as open circuit. In this condition, when the parasitic capacitance of
memristor C,, is very small and frequency is not very large, the circuit transform function is
approximate to equation 5.9, which shows the circuit is working as a low pass filter.
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Table 5.1: Vin, Vref, S_P and switches group operations of memristor-based 4-path filter
Schematic 2.

Vin Vref S P S1to S4
Normal Work | 02V PC+ oV OFF ONin
AC signal sequence
Programming |, ¢\, bise oV ON OFF
Mode 1
Programming oV 2 5V Pulse ON OFF
mode 2
1 R()ut 1
H(8)new = x ~ ©9
1RO+ g Rot R 14 5RC+
1
H(s)new[C,,—>O] ~ m (5:9)
o
~ 1
H(S)new[f—>°°] ~ m (51 0)
0 G,

An additional voltage node Vref is placed with a switch S_P for memristor programming. In
normal work, Vin inputs an AC signal with an offset DC voltage of 0.5V, S_P turns off and Vref
is setto OV. In this case, ideally the Vref and S_P path is considered as an open circuit, and the
filter works as a normal N-path filter. In memristor programming mode, all the switches S1_1
to S4_2 turn off, S_P turns on, and high-voltage pulses can flow between Vin and Vref, to
change the resistance value of the memristor. The operations of the Vin, Vref ports, S_P, and
S1 to S4 switches groups are listed in Table 5.1. Programming mode 1 shows the condition
of programming the memristor from left to right, and programming mode 2 is the condition of
programming the memristor from right to left. There is no speed requirement for the memristor
programming in this research, hence the memristor programming pulse is set to have a duty
of 100uLs.

In theory, the Schematic 2 circuit in Figure 5.2 can work at a higher frequency compared with
the Schematic 1 in Figure 5.1. However, Equation 5.10 shows that when C, is large, the gain
of the filter is no longer influenced by the resistance of the memristor but is determined by
the values of R,,, C and C),. In this case, the Schematic 2 circuit still can not be used in radio
frequency.
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Figure 5.3: Schematic of high frequency memristor-based reconfigurable 4-path filter.
Memristors are placed in all the signal paths, in between the switch groups, to make sure they
can work in the DC environment when the input signal frequency equals the centre frequency
of the filter.

5.2.3 Multiple-memristor-based N-path Filter

To make the memristor-based N-path filter work at high frequency, one of the solutions is
to add memristors in between each of the switch groups, as shown in Figure 5.3, which is
called Schematic 3 in the paragraphs below. Referring to the concept of memristor discussed
above, the N-path filter "moves" the RC low pass filter to high frequency. When the input
signal frequency equals the switching frequency, by controlling the switches and making each
of the capacitors "see" the same part of the signal, the capacitors work in DC condition and
save the average DC voltage of the parts of the signal they face. However, in Schematic 1
and Schematic 2, the resistor is still working with the original high-frequency signal. When
replacing the resistor with a memristor in Figure 5.2, the impedance of the memristor reduces
with the increases of signal frequency, hence the tuneable f_3;5 range will be smaller than
expected. In Figure 5.3, by placing memristors in between [Sx_1, Sx_2] switch groups, mem-
ristors also only face a part of the signal and work in DC condition, hence the influence of C,
is nearly eliminated.



5.2. Design and Methodology 95

When Programming the memristors in Figure 5.3, the Vin and Vref settings are the same as

the conditions shown in Table 5.1. However, S_P becomes a single-port-double-through(SPDT)
switch, to choose the connection between the main circuit to the output port in normal work or

to the Vref port in the programming mode. Besides, different from the programming operations

in Schematic 2, when programming one memristor in Schematic 3, the corresponding switch

groups need to be turned on, and all the other switch groups should be turned off.

5.3 Simulation and Measurement Results

In the result section, first the simulation results of Figure 5.1 and 5.2 Schematics with resistor
and memristor will be shown and compared, to see the difference in the high-frequency per-
formance of these two structures. Next, a 4-path filter built on a stripboard with the Schematic
2 circuit structure was measured in the laboratory with a 1MHz input signal and memris-
tor array package. Finally, the simulation results of a memristor-based 4-path filter with the
Schematic 3 circuit structure and 1GHz switch signal will be analyzed.

The switches in all the simulations have 500Q2 ON state resistance without otherwise spe-
cified. The memristor model used in the simulations of this research has 10kQ to 17kQ
resistance under 0.5V DC voltage [112], and is assumed to have a parasitic capacitance
of 10pF.

5.3.1 Simulation Result with 1MHz centre frequency

The gain of the circuits built with normal resistor and memristor, and with different Schematic
structures are shown in Figure 5.4. The results are simulated with resistor and memristor at
10kQ2, with capacitors 6nF and 1MHz switch frequency. It can be found that except the gain
pass band at 1GHz, there are extra gain peaks at 2GHz, 3GHz and 5GHz. These are the
2nd, 3rd and 5th harmonic frequencies of the fundamental frequency. Reference to Figure
5.1 (b), when the input signal frequency equals to twice the switching frequency(f;,=2f5), S1
and S3 will always record the average value of the positive cycle of the sine wave, S2 and S4
will always record the value of the negative cycle of the sine wave, hence the gain at f;,=2f;
is also high compares to the other frequencies. Same thing happens when f;, equals to 3 f;
and 5f;. However, when f;,=4f;, every switches record the average value of a whole sine
wave cycle, which equals to OV. Because of that, there is no gain peak at 4GHz in Figure 5.4.
For the original N-path filter with a resistor, Schematic 1 has a higher noise floor (at around
-28dB) compared with Schematic 2, but also has a simplified circuit structure which reduces
the number of switches. However, when replacing the resistor with the memristor, the result
shows the noise floor of the gain in Schematic 1 will continue to increase with frequency,
which means Schematic 1 with the memristor works as a high pass filter at high frequency.
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Figure 5.4: Gain of the circuits with Schematic 1 / Schematic 2, and with resistor / memristor.
The [Schematic 1 + memristor] structure has a noise floor that increases with frequency.
Schematic 2 structure shows a better noise floor than Schematic 1.

In Schematic 2, the memristor result has a higher noise floor compared with the resistor

result, but the noise floor of the curve with the memristor maintains a constant value smaller

than -40dB. The comparison results show Schematic 2 is more suitable for combining with a
memristor to generate a reconfigurable device.

Table 5.2: Cut off frequency (f_348) & quality factor (Q) with different memristor value, and
centre frequency (f.) range when quality factor maintains at 1000.

Memristor | f_345 With Actual Q fe with Q=1k

(Q) resistor (Hz) | f_34 (Hz) | factor (Hz)

10k 1105 1191 839 1.19M
11k 1053 1140 877 1.14M
12k 1007 1095 913 1.1M
13k 964 1059 944 1.06M
14k 935 1027 973 1.03M
15k 906 1000 1000 1M

16k 880 975 1025 975k
17k 857 954 1048 954k
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Figure 5.5: Gain of Schematic 2 circuit with different values of the memristor. The bandwidth
values changes in the range of [0.954, 1.191]kHz.

Table 5.3: Minimum f_s3;p turning step at different memristor resistance values of the
Schematic 2 structure at 1MHz f..

Memristor(Q) 10k | 11K | 12k | 13k | 14k | 15k | 16k | 17k
Min f_s4p step(Hz) | 6.7 | 5 5 | 45 | 45 | 34 | 4 3

The gain values of the 4-path filter at 1MHz with Schematic 2, 6nF capacitors and different
memristor values are shown in Figure 5.5. Results show the centre frequency is not accurate
1MHz, but moves to 999.7KHz. This small centre frequency shift is caused by the parasitic
capacitance C, of the memristor. The larger the C,,, the larger the centre frequency shift. The
maximum gain of curves with varying memristor values has around 0.5dB difference, which is
caused by the change in the ratio between the memristor value and the ON state resistance
of switches. The larger the ratio [Ryemristor/Rswitcn], the smaller the maximum gain. The trends
of the curves in Figure 5.5 are the same as expected, and the detailed data is recorded
in Table 5.2. As Table 5.2 shows, for a 4-path filter works at around 1MHz with an original
quality factor Q of around 1000, a memristor with resistance range [10k, 17k]Q can generate a
tunable cut-off frequency range [954, 1191]Hz, results as a tuneable quality factor range [839,
1048]. When maintaining the Q factor constant at 1000, with the change of memristor value,
the centre frequency can change in a range [0.95, 1.19]MHz. Compared with the original
centre frequency 1MHz, the achievable changing rate of the centre frequency without Q factor
variation is around 24%. The actual cut-off frequency when using a memristor is different
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Figure 5.6: 4-path filter on a stripboard with memristor package. The memristor package is
integrated on a break out board of ArC Two, and connects with the 4-path filter on a stripboard.
The ArC Two is not shown in this picture.

from the f_3,5 when using a resistor. The differences are caused by the parasitic capacitance
C, of the memristor. Referring to equations 5.3 and 5.8, C,, changes the impedance of the
memristor when the frequency is high, increases the f_3,5 value and reduces the tuneable

Jf-3a4p range.

As the minimum step of the memristor resistance programming is ideally 1% of the current
value, the minimum bandwidth turning steps at different memristor values are recorded in
Table 5.3. It can be found that the minimum bandwidth tuning step is smaller than 6.7Hz,
which means this tuneable filter has a very fine bandwidth step that is smaller than 2.7% of
the whole bandwidth tuneable range.

5.3.2 Measurement Result with 1MHz centre frequency

The memristor package used in the laboratory measurement is TiO,/Al, O3 device. The elec-
trode overlap area of one memristor in the package is 10x10um?, and the thickness of the
material in between the overlap electrodes is 4nm. The memristor package is programmed
by ArC Two, which is a measurement instrument for working with RRAM arrays. The memris-
tor package will first integrate to a daughter-board of ArC Two, be programmed to wanted
resistance, then be placed on a break-out board and connected to the 4-path filter. The
memristor chosen to combine with the 4-path filter has [10, 30]k<2 tuneable resistance range.
CD4024B CMOS ripple-carry binary counter combined with waveform generator to offer the
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Figure 5.7: (a) Transient result of input curve(blue line), output curve(orange line) and
speculated output DC voltage value(red dotted line). (b) Gain curves of the 4-path filter when
using a memristor and a resistor.

switch’s control signals. CD4052B analog multiplexer is used as 4 switch groups. As the
memristor package is programmed by ArC Two, switch S_P and Vref are not included in
the stripboard circuit. The capacitors used in the measurement are 6nF. The centre frequency
of the multiplexer is set to 1MHz. The picture of the 4-path filter on the stripboard with the
memristor package is shown in Figure 5.6.

The measured transient waveform of the input sine wave and output of the 4-path filter with
10Q2 memristor is shown in Figure 5.7 (a). The red dotted lines show the speculated output
DC voltage level based on the output curve. Combining the input curve with speculated output
voltage values, it can be observed that one period of the input sine wave is sampled to four DC
voltage values by the 4-path filter. The output curve is noisy compared with the ideal output
in Figure 5.1 (b), besides, unwanted voltage drops between constant voltage levels can be
observed in the measured output curve. The first reason is the switching time of the counter
and multiplexer. In simulation, the switches turn at the same moment. however, in reality, it
is found from the datasheets that the counter has an output Q, to O, switching delay of
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Figure 5.8: Gain of the 4-path filter with different memristor values. With memristor resistance
[10, 30]kQ, the tuneable bandwidth range is [1.5, 2]kHz. The noisy gain curves are mainly
caused by the switching of the multiplexer.

40ns, while both the counter and the multiplexer has a rise&fall time of 20ns. Because of that,
there is around 80ns switching time during the turning of the switches, which is closes to the
switching gaps observed from Figure 5.7 (a). Second, in the ideal condition when the input
frequency equals the centre frequency, the voltage on each capacitor is constant. However,
in practical measurement, it is not possible to precisely match the input signal frequency to
the centre frequency. The higher the frequency, the larger the error of frequency matching.
Because of that, in measurement the voltages on the capacitors in the 4-path filter change
continually. When one group of switches turn on, the voltage on the corresponding capacitor
undergoes a period of oscillation before stabilizing. These two reasons make the voltage
unstable during the switching times.

Figure 5.7 (b) compares the gain-frequency responses when using 10kQ resistor and memris-
tor. It can be found the curves of the 4-path filter when with resistor and memristor are similar.
At the centre frequency, the maximum gain when using a memristor is larger than the condition
when using a resistor, which is because the parasitic capacitance reduces the impedance of
the memristor, hence the impedance of the memristor at 1MHz is not actually 10k but a
lower value. Also, at the second harmonic frequency which is 2MHz, the difference between
the gains of using a memristor or a resistor is larger, as the impedance of the memristor
further reduces.
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Table 5.4: Measured f_ 345 & Q factor with different memristor value, and f,. range when Q
factor maintains at 600.

Memristor (2) | f_34p (Hz) | Q factor | f, with Q=600 (Hz)
10k 2k 500 1.2M
15k 1.8k 556 1M
20k 1.6k 625 0.96M
30k 1.5k 667 0.9M

The gain curves of the 4-path filter at 1MHz centre frequency with different memristor values
are shown in Figure 5.8. The gain values fluctuate sharply at similar frequencies, which is
caused by the noise in the output signal as shown in Figure 5.7 (a). Comparing Figure 5.8
with Figure 5.5, it is found the trend of the curve in the measurement result is the same as
the simulation result. The detailed data of the measured f_ 3,45, Q factor, and the tuneable f,
range when maintaining a constant Q factor value are recorded in Table 5.4. The f_3,p at
20k and 30k memristor values are similar when the f_3;5 with memristor values between
10kQ and 20k has a relatively large variation. This is mainly because the parasitic capacit-
ance has a greater impact on reducing impedance when associated with a larger resistor. In
the mathematical simulation, with 10pF parasitic capacitance at 1MHz, 10kQ2 memristor has
8.5kQ2 impedance, 20kQ2 memristor has 13k impedance, but 30kQ memristor only has 14kQ
impedance. Comparing the data in Table 5.4 with Table 5.2, it is found that the measured f_3,45
values are overall larger than the simulation results. It shows that the parasitic capacitance
in the measurement is larger than the value of 10pF in the simulation. The Q factor in the
measurement is small and can not reach 1000, hence the tuneable f, range is set at Q equals
600. With a constant Q at 600, f. can change in the range of [0.9, 1.2]MHz without varying
the cut-off frequency.

The measurement results show there is a larger parasitic capacitance in the actual memristor
device compared with the simulation, and the curves in the measurement result are noisy.
One of the reasons is the interference from the stripboard and laboratory surroundings. The
components on the stripboard use electrical solid wires for connection, which is bad for high-
frequency signal transmission. It was observed that when moving the probes between the
oscilloscope and stripboard in measurement, the noise condition of the transient curves also
changes, which means the laboratory environment can affect the measurement results. On
the other hand, as the memristor package has to be placed on the specific break board,
the connection between the signal source, memristor and 4-path filter is also based on long
jumping cables, which have large parasitic components and also large high-frequency-signal
distortion.
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Figure 5.9: (a) The gain curves comparison result of [Schematic 2 + memristor], [Schematic
3 + memristor] and [Schematic 3 + resistor] in the [0, 5.5]GHz frequency range. (b) The gain
curves of the three conditions in the [0.98, 1.02]GHz frequency range.

Due to the noise curves of the gain-frequency response, the bandwidth variation is hard to
observe when the change of memristor resistance is small. Because of that, the minimum
bandwidth turning step was not measured with the memristor package and 4-path filter on
the stripboard. The power consumption of the 4-path filter is 38mW. Energy is mainly used to
supply the work of the binary counter and multiplexer. As the binary counter and multiplexer
need a 10V voltage supply, the power consumption of the circuit is also large.

5.3.3 Simulation results with 1GHz centre frequency

Figure 5.9 compares the gain curves of [the Schematic 2 structure with memristor], [the
Schematic 3 structure with memristor], and [the Schematic 3 structure with resistor]. It can
be observed from Figure 5.9 (a) that, first, the curves of the two Schematics with memristor
are nearly overlapping, and second, the resistor curve has a smaller noise floor and narrower
bandwidth compared with the memristor curves. Figure 5.9 (b) shows the [Schematic 2 +
memritor] curve has a wider bandwidth compared with the [Schematic 3 + resistor] curve. The
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[Schematic 3 + memristor] curve has a narrow bandwidth which is similar to the [Schematic 3
+ resistor] curve when the input frequency closes to the centre frequency, but the bandwidth
becomes larger and similar to the [Schematic 2 + memristor] curve when the input frequency
far from the centre frequency.

Referring to the concept of Schematic 3 in the Methodology section, when the input frequency
is the same as the centre frequency of the N-path filter, signals through the memristors and
capacitors approach constant DC voltages. However, when the input frequency is different
from the centre frequency, the voltages saved on the capacitors will change whenever the
switches turn. The larger the difference between the input signal frequency and the switch
centre frequency, the faster the voltages on the capacitors change. Because of that, only when
the input signal frequency equals the centre frequency, the memristors work in absolute DC
environments, which makes the gain curve have a narrow bandwidth similar to the condition of
using resistors. When the input frequency is far from the centre frequency, memristors work in
high-frequency environments, hence the curves of [Schematic 2 + memristor] and [Schematic
3 + memristor] are similar at these frequencies as shown in Figure 5.9.
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Figure 5.10: Gain curves of Schematic 3 with different memristor values. The tuneable
bandwidth range offered by the Schematic 3 structure memristor-based 4-path filter is [0.99,
1.38]MHz.
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Figure 5.10 shows the simulation results of Schematic 3 at 1GHz centre frequency with
capacitor values C=8pF, and switches R,=800Q. Compare Figure 5.10 with Figure 5.5, it
is found the downward trend for curves in Figure 5.10 slowing down at frequency far from
the centre frequency f,. Also, at frequency away from the f,. (lower than 996MHz and higher
than 1.001GHz), the gain values of all the curves converge to the same value regardless
of the memristor value. This is because the parasitic capacitor still dominates the memristor
impedance at frequencies that are too far away from the f., and makes the memristor value
variation lose its original function. The frequency that curves converge together is decided
by C,. The detailed data of Figure 5.10 is recorded in Table 5.5. The f 345 values when
using memristors are higher than the f_3;p values when using resistors. Different from the
assumption that memristors work in ideal DC conditions when it is placed in between the
switch groups, results show that the memristor impedance is still affected by the parasitic
capacitor C,,. However, the influence of C,, in Schematic 3 is much smaller than in Schematic
2. For the gain results of Schematic 2 at 1GHz, no variation can be observed between different
curves with varying memristor values. For Schematic 3, Table 5.5 shows the f_s;p value can
vary in a range of [0.99, 1.38]MHz, which results as a tuneable Q factor range 725 to 1010,
and a tuneable f. range [0.99, 1.38]GHz when maintaining Q factor at 1000. The achievable
changing rate of f. without changing the Q factor is 39%, which is even better than the result
of Schematic 2 at 1MHz.

The minimum bandwidth changing steps of the Schematic 3 circuit at 1GHz with different
memristor values are recorded in Table 5.6. Due to the large centre frequency and small
bandwidth changing step, the bandwidth step values are not absolute precision, but the trend
of bandwidth step changing can still be observed. The Schematic 3 circuit has a minimum

Table 5.5: f 3455 & Q factor with different memristor value, and f, range when Q factor
maintains at 1000 in Schematic 3 circuit with 1GHz original f.

Memristor | f_34p With Actual Q fe with Q=1k

(Q) resistor (Hz) | f_34p (Hz) | factor (Hz)

10k 590k 1380k 725 1.38G
11k 543k 1310k 763 1.31G
12k 510k 1230k 813 1.23G
13k 480k 1170k 855 1.17G
14k 456k 1120k 893 1.12G
15k 436k 1070k 935 1.07G
16k 413k 1030k 971 1.03G
17k 395k 990k 1010 0.99G
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bandwidth changing step smaller than 8.4kHz, which means it can turn the bandwidth with
a step smaller than 2.2% of the whole tuneable bandwidth range. Similar to the Schematic
2 circuit at TMHz, the Schematic 3 circuit works at 1GHz also shows the ability of very fine
bandwidth turning.

Table 5.6: Minimum f 345 turning step at different memristor resistance values of the
Schematic 3 structure at 1GHz f..

Memristor(€2) 10k | 11K | 12k | 13k | 14k | 15k | 16k | 17k
Min f_34p step(Hz) | 7k | 6.5k | 8.4k | 5.6k | 5k 4k 3k | 3.7k

5.4 Discussion

The N-path filter is designed for high-frequency applications. However, the influence of the
parasitic capacitance of the memristor on the filter increases with frequency, which limits
the operation of this memristor-based N-path filter at high frequencies. When simulating the
Schematic 2 circuit with 10pF parasitic capacitance C, and 1GHz centre frequency f,, the
variation of memristor value nearly doesn’t change the cut-off frequency of the filter, as at
frequency up to 1GHz, the impedance of the memristor is dominated by the fixed C, value
instead of the tuneable memristor resistance.

The circuit with Schematic 3 structure solves the problem of designing a high-frequency
memristor-based reconfigurable N-path filter. However, it also some some limitations. The
main drawback of the schematic 3 circuit is the high quantity of memristors being used. The
required amount of memristors equals the number of paths in the N-path filter, which will be a
large value for high high-precision N-path filter. Only one memristor can be programmed in one
programming process, hence for a memristor-based 4-path filter, the memristor programming
process needs to be done four times to change all the memristors to a specific value, which
increases the complexity of operations. Besides, it is hard to program all the memristors to
the same accurate resistance. The resistance difference between memristors in each path
will reduce the accuracy of the output waveform. On the other hand, for N-path filter works
with a 17kQ resistor, to make Q=1000, the capacitor value needs to be around 5pF. The
reduction of capacitor value increases f_s;p, but the frequency in which curves converge
together is decided by C,, As shown in Figure 5.10, which is nearly constant. When using a
memristor with C,,=10pF, capacitors with capacitance too small will make f_3,5 close to the
convergence frequency, which reduces the tuneable f_s;p range. When f_3,p is larger than
the convergence frequency, the filter will lose the function of f_3;5 adjustment. Because of
that, the f_3,4p value of Schematic 3 at 1GHz is limited to around 2MHz or below. It can also
be found from Figure 5.10 that the maximum f_3,p variation range is located on the frequency
range between around 998kHz and 999kHz, and the location of this [maximum f_s;p range]
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Table 5.7: Bandwidth(f_345) of Schematic 2 and Schematic 3 at 1GHz with different parasitic
capacitance values.

Schematic 2 Schematic 3
C, (F Memristor(2
» (F) O ) | fosas (H2)
10k 10.16M 3.01M
500f
17k 10.13M 1.98M
10k 3.24M 2.91M
100f
17k 3.1M 1.97M
10k 2.1M 2.33M
50f
17k 1.9M 1.88M
10k 1.2M 1.59M
10f
17k 946k 1.22M
0 10k 1.11M 1.25M
17k 865k 800k

remains almost unchanged with the variation of C. This means when using larger capacitors
C, the tuneable f_s3;p range will reduce. As a result, when using 16pF capacitors instead of
the 8pF capacitors in Figure 5.10 and Table 5.5 to simulate the Schematic 3 circuit, the tunable
f—34 range reduces to [450, 671]kHz.

In the result section, the memristor model is assumed to have 10pF parasitic capacitance. This
is a relatively high hypothetical value. The memristor packages used in the measurement have
an electrode area of 10 x 10um? for each memristor, which is also not the smallest area the
technique can achieve. With more advanced manufacturing processes, memristor can have
smaller size, and also smaller parasitic capacitance. Table 5.7 shows the results of f 345
and Q factor with [Schematic 2]&[Schematic 3] circuit structures and different memristor C,
values. All the values are simulated with R,=800€ and C=3pF. It can be observed that for the
Schematic 2 circuit at 1GHz f., with a high C, value, the bandwidth can not be maintained at
a small value. When C,, increases, the bandwidth value increases but the tuneable bandwidth
range reduces. Referring to equation 5.2, high frequency and C,, values reduce the impedance
of the memristor (R value in equation 5.2), which limits the range of bandwidth. Table 5.7
shows with C}, at around 10fF, the tunable bandwidth range is similar to the condition that
uses a tuneable resistor in the N-path filter. Different from the results of Schematic 2, the
bandwidth of the Schematic 3 structure is not affected too much by the parasitic capacitance
value. With the increase of parasitic capacitance value, the bandwidth values slightly rise, and
the tuneable bandwidth ranges are even expanded. This phenomenon can also be observed
from Table 5.6. This may be because the memristor at different resistance levels has different
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time constants, which expands the difference of gain in a specific frequency range, and hence
expands the tuneable cut-off frequency range. Although can not be observed from the table,
the reduction of C,, improves the noise floor in the stop-band of the Schematic 3 structure
N-path filter.

5.5 Conclusion

This work reports the application of memristors in reconfigurable N-path filters whose cut-off
frequency can be adjusted by memristor value. The frequency responses of three types of
memristor-based N-path filter circuit structures were compared. A memristor-based 4-path
filter was measured in the laboratory with a memristor package at 1MHz centre frequency.
The simulation results of different memristor-based 4-path filters at 1GHz were also recorded.

Simulation results show the reconfigurable 4-path filter designed with Schematic 2 in Figure
5.2 can work well at 1MHz with memristor value [10k, 17k]Q2, which has tuneable f_ 3,5 range
[954, 1191]Hz and tuneable Q factor range [839, 1048], with minimum bandwidth turning
step smaller than 2.7% of the whole tuneable bandwidth range. A [Schematic 2] structure
4-path filter was built on a stripboard, and measured with a memristor which has [10k, 30k]Q
resistance. The 4-path filter has a tuneable f_ 3,5 range [1.5, 2]kHz and a tuneable Q factor
range [500, 667]. A N-path filter that uses multiple memristors (Schematic 3) and can work
at 1GHz is also designed. Simulation results show the Schematic 3 structure N-path filter
has a tuneable f_3;5 range of [0.99, 1.38]GHz, which means a tuneable f. range of [0.99,
1.38]GHz when maintaining Q=1000, with minimum f_s,5 turning step smaller than 2.2% of its
whole tuneable bandwidth range. The research in this chapter shows the very fine bandwidth-
changing ability of the memristor-based N-path filter structures.

Memristor-based bandwidth-controllable N-path filter can widely be used in RF and commu-
nication systems. As an example, by integrating the N-path filter with a LNA at the RF front-
ends, it can reduce the noise floor by filtering out unwanted frequencies. If the LNA itself
is reconfigurable(reference to Figure 2.14 (b)), the bandwidth-controllable N-path filter can
maintain the bandwidth of the circuit while changing the center frequency. In system level,
the memristor-based N-path filter can be used in phase array system for beamforming by
adjusting the bandwidth and phase of signals in different paths. When using in receiver, it can
also allow the receiver to filter out unwanted interference adaptively.
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As memristors are non-volatile elements, it doesn’t cost power to maintain its resistance level.
Besides, the size of the memristor element can be quite small (smaller than 300 x300nm?),
which also reduces the size of a memristor-based reconfigurable device. However, as this
study only researches the possibility of combining memristors with different N-path filter struc-
tures, the switches used in the simulations are ideal elements with specific ON/OFF resist-
ances. Because of that, the low-power and small-area benefits of memristor-based devices
are not shown in this chapter.

For further work, first, the schematic and layout of the memristor-based N-path filter structures
need to be designed. After that, the performance of the circuit structures in this research can
be compared with other works. Second, in the measurement of this research, the 4-path
filter on the stripboard shows large parasitic capacitance which reduced the performance
of the circuit when working with TMHz centre frequency. To measure the performance of a
memristor-based N-path filter at MHz frequency, a circuit built on a PCB board is needed.
Also, the connection between the memristor and the N-path filter should be achieved by
a specific connector instead of jumping wires. Third, the memristor package used in this
research includes several memristors with different resistance ranges. However, it was hard to
find 4 similar memristors that have the same resistance ranges and current-voltage character-
istics. Because of that, Schematic 3 in Figure 5.3 wasn’t measured in the laboratory with real
memristor components. In the future, if there were suitable memristors, Schematic 3 should
also be measured with RF PCB at high frequency.



Chapter 6

Conclusion

6.1 Contribution

The application of multi-stage analogue memristors in high frequency is a problem in the
research of memristive devices, and there is still less research in this direction compared with
other memristor applications. In the RF applications of memristors that have been published
until now, most of the reconfigurable RF devices use memristor RF switches which can work at
very high frequency but only have ON and OFF two stages. Some of the researchers tried to
use multiple-stage memristors in high-frequency tuneable devices. However, many research-
ers ignore the effect of parasitic capacitance in the memristor in the articles and consider
the memristor as a purely resistive element. In this thesis, | am attempting to expand the ap-
plications of multi-stage analogue memristors at high frequency when incorporating parasitic
capacitance of memristors into the analysis at the same time. Three types of memristor-based
reconfigurable circuits are designed in this study, to expand the applications of multi-stage
analogue memristors at different frequency ranges.

1. Memristor-based Reconfigurable Instrumentation Amplifier In Chapter 3, a recon-
figurable memristor-based instrumentation amplifier whose gain value can be adjusted by
the memristor is discussed. This reconfigurable amplifier was measured with a memristor
package in the laboratory. Measurement results show the memristor-based reconfigurable
instrumentation amplifier can work at frequencies lower than 450kHz, with a tuneable gain
range [9.5, 16]dB.

2. Memristor-based Tuneable Delay Circuit In Chapter 4, a memristor-based reconfig-
urable delay circuit is designed. Memristors are used in tuneable DC voltage sources, to
control the output delay time of delay elements indirectly. The memristor-based DC source
can offer DC voltage output [594, 720]mV with a very small voltage turning step, which is
2.2mV at maximum. The whole delay circuit is designed as a chip, includes a MHz delay part,
a GHz delay part, a memristor programming controller, input signal generators and output

109
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buffers. The MHz delay part can offer a range of delay time [14, 55]ns in a frequency range
[0.2, 10]MHz, and the GHz delay part can output a range of delay time [255, 633]ps, in the
frequency range [0.05, 1.6]GHz. To measure the chip, a PCB board is designed, and the
operations of the chip measurement progress with the PCB are also discussed in Chapter 4.

3. Memristor-based Reconfigurable N-path Filter In Chapter 5, the possibility of com-
bining memristors with N-path filter structures is discussed. Different memristor-based N-
path filter structures are compared. One memristor-based reconfigurable 4-path filter was
measured with a memristor package in the laboratory. This memristor-based 4-path filter has
a tuneable bandwidth of [1.5, 2]kHz, and can work at TMHz. A memristor-based N-path filter
which can adapt to work at radio frequency is also developed. Simulation results show an N-
path filter structure with 4 memristors can work at 1GHz, with a tuneable bandwidth of [0.99,
1.38]MHz.

The research in this thesis explores the applications of memristor from two perspectives,
which are measuring the fabricated memristor package with circuits in practice, and using
the memristor model to design high-frequency reconfigurable circuits in simulation. In the
measurement with memristor packages, the studies in this thesis tested the combination
of memristors with analogue and middle-frequency circuits in real-world working conditions,
accumulating valuable experimental data for the practical application of memristors. In simu-
lation work, different from many articles that consider the memristive devices as pure resistive
elements, this thesis assumes a relatively large parasitic capacitance value(10pF) in the mem-
ristor, to research the worst case of applying multi-stage memristors in high-frequency signal
environments. The memristor-based tuneable delay circuit in Chapter 4 is approximately 25%
smaller in area compared to similar tuneable delay devices, while the minimum step size for
the change in delay values is finer than at least 50% of the tuneable delay circuits that have a
similar delay range. The memristors are applied in tuneable DC voltage sources, this structure
has a strong potential for expansion and can be applied to any circuit where performance
can be altered by voltage, without concerns about the parasitic capacitance of the memristor
affecting the signal flow in the modified circuit. In the design of the multiple-memristor N-
path filter (Chapter 5), the scheme of placing memristors in high-frequency signal paths
was attempted. Simulation shows this design expands the frequency range of multi-stage
memristor operation in high-frequency environments from around 10MHz to over 1GHz. All
these results show the good potential of multi-stage analogue memristors in the design of
reconfigurable radio frequency circuits.
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6.2 Discussion

This section highlights some of the common problems that are encountered during the re-
search. First, the methods of utilizing memristors in reconfigurable RF circuits are discussed.
It then considers the influences of memristor parasitic capacitance and argues the circuit
measurements that are restricted by the memristor testing platform. Last but not least, the
parameters missing in some of the memristor models and their influences are argued.

6.2.1 Methods of Applying Memristor in Reconfigurable RF Circuits

The research in this study shows the parasitic capacitor of the memristor does indeed have
a significant impact on the application of memristors in high-frequency-signal environments.
Despite being somewhat contradictory, one of the methods to effectively operate a memristor
with a large parasitic capacitance in high-frequency signal circuits is to place it in a localized
low-frequency signal environment. For example, in Chapter 4, to control the GHz delay circuit
by memristors, the memristors are placed in DC voltage sources, and use the tuneable DC
voltages to adjust the voltage-control delay elements indirectly. Chapter 5 simulated a high-
frequency memristor-based 4-path filter that can work at 1GHz. In this 4-path filter, memristors
are placed in environments that face the same 1/4 part of a sine wave, hence the voltage on
each memristor is nearly constant DC voltage when the input signal frequency equals the
centre frequency of the filter. Based on the experience of memristor-based DC voltage source
and memristor-based N-path filter, other circuit structures that allow the memristor to operate
in an approximating baseband frequency environment are worth exploring. Besides, apart
from placing the memristor at baseband frequencies, other methods of applying memristors
to high-frequency signal circuits are also worth researching.

In this thesis, the operations of memristors are separated into two modes, which are normal
work mode and programming mode. In normal work mode, memristors are applied with
constant low DC voltage, to make the memristive devices show constant resistance levels; In
programming mode, high-voltage pulses are applied on memristors, to change the resistance
of memristors. This approach treats the memristor as a regular resistive element in normal
work mode, while in programming mode, it uses the memristor’s non-linear I-V characteristics
to alter its resistance value. This is not the only way of using memristor. Due to the non-linear
I-V characteristic, the memristor exhibits different resistance values based on the applied
voltage. This characteristic might be directly applied in computing systems without the need for
a specifically designed programming mode for memristors. Alternatively, a computing system
could pre-adjust the resistance values of memristors significantly through a programming
mode, to make memristors represent different weight values. Subsequently, in computations,
different voltages could be applied to the memristors, allowing them to adjust their output
based on various input signals. More approaches to applying memristors can be considered
in reconfigurable circuit designs.
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6.2.2 Parasitic Capacitance Value of Memristors

The method of applying memristors in high-frequency environments strongly depends on
the technologies and parasitic capacitance of memristors. In the research of this thesis, the
practice memristor packages have around 10pF parasitic capacitance, and all the simulations
in Cadence also assume the memristor model has 10pF parasitic capacitance. This parasitic
capacitance value is quite large for RF devices. However, this value is estimated from the
10x10um? memristor device, which can be considered as the worst condition of applying
memristors in high-frequency devices. In the research of the tuneable delay circuit(Chapter
4), the size of the memristive element integrated with CMOS circuits is around 250 x 250nm?,
hence the integrated memristor will have a parasitic capacitance value much smaller than
10pF. In memristor RF switches which are specially designed for RF applications, the parasitic
capacitance is only around 1.6fF [6], which is 6250 times smaller than the parasitic capacit-
ance value assumed in this thesis. With the development of memristor technologies, multi-
stage analogue memristors will have smaller sizes, and also smaller parasitic capacitance,
hence the applications of multi-stage analogue memristors in reconfigurable RF devices will
become easier in the future.

6.2.3 The Challenges of Applying and Measuring one Memristor from A Mem-
ristor Array Package

In the research of Chapter 3 and Chapter 5, a memristor package is combined with circuits
on breadboard/stripboard, and measured in the laboratory. As memristors are predominantly
used in the form of arrays in neural networks and computing systems, the memristor package
used in the experiments is also a memristor array. However, when using only one memristor
from the array, the connection between the memristor package and the circuit under test
becomes a challenge.

When programming the memristor, the memristor package needs to be integrated on the
daughter board of ArC Two. After the programming is finished, the memristor is removed from
ArC Two and placed into a breakout board serving as a base and connector. Subsequently,
two ports on the breakout board are connected to the circuit under test using jumper wires.
The intricate operational steps make the integration and testing of the memristor with the
circuit challenging. Additionally, the connection between the memristor and the circuit involves
a breakout board and jumper wires, causing significant signal attenuation through the mem-
ristor. Even if built the circuit on PCB and set a specific connector for the memristor package,
as the programming of the memristor is based on ArC Two, the connection between ArC Two,
the memristor package and the circuit is still a problem.
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The best way to measure a memristor-controlled circuit which has separate memristors in-
stead of a memristor array, is to integrate the memristor with the CMOS circuit which has the
on-chip memristor programming system, and measure the taped-out circuit in the laboratory.
However, this method simultaneously increases the difficulty of testing the combination of
memristor components with circuits in practice. This is also one of the reasons why most
articles on the application of memristors with circuits can only provide simulation data.

6.2.4 Missing Parameters in Memristor Models

When reviewing the literature about memristor applications in RF devices, it is found that
many designers ignore the existence of parasitic capacitance in the memristor, and it is hard
to determine whether these designs that incorporate memristors can truly function in high-
frequency environments as indicated by simulation results. Some of the examples have been
discussed in Section 2.2.3 of Chapter 2.

One of the reasons is the memristor models they use are not designed for high-frequency ap-
plications, hence the descriptions of these models also don’t include the parasitic capacitance
in the memristor. Many memristive devices are designed for applications in neural networks
and analog computing, so the description of their performance is more focused on their |-V
characteristics, switching speed and resistance range. As the value of the parasitic capacit-
ance does not affect their main functions, it is understandable that the parasitic capacitance
may not be mentioned in some of the literature about them. However, many designers who
are not familiar with memristor technologies may apply unsuitable types of memristors to their
circuits, which can make their designs difficult to work well in reality.

The core reason for this phenomenon is that memristors do not have a unified model frame-
work that includes all parameters. When a model covers all parameters that may affect per-
formance, such as parasitic capacitance, signal distortion, switching speed, resistance range,
etc., designers in various fields can intuitively understand whether this memristor is suitable
for their design. Although this approach is difficult to implement, after all, describing too many
parameters that do not affect the main function of a memristor will make the article appear
messy, it is still necessary to mention the parameters that are not included in a memristor
model.
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6.3 Future work

This thesis researched the methods of applying analogue multi-stage memristors in the design-
ing of reconfigurable analogue and RF integrated circuit, and discussed 3 types of differ-
ent memristor-based reconfigurable devices, which are memristor-controlled instrumentation
amplifier, memristor-based tunable delay circuit, and memristor-based N-path filter. The re-
searches in this thesis provide feasible methods of using analogue memristors with high
frequency devices, and offer valuable data of measuring analogue memristors with analogue
circuits in the laboratory. Further research on multi-stage memristor based reconfigurable
analogue and RF applications can be done in mainly three directions:

1. Memristor Modeling: Memristor models are still imperfect and in development. Most of the
analogue multi-stage memristor models focus on the nonlinear |-V characteristics of memris-
tor, but ignore the parasitic capacitance parameters that affect the high frequency perform-
ance. On the other hands, memristor RF switch models always consider a memristor as a
resistor at ON-state and a capacitance at OFF-state. To apply analogue memristor at high
frequency, the influence of parameters that may affect frequency response of the device must
be included in the model.

2. Memristor Measurement: Until now, the measurement data about using multi-stage mem-
ristor with analogue and RF circuits is rare compare with the designs and simulations of
memristor-based analogue/RF devices. The insufficiency of measurement data makes it dif-
ficult to explore the potential of memristor-based analogue/RF applications, and also hinders
the possible issues that may happen in the practical combination of memristors and ana-
logue/RF circuits. For example, there may be some undiscovered characteristics of mem-
ristors, similar to parasitic capacitance, that could affect the usage of memristors in high-
frequency environments.

3. Suitable methods of memristor application: This paper explores the use of memristors
primarily by adjusting their resistance to change the DC voltage/current, thereby indirectly
controlling other voltage- or current-based tuneable circuit elements. This method avoids the
influence of parasitic capacitance of memristors on the high frequency signals, and can widely
be used in other voltage or current controlled analogue circuits. Besides, other methods of
using memristors in high-frequency circuits are also worth investigating.

All the three future work directions will meet some challenges. In terms of memristor modeling,
as memristors with different structures have totally different I-V curves, resistance range, para-
sitic elements and many other characteristics, It is difficult to establish a universal model ap-
plicable to all memristors. For memristor-based circuit measurement, as memristor techniques
are still in development, only a few laboratories have the capability to produce memristors, and
the performance of memristors varies between different laboratories. It causes a problem that
research groups developing memristors lack the capability to use them for integrated circuit
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design, while researchers needing to utilize memristors in circuits do not have access to mem-
ristor devices for measurement. Finally, to use memristors in high-frequency devices without
affecting the performance of the circuits, the parasitic capacitance of memristors need to be as
small as possible. In the case of using memristor devices with large parasitic capacitance(>pF
level), controlling voltage and current with memristors remains the most suitable method.
However, with the advancement of memristor technology, multi-stage memristor devices with
low parasitic capacitance(~single-digit fF level) will be able to directly integrate with RF circuits
to design adjustable high-frequency circuits.

In this thesis, some of the research works haven’t been fully finished yet, or have the possibility
of improvement. These works can be continued in the future.

For the memristor-based tuneable delay circuit in Chapter 4, the chip has been sent to tape
out, and the wafer might be returned after several months. The measurement PCB board has
been designed but has not been sent to the company for fabrication. In the future, if there is a
chance, | would like to measure my chip on the PCB by myself. If not, | will write a specification
to talk about the chip and the measurement operation and give it to someone who can help
me test the circuits.

For the N-path filter research in Chapter 5, the high-frequency memristor-based 4-path filter is
only simulated in Cadence, and all the switches are ideal components with specific resistance
values. This is because this project mainly researches the suitable structure of a memristor-
based N-path filter, excluding the detailed design of the switch groups. On the other hand,
the multiple-memristor-based N-path filter was also not measured in the laboratory, because
the memristor package in my research doesn’t have 4 memristors that can be programmed
to the same memristor values with high accuracy. Besides, to generate a circuit that can
work in GHz, both breadboard and stripboard are not suitable. In the future, first, the multiple-
memristor-based N-path filter should be fully designed, including a comprehensive schematic
and layout. After that, the memristors and the circuit need to be taped out and measured in
the laboratory.

Finally, the simulations of memristors in these works assume the memristors have 10pF
parasitic capacitance, which is a very large value for high-frequency applications. The parasitic
capacitance value mainly depends on the material, electrode area, and fabrication technology.
It has been proved that a 2-stage memristor can have a very low parasitic capacitance down
to 2fF [6]. With the development of new memristor structures and technologies, multi-stage
memristor will also have smaller parasitic capacitance. In the future, by using multi-stage
memristors with a larger resistance range and small parasitic capacitance, applications of
memristors in reconfigurable high-frequency designs will become easier.
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Publication

All the research projects in Chapter 3 to Chapter 5 are in the publishing process, or have
already been published. This Appendix B chapter documents the publication status of the
research projects discussed in this thesis.

1. Chapter 3: Memristor-based Reconfigurable Instrumentation Amplifier This project
has been published [18]: F. Yang, A. Serb, and T. Prodromakis, “Measured behaviour of a
memristor-based tuneable instrumentation ampilifier,” Electronics Letters, vol. 58, no. 15, pp.
570-572, 2022.

2. Chapter 4: Memristor-based Reconfigurable True Time Delay Circuit This project has
been submitted and is in the reviewing process.

3. Chapter 5: Memristor-based Reconfigurable N-path Filter This project is in prepara-
tion and going to be submitted.
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Detailed Layout of the
Memristor-based Reconfigurable
Delay System

This appendix A chapter lists the detailed layout diagrams of each part of the memristor-based
reconfigurable delay system in Chapter 4.

Figure B.1 shows the layout of one memristor-controlled DC voltage source. The size of one
memristor-controlled DC voltage source is 19x38um?. The size of the memristor block is
2.35x2.35um?, and the actual memristor size at the crosspoint of the two electrodes is around
350 x 350nm>.

=== Memristor
=== DC voltage source

Figure B.1: Layout of one of the memristor-based DC voltage sources.
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Figure B.2 shows the layout of the memristor programming controller. The size of the memris-

tor programming controller is 54 x 64um?. Referring to Figure 5.2 and Section 5.2.4 in Chapter

5, the three layers of flip-flops are labeled in the diagram, where the first layer is the command

input layer, and the third layer is the output layer.
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Figure B.2: Layout of the memristor programming controller.
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Figure B.3 shows the layout of the GHz delay system. The size of the whole GHz delay
system is 164x181um?. The circuit elements in the GHz delay system are labeled with
different colors. It can be found that the size of the delay elements part is small, which is
only 25x74um?. Close to half of the area in the GHz delay system is occupied by capacitors
at the input of the delay elements(red region) and output buffers(yellow regions).

D P T R T

A

HHHH A

UT.2

==3 Delay element input separate capacitors

== GHz delay elements . o
Delay-to-buffer separate capacitor .
Output.buffer DC voltage source.
Transistor works as large resistor -
Output-buffer - I

Figure B.3: Layout of the GHz delay system.
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Figure B.4 shows the layout of the MHz delay system. The size of the MHz delay system
is 104x138um?. The circuit structure is the same as the GHz system, only the sizes of
transistors and capacitors are different.

==Tom
oy

==== Delay element input separate capacitors Output buffer DC voltage source
=3 MHz delay elements === Transistor works as large resistor
Delay-to-buffer separate capacitor === Output buffer

Figure B.4: Layout of the MHz delay system.
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Figure B.5 shows the layout of the whole tuneable delay system with the padring. The system
includes a GHz delay system(red region), a MHz delay system(blue region), memristor-based
DC sources(purple region), memristor programming controller(orange region), oscillators for
GHz signal input(yellow region)&MHz signal input(green region), and switch groups(brown
region) between DC sources and delay systems. Other elements include ESD devices and the
padring. The signals that different pads connect with are shown in different colors, whereas
the power ports are shown in black.
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Enable
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VDD Pulse Switch_  Switch IN_MHz OUT MHz3 VDD  VSSPST a
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Figure B.5: Layout of the whole tuneable delay system includes padring.
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