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ABSTRACT

Full name: Ibrahim Alkhalifa
Thesis Title: Reconfigurable Mem-Element Using Current Amplifiers
Major Field: Electrical Engineering
Date of Degree: May 2023

This thesis suggests a novel current amplifier (CA) based reconfigurable mem-element. Since
mem-elements exhibit a state dependent on the history of signal (i.e., memory), they are expected
to enable new unconventional applications. Although there is a plethora of mem-element emulators
using different active devices, there are still areas that require improvements. Especially in the
tunability and reconfigurability of the circuit. CAs have the potential advantages of offering both
simplified circuit realizations and wide bandwidth. A mem-element using only CAs and a
multiplier is developed in this work. Starting from the mathematical foundation of the linear model
of a mem-element, this thesis provides a systematic approach to the design of a novel
reconfigurable mem-element based on CAs. The designed CA has a gain-bandwidth product
(GBW) of 95 MHz while consuming 234 uWW. The proposed mem-elements are capable of
operating up to 1 MHz while consuming less than 4 mIWW. In comparison with prior works, our
proposed emulator achieves comparable power consumption while maintaining MHz range
operation. In addition, it can be easily reconfigured to operate as any of the available mem-
elements.

This thesis is organized as follows. Chapter 1 provides an overview of the history and the
mathematical basis of memristors. Furthermore, it briefly discusses the most prominent research
directions pertaining to memristors. Chapter 2 contains a comprehensive literature review of

different types of mem-element emulator, highlighting the schemes and techniques popular in the



literature. In chapter 3, the proposed work is disclosed along with the mathematical basis that
eventually lead to the realization of a CA and a reconfigurable mem-element. Chapter 4 discusses
the transistor-level design details followed in order to achieve the desired performance. In chapter
5, simulation and experimental results are included to show the effectiveness and verify the
operation of the proposed emulator. Lastly, chapter 6 concludes the thesis by summarizing the
main highlights of the work and mentioning a few research directions that can be undertaken by

future researchers.
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CHAPTER1 INTRODUCTION
1.1 Historical Background

In 1971, Chua published a research paper [1] predicting the existence of a fourth fundamental
passive electrical component; the other three being resistors, capacitors, and inductors. Since the
new component was basically a resistor with memory, it was named a memristor (its reciprocal is
called a memductor). However, this finding did not spark a strong research effort into memristors.
Many researchers began taking interest after the 2008 Hewlett-Packard (HP) publication [2]
announcing that they have fabricated the first memristor and experimentally validated its
operation. Many research directions in memristors which gained popularity since then could be
identified. First, the study of the feasibility of emulating the neural networks in the brain using
memristors. This is because the memristor has many similarities with the neurons; therefore, it has
been envisioned to be the enabler of neuromorphic computing [3]. Second, the design of memories
based on memristive crossbar arrays since they are promising in terms of lower power
consumption and higher integration density [4]. Third, many works focus on the development of
memristors at the device-physics level [5]-[7]. This is necessary for the memristor to be
economically feasible. As of today, the fabrication of memristors is complex and expensive. In
fact, very few companies offer memristors. One example of such companies is Knowm Inc. [8].
The inaccessibility of memristors have motivated the fourth research direction which is memristor-
emulating circuits using CMOS process since it is widely available and affordable. On the way to
this achievement, discrete components based emulators have been proposed. However, they are

only meant as breadboard-level verification of the proposed emulators.



Memristors find applications in many fields for both analog and digital circuits. Although a
memristor could be used as a variable/programmable resistor, a resistor with switches or a
switched-capacitor based resistor already provide this functionality. An analog application in
which the memristor find a unique role is in chaotic oscillators [9]-[11]. These oscillators exhibit
behaviors that are very difficult to predict and highly dependent on the initial conditions of the
circuit. Thus, they are used for encryption [12]. For digital circuits, memristors have provided

means by which high-density with low power consumption memories could be achieved [13].

1.2 Mathematical Background
The concept of a passive component with memory has also been extended to include capacitors
with memory (memcapacitors) and inductors with memory (meminductors); therefore, recent
research work has been directed towards realizing universal emulators which can be configured to
realize any of the three mem-elements. To see how a passive element achieves a behavior
exhibiting memory, one can start from the following relations of the resistor, capacitor, and

inductor, respectively:

R=% (2)
c=22 0
L=4 ©)

di

where i =% and v = % relate the charge with the current, and the flux with the voltage,

respectively. One can understand from (1)-(3) why a memristor is called the fourth fundamental
passive element; it is the only relation left among V, I, g, and ¢. It can be seen form (1)-(3) that
the expression of the passive component is linear. The generalization of these relations to nonlinear

expressions leads to the definition of three mem-elements:



Mg = R(i) = @)
Me=C(v) =52 (5)
M, =L3{)=% (6)

di

The model of the mem-element can be described by various functions which were proposed in
literature such as linear, quadratic, and piecewise-linear functions. A designer of a mem-element
emulator has to start by choosing one of these models and proceed systematically to realize it. For

example, the linear model is in general given by:

M6=i=%=14+3f0tvindt (7)
q; IS Iimat t
Mg == 202% = C+ D [ Vindt (8)
1 _ 1 _Iln_  lp _ L b
Mt ==t Ty E+F [ ¢ppdt ©)

where A, B, C, D, E, and F are constants dependent of the specific design of the emulator. Two
important aspects of a mem-element. First, the memory behavior is captured by the integration
term. Assuming that the input voltage is a series of positive pulses, then the mem-element value
will increase accordingly. On the other hand, when the input voltage is a series of negative pulses,
the mem-element value will decrease. As a result, the value of the mem-element could be
controlled by a combination of positive and negative input pulses. Second, the plot of the
constituent variables results in a number-eight-shaped pinched hysteresis loop (PHL) in their
plane, as shown in Figure 1. For instance, a number-eight-shaped PHL in the 1-V plane will be
obtained for Mg (g-V for M. and I-¢ for M;'1). This loop serves as the single most important

characteristic to verify that an emulator acts as a mem-element.
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Figure 1. PHL.
In this research project, we intend to design a novel reconfigurable mem-element emulator
using current amplifiers. The proposed design will be compared with the available solutions to
highlight its projected advantages in terms of power consumption, maximum frequency of

operation, tunability, and reconfigurability.



CHAPTER 2 LITERATURE REVIEW

In this chapter, recent mem-elements designed in CMOS and verified through simulation will
be reviewed. Throughout the review, features unique to each design will be emphasized.

In [14], the author proposed a novel memristor consisting of seven transistors and a capacitor.
The seven MOS transistors can be thought of as two G,,, cells; the first is based on a differential
pair with active load, and the second one is an inverter. This emulator is grounded and has an
outstanding operation range of 50 MHz. The multiplication was achieved by injecting AC current

though the biasing transistor in the first G,,, cell as shown in Figure 2.

w T

HoMo M

1
Vs C T

Figure 2. Memristor proposed in [14].

In [15], a simple floating memristor consisting of three MOSFETS, a constant current bias
source, and a capacitor was proposed (see Figure 3). The concept of operation is based on a
feedback circuit which controls a triode MOS such that it exhibits memristive behaviour. It

achieves an operation range of 13 MHz with a power consumption of 6.7 nW. In addition, three



applications making use of the memristor were presented: a Schmitt trigger, a modulation scheme,

and an associative learning circuit.

* =

M,
- 1

Feedback

Figure 3. Memristor proposed in [15].

In [16], a grounded memristor using an OTA, a CCl|, a resistor, and a capacitor was proposed,
as shown in Figure 4. With respect to the grounded aspect of the proposed emulator, the authors
mentioned that it is often observed that a grounded emulator has a superior frequency performance
compared to the floating type. The circuit achieves an operation range of 26.3 MHz in simulations

using 180 nm CMOS process with 9.6 mW power consumption.

X
R cclu 7

—" OTA O

Figure 4. Memristor proposed in [16]



In [17], a MOS-only floating memristor was proposed, as shown in Figure 5. It consists of four
transistors, one of them active as a MOS capacitor. The authors reported that a MOS capacitor was
used in order to improve high frequency performance. Simulation results in 90 nm CMOS GPDK
show a frequency performance of 50 MHz with a power consumption of 2.6 uW. Without using
an external current source, this design achieves a time dependent drain-source resistance which is
used to obtain a memristor. Binary frequency-shift keying and logic gates were taken as

applications in which the memristor was used.

M3

1 1 M1

m
»

‘c‘

Vo

A 4

I

[ 3]

c
2
J‘I ]f\IOS-C

lo
2 M2
Figure 5. Memristor proposed in [17]

In [18], a 1.2 MHz memcapacitor emulator was proposed. The emulator consists of an OTA, a
VDTA, and a buffer as shown in Figure 6. A power dissipation of 2.7 mW was reported. An
adaptive learning circuit was presented as an application. Since an amoeba has memory, a circuit
using a resistor, inductor, and a memcapacitor is used to model its behavior. The proposed
memcapacitor was used in this model to verify its effectiveness.

In [19], to achieve high speed, a dynamic threshold voltage MOS (DTMOS) based memristor
emulator was proposed, as shown in Figure 7. It achieves a performance of 3 MHz at a power
consumption of 8.24 uW. Through body biasing, the memristor is predicted to exhibit higher
operation frequencies due to lower V,;,. M1 and M2 are connected in parallel and are meant to

operate in triode. The remainder of the circuit converts this resistance into a time varying



resistance. A chaotic oscillator and a high pass filter were used as examples showing the

effectiveness of the proposed memristor.

Functional Block-1 (OTA) Functional Block-2 (VDTA) Functional Block-3 (Buffer)

e ——— e ——— e m 4

L]
T

]
iD‘I “i[)z M3
P 1 Vv«
1|
M pdl

=
]EJI

Q Q

Figure 7. Memristor proposed in [19].

In [20], an electronically tunable floating memristor emulator was designed using current-mode
blocks; namely, OTA and VDBA. The floating capability was achieved by using a G,,, with double
(differential) outputs. The design is capable of both incremental and decremental modes of
operations by switching the connections among a, b, ¢, and d nodes. Specifically, incremental

configuration uses a-c and b-d, whereas decremental uses a-d and b-c. Since the memristance



expression depends on technology parameters, process corner simulation show that the PHL is

highly affected by process variations. The memristor operates up to 5 MHz. Circuit is shown in

Figure 8.
Vi Vi
Tin | % . . YpBa Iin 1Tin
Vo + O0- o o—{p Ic — -
B . 1 = £ E
Vio — 5 L—o o—N E g
— | L™ b d z v
Iin2 Vhias MOS-C 5 g
Vi \

Figure 8. Memristor proposed in [20].

In [21], a current follower transconductance amplifier (CFTA) based memristor was proposed.
A CFTA combines a current follower with a G,,, cell. Contrary to previous design, this paper used
Monte Carlo simulations to test the robustness of the circuit against process variations. It should
be noted that process corner simulations is a stricter test than Monte Carlo simulations; however,
Monte Carlo simulations are closer to reality since devices in close proximity are expected to

experience similar process variations. The circuit, shown in Figure 9, is capable of operating up to

9 MHz.

CFTA

Figure 9. Memristor proposed in [21].



In [22], a VDTA based floating meminductor was proposed. Shown in Figure 10, this emulator
operates up to 1 MHz. It can be seen that contrary to memristor emulators previously reviewed,
this emulator contains two capacitors. This is expected since double integration of the input voltage
is needed to realize a meminductor. A switch is included to accommodate both incremental and
decremental modes of operation. An adaptive neuromorphic circuit exemplified by a model of

amoeba was given as an application.

[ i
G Xt—T B X.

Figure 10. Meminductor proposed in [22].

Table 1 provides a summary of the aforementioned works. They can be divided into two main
categories. First, mem-elements designed using transistors as the main active device [14], [15],
[17], [19], [23] These designs are amenable to high frequency operation, low power dissipation,
and small area consumption. However, in these designs the analytical analysis relies on
approximate square-law MOS models, make frequent approximations, and realize a mem-element
expression which depends on process parameters. The second category uses various active blocks
such as G,, cells, VDTAs, CFTAs, among others, to realize mem-elements [16], [18], [20]-[22].
Generally, these designs have higher power and area requirements, while providing comparable
frequency performance to transistor-based designs. Furthermore, they usually make less
approximations in analytical derivation; therefore, they achieve more accurate mem-element

expressions. Both approaches follow the linear model of the memristor due to its simplicity.

10



Table 1. Summary of prior CMOS mem-element emulators simulation results.

Ref. [14] [15] [16] [17] [18] [19] [20] [21] [22]
Technology 0.18 um | 0.18 um | 0.18 um 90 nm 0.18um | 018 um | 0.18 um | 0.18 um | 0.18 um
MemT'SI'[fé“e”t Mg Mg Mg Mg Mec Mg Mg Mg M.
Maximum
Erequency 50 MHz | 13MHz | 26.3MHz | 50 MHz | 1.2 MHz 3 MHz 5 MHz 9 MHz 1 MHz
OTA,
Active Devices MOS MOS ccll, MOS VDTA, MOS OTA, CFTA VDTA
OTA VDBA
Buffer
Connection | Grounded | Floating | Grounded | Floating | Floating | Floating | Floating | Grounded | Floating
Power
Consumption - 6.7nW | 9567 mW | 26 uW | 2.7 mW 8.2 uW - - -
Voltage
Supply 109V - +12V 1.3V 109V - +0.9V +12V +0.9V
Verification Sim. Sim. Sim. Sim. Sim. Sim. Sim. Sim. Sim.

Several potential short comings of the previous works could be identified. First, the proposed

designs are not reconfigurable. Second, no tuning mechanism was highlighted in order to combat

fabrication nonidealities and to control the size of the PHL. In this paper, we propose a novel

reconfigurable mem-element using CAs. Further, we show how the size of PHL can be controlled

simply by changing the value of resistors.

11




CHAPTER 3 PROPOSED WORK

3.1 Introduction to Current Amplifier

A CA could be realized as either an open-loop amplifier or a negative feedback amplifier. The
difference between the two being the gain (4;) of the amplifier. If A4; is designed to be finite, for
example by utilizing the gain of a current mirror, then it is usually used in an open-loop
configuration. In contrast, an ideal negative feedback CA has A; — oo. This paper proposes the use
of the latter type; therefore, the remaining discussions refer solely to the second type.

Another point of interest is how to define the input and output terminals of the CA. The
definition that will be followed in this work can be obtained through adjoint networks [24], from
which it can be shown that a CA has one input terminal and two differential output terminals
adhering to the following input-output relation

15 = =15y = Aili, Where A; — oo, (10)
Figure 11 presents the CA symbol. The small signal model is shown in Figure 12. CA small signal

model. Using this model, the effect of negative feedback on BW, R;,,, and R,,,; can be derived.

Assuming the gain A; has a dominant pole w,, it can be shown that the transfer function is given

A

by four — 148 . yhys, BW¢, = (1+ A;8)w,. It can also be shown that Ry, = fin_
Iin 1+(W 1+A;B

Routcr = Roue (1 + A;f). This is an expected result since a CA employs shunt-series feedback.

lin gt_]t-
_)_> + > .\
CA lout

Figure 11. CA symbol.
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Figure 12. CA small signal model.

Many opamp circuits can be realized using the CA. Figure 13 shows a CA in a closed loop with

two generalized impedances. Using this circuit, Table 2 shows how to implement a buffer,

integrator, differentiator, inverting amplifier, and non-inverting amplifier. Along with a multiplier,

these functions are all that is needed to realize a memristor.

Zy
I ZZ IOl
N -
D> >
CA lo2

Figure 13. A generalized CA circuit.

3.2 CMOS Implementation of Current Amplifier

A transistor level implementation of CA has to meet the following requirements. First, since
the input and output are current signals, the input impedance has to be small, whereas the output
impedance has to be large. Second, to use negative feedback effectively, the circuit has to provide
large gain. Third, the voltage at the input terminal has to be forced to ground potential for both AC
and DC operations. If the third requirement is not met, systematic errors will be introduced in the
circuit. In order to arrive systematically at the proposed circuit that meets these requirements,
simple circuits that meet some of these requirements will be explored.

To meet the first requirement, a CG amplifier, shown in Figure 14, could be used. It has low

R;, and high R,,,;; however, this circuit has three problems. First, its gain is unity. Second, its

13



Table 2. Implementation of different mathematical relations using Figure 13.

Function A Z, I,
Buffer short open I, =1y
Integrator 1 R ;oo i

sC °L ™ sRC
Differentiator R 1 Ipy = —SRClip,
sC
Inverting Amplifier R, R, Ry
lyy = _R_Iin
2
Non-Invertin R R R
g 1 2 Iy, = (1 +R_:) lin
Amplifier

input voltage is not at ground potential. Third, its DC output voltage is not well defined. The first

issue can be resolved by adding another gain stage. Since differential outputs are needed, a

differential pair comes to mind. Shown in Figure 15, the resulting circuit has a gain of g,,,7, which

can be designed to provide gain on the order of 100. To achieve higher gain, a cascode at the input

can be used.

Vo

VDD

lout

7

Figure 14. CG-based CA amplifier.
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The second issue can be resolved by using local negative feedback as shown in Figure 16. Due

to the finite loop gain, the negative terminal will not be at ground potential exactly. Instead, it will

Ves
loop gain’

be at a potential equal to

Another benefit of this configuration is that the input impedance

will be lowered by the loop gain. This arises since the input transistor sees a small signal gate-

source potential given by vy, = (1 + loop gain)V;,; thus, the transconductance experienced will

1 1

= —. This result can also be
Imcr  9m(1+loop gain)

be gmc. = gm(1 + loop gain). Finally, R;,, =

derived by applying a test voltage source and measuring the resulting current.

The third issue arises two times in Figure 16. Once at the drain of the input transistor, and a
second time at the output nodes of the differential pair. The former case will be discussed later,
and the following discussion will refer to the drain terminal of the differential pair. One is tempted
to resolve the third issue by employing common-mode feedback (CMFB) in the circuit in Figure
16; however, that would not work since in a CA configured as a buffer the output and input
terminals are shorted, resulting in two negative feedback loops trying to force their own voltage
level. Therefore, a better solution is to ensure at all times that the output terminals are connected
to a known voltage. This is naturally achieved by connecting the output terminal to the input
terminal (e.g., buffer), or by connecting the output terminal to the input terminal of another CA
(i.e., next stage). If one of the output terminals is not needed (e.g., integrator) it must be grounded.

A fourth issue is ensuring that the differential pair gate terminals are biased at the same DC
level, since otherwise a DC offset would arise in both outputs. This can be solved by exploiting
symmetry as shown in Figure 17. In other words, the same mechanism that generates the DC level
of the left transistor in the differential pair, is replicated for the right transistor.

Returning to the undefined DC level at the drain of the input transistor, it can be defined by

imposing symmetry a second time as shown in Figure 18. This figure shows the final and complete
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Figure 15. A CG CA amplifier with a differential pair output stage.
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Figure 16. Negative feedback use to force input terminal to ground potential.
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Figure 17. A schemeto force the DC level of the input differential pairto be equal.

circuit which incorporates all the previously discussed ideas. M1-M4 and I,, are used to generate
a reference bias current for the circuit. V,, and V5 are bias voltages that can be generated using
simple circuitry. M5-M9 constitute the input CG amplifier and its biasing circuitry. The signal is
then copied to M14 resulting in a voltage at the drain of M15 given by vg,5 = g, 7:21;,,- T define
the DC level at the drain of M15 (V,;,5), M10-M13 are added. Since M10 cannot be biased through
M5, otherwise vy, = 0, M34-M38 are added to bias M10 at the same DC voltage that biases
M14. Since M10-M13 and M14-M17 see the same bias conditions, then Vs = V1, = Vpp —
Vsg13- M26-M29 and M30-M33 are added to bias M21 at the same gate voltage as M20. The final
output currentis given by I,,, = —I,, = gmro*l;,. Since many poles exist in this circuit, dominant
pole compensation was used by adding C, at the drain of M15, which is the only high impedance

17



node in this circuit. This results in a pole given by w, = g%. Therefore, the gain bandwidth

m'o™c

product is given by GBW = gc—’".

c

M4 M9 M3}
H—
Vi3 M3 M8 M12]
| L

Vss
Figure 18. Proposed CA CMOS implementation.

3.3 Multiplier Implementation

To construct any mem-element, it is best to start by choosing a model. Most papers have chosen
the linear model given by (7)-(9) due to its simple circuit realization. To demonstrate the thought
process behind building any mem-element, a memristor whose model is given by (7) will be taken
as an example. It can be seen from (7) that the model is for the memductance, which is the
reciprocal of the memristor. Although in principle either one could be realized, the control variable
will be different. For a memristor, an input current pulse is required to vary the resistance;
therefore, it is called a charge-controlled memristor. On the other hand, a memductance requires
voltage pulses to vary its conductance; therefore, it is called a flux-controlled memductance. A
flux-controlled memductance was chosen for two reasons. First, the circuit realization is simpler.
Second, in practice it is easier to apply a voltage signal rather than a current signal for
measurements.

Rewriting (7) as

18



lin = AVip + BV, [} Vigdt, (11)
It can be observed that three fundamental operations, addition, integration, and multiplication are
needed. Addition is easily achieved in the current domain since charge entering a node is
conserved. Integration can be realized using the circuit in Figure 13 as explained in Table 2. To
realize the multiplication operation, a non-linear circuit has to be introduced. To avoid using a
mixture of active devices, a transistor-level approach was chosen. The non-linearity can be
obtained from the characteristics of a MOS transistor operating in saturation. Assuming a classic

square-law model

Ips = %ﬁ%(VGS - Vth)z (12)
where f is the transconductance factor, % is the aspect ratio, Vs is the gate-source voltage, and
Vip is the threshold voltage. If it is desired to multiply two signals v, and v,, an ideal multiplier
should generate an output equal to A,,,,; v, v, Where A,,,, is the gain of the multiplier. To achieve
this using (12), the following signals: v, + vy, v, — v, —(vy — 1), and —(v, + v,) need to be
generated. Then, applying each of these signals to four separate MOS transistors, the following

expressions are obtained

Ips1 = %[3 % (V& + ZVDC(vx + vy) + vy + )+ 2v,v)) (13)
Ips, = %[3 % (V2 + 2Vpe(vy — vy) +v7 +v) = 2v,v)) (14)
Ipss = %[3 % (V2 — 2Vpe(vy — vy) +v7 +v) = 2v,v)) (15)
Ipss = %,8 % (V& — ZVDC(vx + vy) +v7 + )+ 2v,v)) (16)
I, = Ips; — Ipsy; + (Upsa — Ips3) = i ﬁ%vxvy (17)

Where VDC = VGS - Vth'
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From (17) it can be seen that to obtain the pure multiplication result, two subtractions and two
additions are needed, this can be easily achieved using CAs since the signals are now in current
domain. Note that also at the input of the multiplier, several additions and subtractions are needed.
This is also easily achieved since the signals arriving at the input of the multiplier are in current
domain. To convert them into voltage signals, a grounded resistor is connected to the gate of each
transistor. Note that the bias is applied to source terminal and is designed to be equal to VDD (or
VSS); therefore, there is no need to for bias-generating circuits. The last operation required in (7)
is addition which is easily achieved since the output of the multiplier is in the current domain. The

complete implementation of the multiplier is shown in Figure 19.

Voo Voo
M3 M4 M7 M8
Ix-ly M1 M2 lx+|y| -lx-ly M5 M6 '|x+|y
Rmul Vv RmuI out RmuI v Rmul
SS SS

Figure 19. CMOS multiplier.
3.4 Mem-Element Implementation Using CA
Using the previously discussed circuits a reconfigurable mem-element could be implemented.
In order to arrive at the final reconfigurable mem-element, we start by the simple case of a floating

memristor as shown in Figure 20. CA1 converts the input voltage into current. CA3 is used to

realize an integrator with a pole at ;c R, is used to reduce the integrator’s gain at DC. Since
int“int

the integrator’s output can only be used once, CA4 is used as a buffer to generate multiple copies.

These copies are generated by using multiple differential pair output stages with their gate

terminals shorted as discussed in [25]. This is achieved at the cost of power consumption and

slightly reduced GBW. Another method [26] that can be used in some configurations to generate
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multiple copies is to add a resistor in parallel with Z, in Figure 13. Although this method does not

consume additional power, it requires increasing the value of Z, to maintain the original function

of the circuit unchanged. As a result, this method becomes impractical when large resistor values

are required. Ignoring Ry, for simplicity, it can be shown that the input current and input

conductance are given by

— Vl_TL VinAmui Vﬂ
Iln B R +RRintCintf R dt (18)

=l _ gy =1y Amu Vin
Gm B Vin B MG "R + RRintCint f R dt. (19)

As a second step, a memcapacitor is implemented. By rewriting (8) as

d t
lin = —- (CViy + DV, Jo Vindt) (20)

We notice that I;,, is the same as the memristor case, with the only difference being differentiation.

Thus, by adding two differentiators to the memristor, a memcapacitor is obtained as shown in

Figure 22. R,, is added to reduce the gain of the differentiator at high frequencies. Ignoring R,, for

simplicity, it can be shown that the integral of the input current and charge-voltage relation are

given by

_ _ RairrCairfVin | VinRairfCaiffAmul Vin
fllndt - CILn - R + RRintCint f R dt

din _ _ RairrCairr | RaiffCaiffAmul Vin
Vi M = R Ly C; det'
in int%int

(21)

(22)

As it turns out, the implementation of the meminductor requires more modifications to the

memristor. First, rewriting (9) as

t t t, rt
Iin = E [, Vipdt + F [ Vindt [ (f, Vindt) dt.

21
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Figure 20. Proposed memristor.

Raitt

CAy

o mmq. e s -

) o -
CA; — Y
CAs ' +CA5 Multiplier CA,

Figure 21. Proposed memcapacitor.

We notice that two integrations are needed. In addition, the inputs to the multiplier must be the
integral of V;,, and the double integral of V;,,. Implementing these changes and making appropriate
modification to the memristor results in the circuit shown in Figure 22. It can be shown that the

input current and the current-flux relation are given by

— fVindt Amul VL_n Vl_n
lin = gp o tare dt [(fFdt)dt (24)
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Iin - 1 Amu
ln o bt g (25)

din RRintCint  R?R},.C3,

oo+
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\V4
|
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CA; _l CA,

-O— Iout

ly
Multiplier CAs

Figure 22. Proposed meminductor.

The final circuit that can implement any of the three mem-elements by reconfiguring the circuit
can be developed as follows. It is noted that the main difference between memristor and
memcapacitor implementation is a differentiation. On the other hand, the key difference between
a memristor and a meminductor is an additional integrator. Therefore, by modifying the memristor
to include an additional differentiator and integrator, a reconfigurable mem-element could be
achieved as shown in Figure 23.

The operation of the reconfigurable mem-element can be explained as follows. At three
junctures (blue, red, and green) in this circuit, a choice has to be made as to which mem-element
is desired. Then, the appropriate switches must be closed. The need for the blue and green switches
was already explained. The red switches are added since the linear term in a memristor and
memcapacitor is the same (i.e., V;,,), while it is different for a meminductor (i.e., [ V;,dt) as can

be seen from (7)-(9). The operation of the reconfigurable mem-element is summarized in Table 3.
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Figure 23. Proposed reconfigurable mem-element.

Table 3. Operation of reconfigurable mem-element.

Mem-element Blue Switches Red Switches Green Switches
Type MR/MC ML MR/MC ML MR/ML MC
Memristor Closed Open Closed Open Closed Open
Memcapacitor Closed Open Closed Open Open Closed
Meminductor Open Closed Open Closed Closed Open
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CHAPTER 4 DESIGN DETAILS in TSMC 180 nm CMOS
TECHNOLOGY

This chapter will walk the reader through the design methodology followed to determine W, L,
and I, for each transistor. Furthermore, it will discuss how to design a mem-element to obtain the
desired operating frequency and size of the PHL. The proposed circuits were designed in 180 nm

TSMC CMOS process in Cadence simulation environment.

4.1 Current Amplifier Design

There are several parameters pertaining to mem-elements that will govern CA design. First,
since CA will be used in closed loop configurations, its gain must be at least 60 dB to obtain errors
on the order of 0.1%. Second, if the target is a maximum operation frequency (f;,,4,) for the mem-
elements, then a rule of thumb is to satisfy the following inequality GBW = 100f,,,,. In our
design, we choose f,,, = 1 MHz as a balance between speed and power consumption. This
implies GBW = 100 MHz . All previously mentioned requirements should be achieved with
minimal power dissipation and silicon area.

After establishing the design targets, we can proceed with transistor level design of the CA

shown in Figure 18. We start by choosing the inversion level through g,,,/1;. To accommodate

+0.9 V supply, minimize power consumption, and achieve moderate speed, we choose “‘i—m =
a

15 V1 which is roughly at the center of moderate inversion. The choice of L is dictated by a

compromise between speed and gain. The unity current gain transition frequency (f; =

Im :

Z”ng) IS
a figure of merit that tells the designer how high C,, must be to accommodate a desired g,,,. A
rule of thumb is to choose f; such that it satisfies f; = 10GBW . Whereas f; is inversely

proportional to L, the gain is proportional to L. It should be noted that the use of cascodes in our
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design significantly improves the gain. In addition to the aforementioned issues, a small L reduces
area. Therefore, L = 360 nm is chosen. The choice of 1 is dictated by speed, power consumption

and reasonable . While the former two are obvious, the latter is further explained as follows.

Given a certain g,,, /I, and L, the current density (de) is fixed. Then, for a given I;, W is found

through W = 4 Therefore, the use of low bias current results in very small W approaching the

RN
)

- . . \" _ A (la\" _ A

minimum width set by foundry layout rules. In our design, (W)N = 3.082 — (W)p = 0.944 —

Since a choice of I; = 1 uA, results in Wy less than 1 um, we choose I; = 10 uA, obtaining
Wy = 3.24 um, and W, = 10.6 um.

The remaining variables that are needed to complete the design of Figure 18 are the cascode
transistor gate bias voltages V,, and V5. We start by finding the range of possible values. This is
given by the following inequalities

Vss + Viesa + Vasarr < Vo2 < Vpp +Vinz — Visa — Vi, (26)
Vss +Ves1 + Vi, + Vins < Vs < Vpp — Viasaea — Viss (27)

where V;, is the voltage drop across the current source I,,. In our design, we have Vpp, = —Vsg =
0.9V, Vgsy = Vgsz = 0.545V, Vggz = Vigq = 0.524V, V;, = 0.731V, Vyyy = 0.532V, Vi3 =
—0.518V, Vyeaey =86 mV, and |Vl = 86 mV . Substituting in (26) and (27) we get
—0.269V <V, <0.177 V, and —0.142 V < V,; < 0.29V. It is worth noting, however, that
these inequalities neglected the body effect present in M2, and channel length modulation present
in both M2 and M3. In addition, although V;;, might have been useful in long channel transistor
design, its definition becomes less useful in design when we think of the MOSFET’s inversion

regions as a continuum. Therefore, parameter sweeps in the calculated ranges were performed in
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simulation in order to choose V,, and V5 that would bias the transistors closest to the desired
operating point. Note that we expect V,; to be closer to the upper limit, while V,, is expected to
closer to the lower limit. It is found that V3 = —V,, = 200 mV meets the outlined requirements.

The compensation capacitor (C,) value was calculated from GBW = fn—"g tobe C. = 239 fF.

Table 4. Summary of CA design.

Transistors Im w L Iy

M1, M2, M5, M6, M10,
M11, M14, M15, M20,

M21, M26, M27, M30, 151 3.06 um 0.36 um 10 pA

M31, M34, M35

M3, M4, M7-M9, M12,

M13, M16, M17, M22-

M25, M28, M29, M32, 15 -1 10.6 um 0.36 um 10 yA
M33, M36-M38
M18, M19 15yt 6.12 um 0.36 um 20 uA

The amplifiers Al and A2 in Figure 18 are identical and were implemented using a telescopic
cascode topology as shown in Figure 24. PMOS input stage was chosen since it results in a

compatible range for V,,; = Vgg7 = Vg3 = —0.524 V.

4.2 Multiplier Design

The inversion level of the transistors constituting the multiplier is already set since V¢ =
Vpp = 0.9 V is chosen to make the output DC level of the multiplier compatible with the DC level
at the input of CA. Thus, the transistors are all biased in strong inversion with very large current

densities. We choose a high L since this will result in a lower I; /W and
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Figure 24. Telescopic cascode amplifier.

higher r,,. In our generated data, the highest L is 900 nm. Choosing L = 900 nm, we then choose
1,4 to achieve a reasonable W. With reference to Figure 19, the design is summarized in Table 5.
One could ask why was not (17) to design the multiplier to achieve a desired gain. The answer
is that (17) assumes a square-law model. It is known that the square-law model is ineffective in
predicting the nonlinearity of the device since it implies infinite linearity in fully differential
circuits. Instead, inspired by g,,/I; methodology, we generated an output amplitude vs input

amplitude table for the multiplier (shown in Table 6). Using Table 6, the gain of the multiplier

(A = ;";‘f) at a given input can be found. Thus, the mem-element design can take into
x'y

consideration the multiplier’s input-dependent gain.
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4.3 Mem-Element Design
Any mem-element can be designed to achieve a PHL at a chosen operating frequency.

Following the methodology presented in [27], we start by assuming a sinusoidal input

Table 5. Summary of multiplier design.

Transistors Im w L Iy
Iy
M1, M2, M5, M6 4.4Vt 0.821 ym 0.9 um 20 A
M3, M4, M7, M8 42v-1 2.86 um 0.9 um 20 A

Table 6. Multiplier gain look-up table (f;;, = 1 MHz, R,,,;, = 10KQ).

Ix = Iy = Iin (,LLA) Iout (HA)
1 0.033
2 0.13
3 0.277
4 0.493
5 0.765
6 1.113
7 15
8 2
9 2.5
10 3.1

Vin = Ainsin(w,t), where A;,, is the amplitude, and w, = 27 f,. Substituting for V;,, in (18) we

get
- Appsin(wot) AlznAmul :
I;, = - pr T sin(2w,t). (28)

We see that I;,, is nothing but the sum of the first harmonic (f,) and the second harmonic (2f;).

Next, we define
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amplitude of second harmonic| __ AinAmul (29)

amplitude of first harmonic - ATf)RRntCint

From (29), we observe the following. When k = 0, the second harmonic vanishes, and the input
impedance reduces to a linear resistor. Then, as k increases, the PHL becomes more prominent.
At k = 1, the maximum PHL is achieved. For k > 1, the PHL behavior starts to fade. This can be

explained by noting that if k is very large, then input impedance is sinusoidal. Thus, we have to

ensure 0 < k < 1 for proper operation. Furthermore, we note that k fi Therefore, to operate

o

the memristor at high frequencies, k has to be updated through the other the remaining variables
in (29).
Using similar logic, the same analysis could be extended to memcapacitors and meminductors.

For memcapacitors, (21) will become

AinRaiffCaifpSinWot)  Afy AmuiRairrCaiff .
— — sin(2w,t), 30
Qi R 41 foR2RintCine ( 0 ) ( )

__ |amplitude of second harmonic| __

AinAmui (3 1)

4TfoRRineCine

amplitude of first harmonic

For meminductors, using ¢;,, = [ Vi, dt = A}, sin(w,t) where A isin Wb (V*s), (24)

becomes
2
Al sin(wot Al A .
Ly = 200D Ain A g (4, 1), (32)
RRintCint 4MfoRRy, Ciny
amplitude of second harmonic| _ A{nAmul (33)
" | amplitude of first harmonic | 4nf,RRZ CZ .,

Using (30)-(33), we can design the memcapacitor and meminductor to achieve the desired

performance at the desired frequency.
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CHAPTER S5 RESULTS AND DISCUSSION

This chapter will present the results of proposed circuits. The results are obtained from
simulating the circuits in Cadence using TSMC 180 nm CMOS technology. These results are from
schematic simulation; post-layout simulations were not performed. Instead, breadboard

experiments were conducted to verify the concept.

5.1 Current Amplifier

In Figure 25, the magnitude response of the CA is shown. The dc gain is 64 dB, GBW =
94.6 MHz, and phase margin = 60°. Figure 26 shows the input impedance (Z;,,) of the CA. It
can be seen that it has an inductive behavior as expected from a CG stage. Low impedance is
maintained even at high frequencies thanks to the internal and global feedback networks. Figure
27 shows the output impedance (Z,,,;) frequency response. Due to parasitic capacitors, it decreases
at high frequencies. However, it has a satisfactory performance at the frequencies of interest. A

summary of CA performance is presented in Table 7.
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Figure 25. CA magnitude frequency response.
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Figure 26. Input impedance frequency response.
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Figure 27. Output impedance frequency response.

5.2 Mem-Element

In this section, we will present the achieved PHL for the mem-element circuits at different
input frequencies (f;,), different input voltages (V;,), and different gain settings. In all the
simulations, R,,,; = 10 K2, Ryt = Rgiff = 30 K2, Reqe = 10R;pe, Ry, = 1 KQ, and Cippy =

Cairr = 5.3 pF. R is used to control gain. For a gain of unity R = Ry,;;.
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Table 7. CA performance summary.

Supply 109V
CMOS Technology 180 nm
Gain 64 dB
GBW 94.6 MHz
Phase Margin 60’
Rinci @ 1 MHz 1.6 Q
Rout.ci, @ 1 MHz 5MQ
Input offset voltage 51 uv
Power Dissipation 234 uw
Area* 631.2 um?

*: Area estimated using WL (um?) for transistors, and capacitance density (%) from PDK for capacitors.

Note that R,,; can be implemented using a MOS operating in triode. A method to make the PHL
larger is to add gain to second harmonic. This can be done by making the buffer after the multiplier
have gain, or by making % > 1.

Figure 28-Figure 31 show V;, and [;,, waveforms, and the resultant plot in the I-V plane for
different V,, and f;,,. Figure 32-Figure 35 show V;, and Q;,, waveforms, and the resultant plot in
the Q-V plane for different V;,, and f;,,. Figure 36-Figure 39 show ¢;, and I;, waveforms, and the
resultant plot in the I-¢ plane for different Vi, and f;,,. In all figures, we observe that at a given
frequency, the pinched loop becomes more pronounced as V;, increases. This is because k
increases. A summary of the performance of the proposed mem-elements is given in Table 8.

Comparing the achieved performance with the ones presented in Table 1, we observe that our
design achieves comparable power consumption in comparison to [16], [18]. Furthermore, it is
reconfigurable, provides simple tuning using ratios of resistors, and floating. This is achieved

while maintaining MHz frequency of operation.
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Table 8. Summary of proposed mem-elements performance.

Mem-element Memristor Memcapacitor Meminductor
Technology 180 nm 180 nm 180 nm
Maximum 1 MHz 1 MHz 1 MHz
Frequency
Active Device CA CA CA
Floating Connection Yes Yes Yes
Power Dissipation 2.5 mW 3.5mWw 3mW
Supply +09V +09V +09V
Model Linear Linear Linear
Verification Sim. Sim. Sim.
Area 5618 um? 12391 um? 9637 um?
*: Resistors’ area estimated using sheet resistance (%) from PDK.
201
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Figure 28. Memristor PHL. V;,, = 10 mV, f;,, = 1 MHz. (a) time domain waveforms and (b) PHL.
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Figure 29. Memristor PHL variation with frequency. (a) 100 KHz, (b) 1 MHz, and (c) 10 MHz
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Figure 30. Memristor PHL variation with input voltage. (a) 10 mV, (b) 20 mV, and (c) 30 mV.
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Figure 31. Memristor PHL variation with gain. (a) gain = 1, (b) 2, and (c) 3.
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Figure 32. Memcapacitor PHL. V;,, = 50 mV, f,,, = 1 MHz. (a) time domain waveforms and (b) PHL.
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Figure 33. Memcapacitor PHL variation with frequency. (a) 100 KHz, (b) 1 MHz, and (c) 2 MHz
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Figure 34. Memcapacitor PHL variation with input voltage. (a) 40 mV, (b) 50 mV, and (c) 60 mV.
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Figure 35. Memcapacitor PHL variation with gain. (a) gain = 1, (b) 2, and (c) 3.
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Figure 36. Meminductor PHL Vi, = 90 mV, f;;, = 1 MHz. (a) time domain waveforms and (b) PHL.
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Figure 37. Meminductor PHL variation with frequency. (a) 700 KHz, (b) 1 MHz, and (c) 2 MHz.
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Figure 38. Meminductor PHL variation with input voltage. (a) 70 mV, (b) 80 mV, and (c) 90 mV.

10.01
7.5 10
> 7.5
5.01 ]
5.0 5
2.51 2.5
< < <
2 0.0 2 0.0 2 0
- —2.51 T -2.59 -
—-5.01 =51
—-5.01 >0
_7.5<
—7.51 —-101
—10.01
-20 O 20 -20 O 20 -20 O 20
¢in (nWb) ¢in (nWb) ¢in (nWb)
(a) (b) (c)

Figure 39. Meminductor PHL variation with gain. (a) gain = 1, (b) 2, and (c) 3.

5.3 Breadboard Prototype

To verify simulations, breadboard experiments were conducted. Using AD844, LM358, and

CD4007UBE, a grounded memristor was constructed. AD844 was used in lieu of a CA, LM358

was used as an inverter to generate negative copies of current, and CD4007UBE was used to

implement a multiplier. Two 9 V batteries were used as supplies.

Shown in Figure 40 is the breadboard implementation. Figure 41-Figure 44 show the time

domain waveforms and PHL as the frequency increases. These results were obtained with a 15 nF
capacitor in the integrator. To increase the frequency of operation, a 1.5 nF capacitor was used to

obtain Figure 45-Figure 48. It can be seen that time domain waveforms have the same shape as in
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simulation. Further, for a given pole frequency, as the frequency increases the PHL size becomes

smaller. Lastly, the frequency of operation can be increased by increasing the pole frequency of

the integrator.

Figure 40. Breadboard implementation of a grounded memristor.
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Figure 41. Measured Waveforms (4 KHz).
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Figure 42. Measured PHL (4 KHz).
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Figure 43. Measured PHL (8 KHz).
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Figure 46. Measured PHL (10 KHz).
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Figure 47. Measured PHL (20 KHz).
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CHAPTER 6 CONCLUSION

In summary, this thesis proposed a new transistor-level high gain CA which can be used in a
negative feedback configuration to realize various functions such as amplification, integration,
differentiation, and buffering. This CA was used to emulate memristors, memcapacitors, and
meminductors, culminating in a reconfigurable mem-element. Comprehensive simulations show
the effectiveness of the proposed method and design in terms of MHz frequency operation and low
power consumption in comparison with prior works. Moreover, breadboard experimental results
verified the validity of the proposed design.

That being said, there are a few suggestions for future work. First, not using CMFB circuit
results in an offset DC current at the output of CA. Although this offset is small, the use of
integrators provides high DC gain, thus amplifying the offset. A large resistor was added to reduce
the integrator’s DC gain; however, this resulted in an error in the nominally 90° phase at the pole
frequency. Therefore, future work can focus on finding a way to force the offset to zero through
the use of CMFB or other techniques. Second, although there are established applications for
memristors, applications for memcapacitors and meminductors are less explored. Third, a
reconfigurable mem-element is very suitable for field programmable analog arrays (FPAAS);
however, it remains to be investigated whether other applications would benefit from

reconfigurability. Fourth, a scheme for controlling the reconfigurable mem-element can be studied.
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