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The Analog to Digital Converters (ADCs) are regarded as one of the most crucial
components for embedded systems, Ultra Wide Band (UWB) receivers, Software De-
fined Radio (SDR), and biomedical applications. Most of today’s integrated circuits
(ICs) are a combination of digital and analog systems that take use of the expanding
capabilities of Digital Signal Processing (DSP). Power consumption and processing
speed are only two of the numerous reasons why DSP is better than analog signal
processing. Therefore a high demand for high-speed low power Analog to Digital Con-
verters (ADCs) has led to the design of time-based ADCs which combines the high speed
of current-based ADCs and the lower power consumption of voltage-based ADCs. In
time-based ADCs, the input signal (current/voltage) is controlling the delay of the

output pulse by using Signal to Time Converter (STC) and then the pulse is converted
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to digital by using Time-to-Digital Converter (TDC). Also, TDC can take advantage
of the scalability of CMOS technology. The performance of TDC is determined by the
quality of the STC used. STC (current/voltage) is an important and crucial stage of
TDC. There are two Types of STCs which are the Voltage to Time Converter (VTC)
and Current to Time Converter (CTC). There are many designs of VTCs and CTCs
that have been reported in the literature. However, they suffer from on or more of the
following: 1-nonlinearity 2-high power consumption 3-PV'T dependence 4- low input
range. This thesis introduces a new C'TC design that uses inverse function to solve the
challenges of previous designs. The C'TC"s full input range is 1.6uA with a maximum
linearity error less than 1.8%. The design is PVT independent where the error due to
temperature is less than 0.5% and error due to corner process is less than 3%. The

proposed CTC' can operate up to 1.115 MHz
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CHAPTER 1

INTRODUCTION

Every signal in our environment is a continuous analog signal as we live in an analog
universe. Our ability to comprehend and digest these messages is essential to our lives.
Nowadays, the tendency in electronics industry tries to perceive, monitor, and control
everything in our environment. The researchers in the electronics area have designed
and still designing many analog to digital converters to meet customer demands due to
the outstanding advancements in the field of digital signal processing (DSP). Through
the conversion of analog signals to digital signals, the analog to digital converters
seemed to bridge the gap between the analog and digital processing domains. As a
result, most integrated circuits in use today are hybrid analog/digital circuits that
require ADCs. Also, signal processing is a vital area of research, extracting new ideas
and insights from raw data. This process needs to be fast and consume low power.

There many types of ADCs depending on the input signal. Most popular types are:
- Voltage-based ADCs

- Current-based ADCs



- Time-based ADCs

Voltage-based ADCs are simpler to use and more robust since they have been
optimized over very long period. This type of ADCs are fast, but require a lot of
space due to many active and passive components used, like flash ADCs.

Current-based ADCs are faster but need many switches. Also, they consume high
power due to the constant currents running that most of the time are idle, especially
when it comes to current-steering ADCs.

Time-based ADCs utilize the time difference between two signals. One signal is
a basis that the system generates, and the other is a shifted version that is affected
by the incoming data. Time Mode Signal Processing (TMSP) is the term for this
method.

Coding, quantization, and sampling are the main steps in the ADC process. Using
voltage as the input signal and generating digital outputs, voltage-based ADCs were
the first kind. ADCs based on current use more power than those based on voltage,
while being quicker. Given its advantages over both voltage- and current-based ADCs
in terms of high-speed operation and low power consumption, time-based ADCs (T-
ADCs) are a promising field of study [1].

Scaling down the CMOS technologies have improved the performance when dealing
with digital signals, which can be utilized in T-ADCs due to the digital nature of the
time mode signal [2]. The first stage of T-ADC is the Signal to Time Converter (STC).
The main factor limiting the T-ADC performance is the STC. The desired STC is

required to have good linearity, small area, low power consumption and immunity to



process, voltage, and temperature variations (PVT).

There are two types of STCs: Voltage to Time Converters (VTCs) and Current to
Time Converter (CTCs). Both CTC and VTC share the same desired characteristics.

This literature shows that the VI'C design using current starved inverter in Fig.1.2.
But VTCs suffers from two major setbacks which are the inverse relation and squaring
relation between the input voltage and delay.

On the other hand, CTC has only one setback which is the inverse relation. This
made recent work focus on CTCs more as it shows more potential

The general block diagram for T-ADC is shown in Fig.1.1. The VTC is the core

block in T-ADC.

—

Tolts : — . .
Vultag_e VIC ‘ Tlmei =! ™C — Dlgltilll
domain ‘ domain — domain
—
— —

Figure 1.1: Block diagram for time based analog to digital converter TDC.

The VTC takes the analog input voltage and produces a series of delayed pulses,
while the CTC takes current input and controls the discharging current to produce

the delayed pulses. A simple CMOS VTC circuit is shown in Fig. 1.2.
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Figure 1.2: General current starved VTC circuit using CMOS technology.
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With reference to Fig.1.2 , a clock signal V. is applied at the gate of M2 and
M3. This will result at a delayed inverted signal at the output V,,;. The time edge
required to have the falling edge can be controlled using a Biased M1 with the input
voltage V;,. The relation between the time delay at the output and the input voltage

that is applied at the gate of M1 is as follows:

av

Ip=0C— 1.1
it — . (1.2)
I
d
dt = C v (1.3)

0.5K % (V,,, — V)2

Where C' is the total capacitance at the output, Ip is the drain current of M1 in

saturation and dt is the time delay. K, L, W, Vp are electron/hole mobility, length,



width and threshold voltage of the transistors used.

As seen from Eq.1.3 the relation between the input voltage and delay square and
inverse. Similarly, in Eq.1.3 the relation is inverse between the drain current of M1
and the delay dt. This makes the work of CTC more appealing since it requires solving

only the inverse issue without the squaring.

1.1 Motivation

As technology advances, advancements in digital circuits outpace advancements in
analog circuits. There are two primary causes. First, as technology advances, the
supply voltage decreases, which lessens the voltage swing. But the noise does not
scale with the technology, resulting in a lower signal to noise ratio that weakens the
analog system’s immunity to noise. Secondly, the supply voltage and the threshold
voltage do not scale with the same factor. On the other hand T-ADCs takes advantage
of the technology advances. CTCs show better performance in theory due to having
only inverse relation instead of inverse squaring like VT'Cs, which make CTCs a better
core block for the T-ADCs,.

This thesis proposes a new CTC block that outperforms all CTCs and VTCs blocks
in the literature. The new CTC block utilize an inverse function in strong inversion to

achieve high linearity, while being PVT independent, compact and have high speed.



1.2 Proposed Idea

The new proposed CTC will use an inverse function circuit to control the current of M1
in Fig.1.2. This will result in a linear relation between the input current and the delay
at the output. But an inverse function circuit with the required characteristics is not
found in the literature. A new inverse function circuit that satisfies the requirements
is proposed, then the function is used to derive the current in the starved current

inverter using current mirrors.

1.3 Organization of this thesis

This thesis is structured as follows: First literature of VI'C and CTC design and some
application in T-ADCs are discussed. Then a literature of a way to build an inverse
function using exponential and logarithmic functions approximation is discussed. Fi-
nally, the proposed CTC with the inverse function circuit is discussed in details with

simulation results as well as post-layout simulation results of each block in the circuit.



CHAPTER 2

LITERATURE REVIEW

VTC has been a subject of considerable research interest due to their critical role
in various applications, particularly in T-ADC. This chapter delves into the existing
literature on VTC designs, highlighting the significant advancements and ongoing
challenges in this field. The non-linearity of output delay concerning the input voltage,
as derived from Eq. 1.3, necessitates innovative solutions to achieve a STC with
excellent linearity and insensitive to PVT variation. Recent years have witnessed a
many VTC designs to improve linearity, expanding the input range, and boosting
the operational speed. By synthesizing the findings from various studies, this chapter
provides a comprehensive overview of the state-of-the-art in time-mode designs, setting
the stage for the subsequent chapters that will introduce novel approaches to address

the identified gaps and limitations.



2.1 Voltage to Time Converter (VTC)

In recent years, many designs of VI'C, applications and investigations were proposed
to solve the issues present in Eq. 1.3. These designs mainly focus on improving the
linearity, input range or operation speed. These designs are mainly in voltage domain.

The works of [2], [3],[4],5],[6], and [7] used the current starved as the basis of their
design. The authors in [2], proposed a high speed VT'C that uses the current starved
and folded cascode as shown in Fig. 2.1. The Pb2 transistor is used to pre-charge the

drain of both Pb3 and Na3 to V.

N
—][ ot I—‘l:ll’bz —'E’m

P

\.in

CLK Vour
e T " {>_
—] I:INal - l:Naz

Figure 2.1: Circuit proposed by [2].

The design of [3] consists of four blocks as shown in Fig. 2.2. The work focused
on improving the current starved inverter shown in Fig. 1.2 for the two blocks of t ¢,
and t,;s.. The proposed circuit for each block is shown in Fig. 2.3. As shown in 2.3
the two circuits are simple current starved with an additional current path in case if
the input transistor is OFF. This additional current path is provided by using Pb3 in
Fig. 2.3 (a) and Nal in Fig. 2.3 (b). Finally, the outputs of the two ¢sand ;s
blocks are fed to XNOR gate to produce the output puls that can be used in TDC.

8
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Figure 2.2: General block design of [3].

Pb1
Vclkbar —

Nb1

(a)

Figure 2.3: Circuits of work (a)t,;sc and (b) tsqu [3].

The main VTC circuit in Fig. 1.2 has been modified by the authors in [4], where M6
and M5 in their design function as charging and discharging gates to the drain of M2
and the drain of M3, respectively. Lastly, M4 is used to regulate the circuit’s delay.
The delay in this design is partially due to the drain capacitance of M3. and V,,, can
regulate this delay before repeating the circuit. The circuit depicted in Fig. 2.4 is the
core VTC design that is shown in Fig. 2.5. The section with constant delay (below
path) is designed to delay the clock signal entering the TDC by an identical amount

9



to the initial above path without any input, leaving only the delay generated by the

input.

CLK_chanA

o VTCA_out

signal_in Track/Hold

o VTCA_clk

Figure 2.5: Block diagram of the complete VTC proposed by the work of [4]. VTC

core is shown in Fig. 2.4

Another approach of modifying the general current starved VITC circuit in Fig.
1.2 is done by [5], where the authors used several current starved VT'C as shown in
Fig. 2.6. The circuit is mirrored to produce the delayed signal and its complement.
The inverters are used as output buffer for capacitive load. With reference to Fig.2.6,
M1,M2 and M5 are normal current starved VTC. M7 is used for degeneration and
M11 and M13 are used to provide extra delay at certain range of V;,,. This is achieved

10



by biasing M11 and M13 differently from M5. M9 is weak device to ensure a current

path for low input voltages.

Vin A Vin

Figure 2.6: Circuit proposed by [5], where several VTCs are used.

The design in [6] is shown in Fig.2.7. It an ultra-low power and is achieved by
cascading transistors to the general current starved in Fig. 1.2(a) to bias the circuit
using two voltages. The bias voltages limit the current flowing in the circuit during
the charging and discharging process. This design is expanded by using two matched

current starved as shown in Fig. 2.7(b)

O . To
Clul'renlSlaned
nverter 1
CLK Vbias_P | Vbias_N
O O
Tn
Ci t Starved —
Vi llrrevn arve
Inverter 2
D —
(b)

Figure 2.7: Circuit proposed by [6].

In reference [7], a new design is proposed where the input signal is applied from
the bulk of the current starved. Applying the input from bulk allowed the authors in

11



[7] to propose two designs. One design where the input is applied to the bulk of the
nMOS. The second design the input is applied to the bulk of the pMOS. Both designs

are displayed in Fig. 2.8 and Fig. 2.9.

A e —

111

Figure 2.8: nMOS VTC circuit proposed by [7].

]

1 — M3
] —ac Vin +Vbp
Ve || M2

Vout

—| MIICL

Figure 2.9: pMOS VTC circuit proposed by [7].

The delay time for both designs is given by Eq.2.1

chdV chdvaS

dt = — 2.1
RT— K3V, Ki- KiVis 21
where
K,
K, = 7<VGS — Vr)? (2.2)
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and

K,
Ky = —2L (Vgs — Vi) (2.3)

2¢/2¢;

In both designs, the input to the transistors is fixed to V. Since the input voltage

is applied to the body of nMOS in Fig. 2.8, the V; changes. Similarly in Fig. 2.9,
Vr changes due to the input voltage at the bulk of pMOS. This results in different
Vov and introduces different delays at V,,;. This design suffers from having low input
range due to the need of having V24 much smaller than Vg to achieve linearity.
Also [7] proposed adding more transistors in series in Fig. 2.8 and connecting
the body of all transistors to V;, as shown in Fig. 2.10(a). For the pMOS design,
transistors are added in a similar way as seen in Fig. 2.10(b). This addition of

transistors improve the linearity but decreases the speed of operation.

. —]F—me
Vero—gt—7| s
| +—|F—fms
| +—fF—ms

L Veu {

| o

(a) (b)

Figure 2.10: Circuit proposed by [7].

In [8], the authors designed a differential input VT'C using switch capacitor and
logic gates. The VTC is connected to a time amplifier through inverters to introduce
suitable delay. Two flip-flops are used by the time amplifier for the positive and

negative inputs, respectively. The design shows high input range of 2 V' and operates
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at 1 GS/s.

The work of [9] used the general VT'C in Fig. 1.2 and S/H circuits. The S/H
circuits (implemented using switching capacitors) allowed [9] to have constant slope

while charging and discharging. This constant slope improved the linearity for their

deign.

The authors in [10] proposed the VTC depicted in Fig. 2.11. It is composed of a

comparator, buffer and switching capacitors that switches between the V;,p and Vj,x.

This VTC operates at a speed of 500-MHz.

Vinp =

Vinn -

ck0(So)
Vi—co

Ve

Cs

3 | ck3—
ck1(S4) }ck2n

L

Vs

(S2)

cascode current mirror

Figure 2.11: VTC circuit proposed by [10].

In reference [11] a VTC that operates at 7-GHz with high linearity is proposed.
The schematic of this VT'C is shown in Fig. 2.12. The ramp control generator provides
the clock, reset signal V,.; and starting signal Vj,. These signals are used to make
sure that the capacitor (Y is discharged and the ramp generator is at constant slope.
The ramp generator is followed by a chain of current starved inverters with different

threshold voltages to provide fine delay transition. But the design suffers from small

input range and the delay is so small of 6 fs/mV .
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Figure 2.12: VTC circuit proposed by [11].
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2.2 Applications of VT Cs in Time to Digital Con-

verters

The VTC is a core block in the T-ADC. The authors in [12], proposed a successive
approximation register ADC that is based on dyadic digital pulse modulation. The
VTC in their design has the advantage of low area and low power consumption but
suffers from slow operating speed of 2.8 kHz.

In [13], a two-step pipelined 8-bit TDC is proposed with dynamic time amplifica-
tion (DTA). The full TDC consists of two smaller TDCs named coarse TDC (CTDC)
and fine TDC (FTDC) that has 16 and 32 delay cells, respectively. The output of
CTDC is used in Time to voltage converter (TVC). In order to achieve a finer time
delay at the TDC output terminal, the voltage signal is amplified by entering a VT C
that has a certain gain V4. Finally the time signal from the VTC output enters the
FTDC. The VTC and TVC are the DTA in the circuit. Finally the output of FTDC

and a copy of CTDC output are connected to 64-8 bit decoder. The block diagram of
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the design is shown in Fig. 2.13.

DTA
START, F_START, VOP TOUTP
cToe e |, | vTe FTDC
STOP F_STOP . VON TOUTN
AT47:32] - T[31:0]
Decoder

% DOUT[7:0]

Figure 2.13: Block diagram of the two-step pipelined 8-bit TDC [13].

The authors in [14] proposes a 7-bit TDC that can operate at high frequency of 4
GS/s. The design consists of a 2-bit coming from the VTC designed and 5-bit from
the TDC as shown in Fig. 2.14. The TDC has the disadvantages of having large area
and high power consumption due to the use of multiple VT Cs, comparators and time
amplifications. But it has the advantage of being convenient to expand to more than

7-bits by adding VTCs at the cost of speed, area and power.

output code

1 MsB
V-domain D 0
Vin—yV

conversion T

0
T 1
CK T T-domain D 0

conversion

Figure 2.14: Block diagram of the combined VTC and TDC [14].

In [15], a very low power and extreme low speed TDC is proposed. The design is
used for low frequency applications such as electrocardiogram. The design achieves

the VTC without the use of current starved inverters as shown in Fig. 2.15. The VTC
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consists of a subtractor, comparator, ramp generator and integrator. The comperator
compares between the ramp generated signal and the subtracted signal of Vj,(n) —
Vin(n — 1) to produce a PWM signal. the integrator provides feedback and sampling
by providing V;,(n — 1).

~  Subtractor Comparator
/N

I |'| |_I |_|
>;—°vnut

Figure 2.15: Schematic diagram of the low power and low speed TDC [15].

Reference [16] suggests an alternative method in which a TDC is constructed by
8x phase interpolation. To implement the VTC, the design makes use of switching
capacitors, comparator, and ramp generator. A differential pair is utilized in the
design by to reduce the noise. They minimized the delay variance caused by the
comparator circuit by using a rail-to-rail comparator. The comparator can be seen in

Fig. 2.16.

17



N R

- —H—qour

s
i
L
F
'
L
ny)

A

2
1
Tt
k3
F
&

v v L Tt [Tt

3

VB;-| L

Figure 2.16: Comparator used in the design of TDC [16].

A TDC is proposed by [17], where the VTC proposed by [9] is used. The design
used asynchronous pipeline successive approximation to reduces the quantization time
required to approximate the correct time-domain output. The TDC achieves high
sampling speed of 8-GS/s and a resolution of 8-bits with 85.3-mW power dissipation.

A 10-bit TDC that operates at 350 MHz is introduced in [18]. The design used
a phase averaged coupled ring oscillator to improve the conversion of the time signal
provided by their VT'C to a digital signal.

A hybrid between voltage ADC and TDC design is proposed by [19]. An overall
design of 11-bit V/TDC is achieved, where 3-bit is coded by the voltage domain part
and 8-bit coded by the time domain part. The circuit is able to operate at 1 GS/s

while consuming 14.9mW. The full schematic is shown in Fig. 2.17
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Figure 2.17:  Block diagram of the hybrid ADC design [19].

The VTCs that are used in [14], [15], and [16] suffers from being tailored made to
their design and cannot be used in other TDC designs. A comparison between the

VT Cs mentioned is shown in Table 2.1.

19



0¢

Table 2.1: Comparison between

different VI'Cs

2] 3] [4] 5] (6] [7] 8] 9] [10] [11] [13] [14] [15] [16]
Year 2017 2013 2009 2006 2016 2020 2019 2022 2022 2023 2020 2021 2021 2023
Technology 65nm 65nm 90nm 130nm 130nm 65nm 65nm 65nm 28nm 28nm 65nm 65nm 65nm 180nm 65nm
Supply Not . Not
Voltage (V) 1.2 Reported 1 Not Reported 1 1.2 1.2 1 0.6 0.9/2.5 1.2 Reported 1 0.8 1
Input 1 (differen- 0.24 (differ- 2 (differen- | 0.6 (differ- Not 0.2 (per
Range (V) tial) 0-15 01 02 ential) 08 08 tial) ential) 09 05 Reported VTC) 03 0.13
Input - - - - - -0.25 to Not -0.15 to Not
values (V) -0.5 to 0.5 0.2 to 0.35 0.3 to 0.4 0 to 0.2 0.65 to 0.8 -0.4 to 0.4 -0.4 to 0.4 -1to2 -0.3 to 0.3 0.5 to 1.4 0.25 Reported -0.1 to 0.1 0.15 Reported
Power Not Not 0.668x10"{- 0.163x10"{-
(mW) 0.477 Reported 3.6 Reported 3} 0.018 0.015 1.1 2.1 4.27 5.2 0.065 11.3 3} 16.77
Area Not Not N Not Not . . 11.16x10" {- Not . Not Not Not
(mm~2) Reported Reported 00068 Reported Reported 26.67x107(-3} 3} Reported 0.0012 0.011 2.0x107{-3} Reported 0.011 Reported Reported
Operating
Frequency 5 4 5 2 0.001 0.5 0.5 1 5 0.5 3 0.4 4 4x107{-6} 2.5
(GHz)
Delay Not Not
(ps/mV) 0.1 3.46 1 2.5 187 0.25 0.3 80 0.035 Reported 0.016 1.75 0.8 Reported 1.9
Linearity
. Not Not Not Not Not Not Not
mac);l:::m 2.5% <1% Reported 2.0% 0.4% 0.55% 0.4% Reported Reported Reported 0.36% Reported 6% Reported Reported




2.3 Current to Time Converters

Recently, the literature shown potential to use current to time conversion instead
instead of VIT'C. One advantage can be seen in from Eq.2.4, that the relation between
current to time is only inverse instead of inverse squared in VTC.

av

dt = 0=~ (2.4)
Ip

The simple relation between teh delay and the inverse of the current makes CTCs
achieve better linearity over VI'Cs with a simpler design. There are many designs
for CTCs in the open literature. The author in [20] proposed a CTC that takes a
differential voltage input and converts it into differential current then into a time delay.
The design suffers from containing two capacitors and two resistors. Also, the design
requires many switches and 3 comparators to function. The CTC work proposed in

[21] is linear due to the inversion of current making the relation of current and delay
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to be linear but the circuit suffers from using many passive components and the use of
BJT which can’t be integrated in CMOS technology. The authors in [22] built a CTC
with a circuit that inverse the input current. The circuit shows good linearity, but
the MOS used are working in weak inversion making it only suitable for low frequency
application. Moreover, the input range of the circuit is very low of only 30 nA and
the circuit is corner process dependent. The CTC circuit presented in [23] realizes
the CTC with the use of many inductors to create a time advanced or delayed signal.
This makes it very bulky and not integrable. Another CTC design that is working in
weak inversion is presented in the work done by [24]. The design suffers from the same
issues as the work in [22]. The authors in [25] proposed CTC that achieved pseudo-
linearity with current mirrors only. But the design is very sensitive to temperature and
corner process variation that makes it unreliable. The CTC design in [26] uses simple
current to time converter with switches and many tail current transistors to minimize
the leakage current and control the delay. The design is operating in subthreshold
making the design not suitable for high speed operation. Also, the design linearity is
very poor. The authors CTC work in [27] is suitable for high speed application up to
25 MHz with good linearity, but to maintain this linearity many voltage and current
biases must remain constant since they all appear in time delay derived in their circuit.
Also, the design is sensitive to temperature. The CTC design proposed by [28] is built
using two op-amps, 4 conventional resistor, one capacitor and a magneto resistance.
The input current is applied in such a way that it changes the magneto resistor and
then the delay of the circuit is controlled by the value of the magneto resistor. The

design suffers from needing a condition to operate that the magneto resistor has to
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be higher than multiplication of the ratio of the other normal resistors. Also, the
magneto resistance has to be kept in it linear range. Finally, their design can not be
integrated due to the many passive components and the magneto resistance. The CTC
proposed in [29] suffers from the use fo 8 capacitors, 2 resistors and 2 inductors where
the values of all passive components should be kept precisely constant to achieve the
linear operation. The CTC design in [30] works by sensing the resistance variation in
the input variable resistance then copy the current produced due to resistance change
into a current starved inverter. The design linearity is poor due to not addressing the
inverse relation in 2.4. Also, the corner process performance is very poor.

All previous design share one or more issues of the following:

BJT Implementation.

Many passive elements are utilized.

linearity issues.

Using MOSFET in subthreshold and hence will be suitable for low frequency

applications only.

very small input range.

Sensitive to PVT.

The motivation of this thesis is to build a CTC that overcomes all previous draw-
backs. The comparison table including this thesis work is shown at the end of the

proposed design in Table 3.6
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CHAPTER 3

PROPOSED CURRENT TO

TIME CONVERTER

As seen from the previous literature, the work focused on transforming voltage into
time domain. This conversion follows Eq.1.3, requiring the VTC to be linear which
is difficult to achieve due the inverted and squared relation. While in the current to
time converter Eq.3.1 will be used and will be dealing with inverse function only.
This thesis proposes a PVT independent CTC. The CTC will take the input cur-
rent X and inverts it then use the inverted current to achieve a highly linear current
to time converter. According to Eq.3.1, the relation between the input current and

the delay will be linear as seen in Eq.3.3.

it = 02 (3.1)
Ip
1

X-o (3.2



dt = CXdv (3.3)

The proposed CTC block diagram is shown in Fig.3.1. The input current is applied
to a natural log function then inverted. The inverted output is fed to the exponential
block. The output of the exponential function will be the inverse of the input current
X. This inverted current will be used to control the discharging the current in the
starved starved inverter. Theoretically, this process achieves linearity between input

current and output delay. Where the Inverse function is as shown in Fig.3.2.

vdd

M3
—[

Velk |

M2

—[,
X X - M1 Id=1/X

~ N mverseFunction | Current Mirror 4”:

Vss

Figure 3.1: Block diagram of the proposed current to time converter.
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X : Logarithmic In(X) : Inversing -In(X) : Exponential X :
Function Current Mirror Function

Figure 3.2: Block diagram of the proposed inverse function used in Fig.3.1.

The blocks shown in Fig.3.1 and Fig.3.2 will be individually discussed in details.
The natural logarithmic and exponential blocks are approximated implementation

using CMOS technology.

3.1 Exponential and logarithmic functions circuit

implementations

A way to eliminate the inverse relation between the current and the delay is to have
the input also related to the current inversely. So the relation between the input sig-
nal (current/voltage) is linear with the delay observed at the output. This inversion
is achieved using inverse function. But the inverse function cannot be implemented
directly using CMOS technology. This leads to the use of approximations techniques.
One technique is using logarithmic and exponential circuits approximation to establish
an inverse function. A logarithmic/exponential function is a nonlinear function whose
output is proportional to the logarithm /exponential of the input. Circuits with such
features are widely employed in a variety of applications such as medical equipment, in-
strumentation, telephones, active filters, disk drives, and neural networks. The works
of [31], [32], [33], [34], [35], [36], and [37] implemented a logarithmic function using
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BJT. The design in [31] uses a four stage consisting of dual-gain and limiters. Each
stage contains four resistors, making the design bulky and not possible to integrate.
The authors in [32] developed a programmable current source logarithmic function
using BJT. This allows the logarithmic behavior to be changed to attenuation or am-
plification on demand by inverting the function. However, the logarithmic function
implemented has high error and used many resistors. The researchers in [33] summa-
rized different designs. All the designs suffers from using many resistors, capacitors
and high power consumption. Also, the designs can be used in mid to high frequencies
applications only. The design in [34], implemented the gain and limiting circuit using
triple-tail cell. The cell is a BJT circuit consisting of a single tail current connected
to a three common-emitter transistors. The circuit proposed the logarithmic function
accuracy but it requires many stable biasing voltages in addition, many resistors and
capacitors are used. The authors in [35] developed a low-voltage squaring circuits
and used these circuits to implement the logarithmic function. The authors show two
implementation of the log function, one using BJT and then replicated the circuit
using MOS. The circuit suffers from being bulky needs multiple amplifying stages and
the use of many passive components. The authors in [36] implemented a logarith-
mic function using BJT. But, the circuit utilizes a current to voltage converter. The
work in [37] utilize the exponential property of BJT to implement the logarithmic
function. The design is complex,used many passive elements and many amplifiers.
In addition, it sensitive to temperature variations and is suitable for low frequency

applications. Other works implemented the logarithmic function using Op-Amps and

CFOAs such as [38], [39], [40], [41], [42], [43]. The researchers in [38] developed a high
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speed logarithmic function that can be used in frequencies between 2 - 18 GHz. The
author in [39] developed a good temperature insensitive logarithmic circuit, but the
design uses many passive components. The design in [40] developed a temperature
independent logarithmic function. The circuit requires two capacitors and a resistor
and only useful for high frequency applications. The design in [41] is complicated
and uses over 20 passive components with precise value that need to be kept constant
for optimal operation. The authors in [42], used BJT based Op-Amp with a diode
connected BJT in the feed-back loop to achieve logarithmic behavior. The circuit
is complicated and uses 12 resistors and capacitor. The work in [43] used MOSFET
Op-Amps with feed-back loop using BJT and passive components and biasing voltage.
The works of [44] and [45] use multiple stages of amplifiers and limiters to implement
the pseudo-logarithmic function using MESFET. Both designs are complicated and
use over 20 passive components in each stage. The work in [46] adopted the idea of
using several stages of amplifiers and limiters similar to previous work. The design
has a better input range. However, the circuit suffers from the need of match resistors
in the implementation. The authors in [47] used Taylor series expansion to imple-
ment a pseudo-logarithmic function but the design is very sensitive to temperature
variations. The works in [48] and [49] use MOSFETs in weak inversion to utilize
the exponential properties of MOSFETs. Both designs can only be used in very low
frequency applications. The work in [50] uses a sixth-order general approximation to
implement the logarithmic function. The circuit has a low normalized input range
and it is sensitive to PVT. The authors in [50], [51] and [52] have used a complicated

approximation methods and hence complicated designs that is difficult to integrate
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into other applications. The authors in [53] developed an exponential function then
swapped the input and output loops to realize logarithmic function.

The literature focused on exponential function implementation compared to the
logarithmic function. Some did direct implementation using BJT exponential prop-
erties, or MOS properties in Weak Inversion. But most works focused on the approx-
imation method to take advantage of the CMOS technology in strong inversion. a
comprehensive of the works on exponential is as follow:

The work of [54] uses BJT’s exponential properties to create the exponential func-
tion. The design contains six passive transistors and 4 independent sources. Other
works used CMOS technology with an approximation implementation.The author im
[55] designed an exponential circuit. The design is simple using CMOS technology,
but suffers from the approximation used has high error and the circuit is temperature
and process dependant. The work of [56] proposed an exponential circuit that uses
the fourth order Taylor series approximation. The circuit suffer from containing 8
independent current sources that are producing different ratios of the biasing current.
The circuit is very susceptible to any changes in the current due to temperature, since
the ratio need to stay constant. The design of the exponential function in [57] suffers
from being complicated design with a cutoff in the input range mentioned from —0.4
1A to 0.4 pA at zero. To achieve the mentioned range the circuit needs to be du-
plicated with different biasing values. The authors in [58] proposed two exponential
circuits. Current-mode and voltage-mode exponential circuits. Both designs consume
large amount of power. Similar to the work in [57], the circuit in [59] input range is

split into two requiring duplication of the circuit to achieve the full range. In addition
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to that the approximation is complicated and thus the circuit is complicated as a
result. Also, the circuit is sensitive to temperature but has the advantage of working
at very high frequencies up to 5 GHz. The authors in [60] developed an approximated
exponential circuit in an FPGA. The design proposed by [61] built an exponential
function approximation circuit. The circuit is built using a capacitor and switches
with current mirrors. The circuit works by charging and discharging the current in
the capacitor to approximate an exponential behavior of the current over time. The
authors in [62] used the particle swarm optimization algorithm to approximate the
exponential function and build a circuit accordingly. The approximation is very good
and with good normalized input range but the circuit is temperature sensitive and uses
a capacitor in its design. Various designs used different approximations such as Taylor
series, psuedo-Taylor series and many other approximation techniques are introduced
in the works [63], [64], [65], [66], [67], [68], [69], [70], [71], [72], [73], [74], [75], [76].
While other works focused on implementing exponential using the CMOS exponential
properties in Weak Inversion (WI) region such as the work in [77]. The work in [63]
built an exponential function approximation circuit that has a tune able input range
by biasing current with the advantage of being simple design but suffers from poor
temperature performance. The exponential circuit designs in [64] and [65] have very
wide range output range of over 70 dB but similar to [63], they both suffers from tem-
perature and process dependency. An exponential circuit approximation proposed by
[66] has an operating frequency of 105 kHz with very high output range of 96 dB with
an temperature error of £ 1.27 dB. This temperature error is still considered high in

precise application. Also, the design is very complicated. The work in [67] focused on
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high speed exponential implementation. Their exponential circuit design operates in
frequencies between 70 -150 MHz but the design consumes high power and sensitive
to temperature and process variation. The work in [68] focused on designing a low
power and simple exponential function approximation using Taylor series. Although
the design is simple with low power consumption and can be integrated easily in other
circuits, it has low input and output range and very sensitive to PVT variations. The
authors in [69] used Op-Amps to implement an exponential current generator. The
design suffers of being bulky, high power consumption, inability to be integrated, and
the use of around 20 passive components. [70] designed a universal function based
on sixth-order Taylor series expansion. The circuit is not optimized for all functions
and performance varies for each one. In the case of the exponential the function, the
design is sensitive to temperature. The circuit proposed in [71] is an exponential V-I
converter that is insensitive to voltage variations with low power consumption. But
the design suffers from large area and sensitivity to temperature. Works similar to
[71] in the input being different signal from the output are [59],[74], and [77]. These
works requires their integration to have voltage to current converters or vise-versa in a
current mode or voltage mode circuits. The exponential circuit design in [72] employs
the Tyler series expansion approximation for e*. But the main disadvantage of this
design is that, it is extremely sensitive to temperature changes. The design in [73] an
exponential function approximation is insensitive to temperature but the transistors
are in WI. Similar to [73], the designs in [66], [75], [76], and [77] are operating in
WI, making them suitable only for small current and low speed applications. The

authors in [74], [75], and [76] have used a complicated approximation methods and
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hence complicated designs.

The best work in the literature of exponential and logarithmic function are men-
tioned in details as follows: [78] proposed a new way to implement the exponen-
tial /logarithmic using a combination of square root and linear functions.

The implementations of the log and exponential are as follow in Eq.3.4 and Ea.3.5,

respectively.

lin(z)| ~ 6.529y/T — 2.51z — 3.947 (3.4)

exp(—z) ~ —1.206y/x + 0.2657z + 1.311 (3.5)

Where z is the input signal and in this case is the input current. The input range
and output range for each function is normalized to the bias current. The input range
for exponential is 3.0 and 1.0 for the logarithmic function. [78] circuit consists of the

block diagram shown in Fig.3.3.
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Figure 3.3: Block diagram of the circuit to approximate the exponential /logarithmic.

78]

The Circuit used to realize the square root is shown in Fig.3.4.

|
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Figure 3.4: Circuit to produce the square root needed for the exponential/logarith-

mic. [78]
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Another approximation is proposed in [79]. The approximation uses pseudo Taylor
expansion to implement the exponential function only. The approximation is shown

in Eq.3.6.

—0.026ax + (1 + 0.25ax)*

3.6
0.026az + (1 — 0.25az)?2 (3.6)

exp(azr) ~

The circuit used to implement this approximation is shown in Fig.3.5

D 0.0261x

Figure 3.5: Circuit to produce the exponential approximation.[79]

The circuit shows good linearity for a wide input range. But the input here x is
the ratio as seen in Eq.3.7. This makes the circuit performance very dependant on

supply voltage and temperature, making the use of this circuit unreliable.

I,

T = 3.7
0026ﬂ(VDD — VTN — ’VTPDZ ( )

In the work done by [80] an approximation of both exponential and logarithmic is
achieved by square root and second order polynomial. The approximation is as follows

in Eq.3.8 and Eq.3.9

lin(z)| ~ —0.842% + 4.8z — 8.4\/x + 4.5 (3.8)

34



exp(—z) ~ 0.1927* — 0.827 + 1 (3.9)

The circuit is a better approximation compared to [78], but it has lower input
range. The two circuits follow the same idea with the remove of the term z? to
achieve better input range with minimal loss in the accuracy of the approximation.

A recent approximation is proposed [81] using translinear loop configuration. The
approximation is using Taylor series expansion up to the square term. The advantage
of its circuit that square root circuit is achieved with lower number of transistors. The
circuit to produce x? and z is shown in Fig.3.6 and Fig.3.7, respectively. The square

and square root circuits are used to realize the exponential function.

|
0 @j——{ (M D

ApPH——=<«—1Iin
M !:ﬂ—{ E‘-{?

S 1]}

VDD

VSS

Figure 3.6: Circuit to square input current.|81]
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Figure 3.7: Circuit to produce square root of the input current.[81]

For the logarithmic function , the circuit shown in Fig.3.8 shows the complete
implementation of the logarithmic generator. The work suffers from low normlized

input range of 0.5 for both the exponential and logarithmic.

|
122D M\] 3 #{ Mo

Mg
l lout
J' lin + I l
lour

E

e l 2lour + 211
2:1
M, 'y Ms

VDD

Figure 3.8: Circuit to produce logarithmic function approximation of the input cur-

rent.[81]

The design in [82] is another exponential approximation. The new current-mode
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CMOS exponential generator operates in the Weak Inversion (WI) region. The design

has low power consumption of only 4.92 ntW, and low supply voltage (£ 0.65 V). The

proposed circuit achieves an extensive output range of 146.5 dB, with a silicon area

requirement of 0.0126 mm?2. The design suffers from very low input range -46 nA to

125 nA only.
i |P8 I P7
0021, ——% Squarer-5
o NIS Squarr
N26 N24 N23 N?.j N2 I\ZO N19 1\18 Nl? le NIO Ngq-
________________________ il L g
N28 N23 LIJ()”
[ bl [————-— Bl
I
P9 " P10 P15 4Pl6 PI8 X P19y P20! 01251
]
i ki ik =
Ll [ — 1Pl Fln
Gt I e Na| 0131, =
N30, |
! =% 1
. o lin 01251,
l.)l r ! N44 N45| N46 | |[N47 N4g| N49 |
<lref ;
a—-‘ . | Bi-directional
N9 ; Current
T T\ W '______'___i______'______\ Mirror
P21l : GND
| h {lou:
Ot N54
— P23
Iy! [Fl_ by L (pa4 P26 P27 P28 |§ P30 , } P31
| k Loor
P2y ¢ : N50
Singllc NS - L% N56 l [Lmr
Quadrant N32 N$3
Divider * ] R
Ve NS

Figure 3.9: Circuit to produce exponential function approximation of the input current

in weak inversion region.|[82]
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A work on providing an exponential function with variable gain and temperature
independent is done by [83]. The design is insensitive to temperature over a range of
100 degrees Celsius and have good linearity with 96 dB output dynamic range. But
similarly to [82], the input range is in nA range from around -140 nA to 140 nA.

Other works that can be considered are the designs of squarer, root function. Since
these designs can be used in approximating exponential and logarithmic functions.

The authors in [84] proposes a multiplier circuit. This circuit uses two squaring
circuits to square the addition and subtraction of two currents (I, 4 I,,))? and (I, — I,,)?

then add the two results to achieve multiplication. The circuit is shown in Fig.

VDD

il l ) | %

y Mé M5 H[ Mi§ Mty Mw\ lE
IF D - I —--ﬁ 1 T I | i
| ! _|I l—EM é : M17 | H ! [DIJ 1
| e -1 X

I+] : 17

| ) |4'_{ MX y padi)
| ! Rectifier i
| Rectifier : ! Circuit RL
| Circuit :
: 1191 I +1 : |—¢1 -1 102] -
e | Y| e
| M3 Mi1 M0 § M1 M2 M4 E
HE [ H I WEET
| s iz [, [ W Mgg wf | ) 1 M3 M M6
S— e N Y=< W '

Figure 3.10: Circuit used to multiply I, and I, [84].

This circuit needs a rectifier stage. Also, it has the issue of large area and high
power consumption. The best implementation found in literature from speed, simplic-

ity and compactness is [47]. The design in [47] will be used as basis for the proposed
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CTC design. The design had a major issue that it is PVT dependent making this
design use of as an inverse function not appealing but a solution for the PVT depen-
dency is proposed making the new design has all the advantages of the old design
while being PVT independent.

The design of [47] simulations and PVT dependency is discussed in details as
follows:

The work of [47] builds logarithmic/Exponential function circuits using Taylor

series approximation given in equations (3.10) and (3.11).

In(z) = (x —1) — = (x — 1) (3.10)

1
e’ ~ 1+x+§x2 (3.11)

Realization of the function in equation (3.10) will require a basic cell to provide the
needed terms and current mirrors to scale up or down the current values. The block
diagram of the proposed design to realize logarithmic function using MOS in strong
inversion is show in Fig.3.11[47]. However, the design is very sensitive to process,

voltage and temperature variations (PVT) as will be heighted later on.
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Figure 3.11: Circuit used to generate z? and x [47].

with reference to Fig.3.11 and assuming that M1 and M2 as well as M3 and M4
are well matched. By applying the translinear principle in [85], the equation of 74 and

I5 are obtained as follows:

2v/1, = V/Ipa + V/Ipa (3.12)

[D2+x:ID4 (313)

By combining equation Eq.3.12 and Eq.3.13, the currents Ips and Ips can be

expressed as shown in Eq.3.14 and Eq.3.15, respectively.
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P2 2 ()2 3.14
I, 27, " (zuq) (3.14)
Ipy 1z T 5

e [y (i 3.15
L, e tag) (3.15)

The current in M5 can be expressed using KCL as follows:

)? (3.16)

]A 1 x 2

— =—(=— 3.17

o .17
L, - 1, 21, ‘

Where 14 and I are the output currents of the basic cell. I, is the biasing current
and z is the input current. This basic cell circuit generates z and 2% needed for the
Taylor series expansion approximation for exponential and logarithmic. The output

currents /4 and Ip graphs are seen in Fig.3.12 and Fig.3.13, respectively.
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Figure 3.12: Output current 4 [47].
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Figure 3.13: Output current I [47].

The block diagram for each of the logarithmic and exponential functions are seen

in Fig3.14 and Fig3.15, respectively.
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Figure 3.14: Block diagram of exponential circuit implemented [47].
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Figure 3.15: Block diagram of the proposed logarithmic function [47].

The resulting exponential and logarithmic are good and follows Taylor series ex-

actly as seen in Fig.3.16 and Fig.3.17.
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Figure 3.16: Results of realization of the approximated exponential using basic cell

[47).
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Figure 3.17:  Results of realization of the approximated In(x) using basic cell [47].

But this current mirror suffers from a high temperature dependency due to the
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current squarer. This effect can be modeled as a variation in x due to temperature.
The equations of the two with temperature effect of the output currents I, and Ip

can be derived as follows:

[D2 lax+ At iU—f-AtQ
—_— =1-= 3.19
I, 2 Iq + 41q ) ( )
ID4 1!E+At $+At2
— =1+-= 3.20
I, +2 Iq * 41q ) ( )

Combing equations (3.19) and (3.20), the drain current of M5 is given by:

Ips  Ipas+1Ips 1 o+ At ,
i ) W 3.21
I, I, 8( Iq ) ( )

The current [, is given by:

Iy _ sIps —Ips la+ At (3.22)
I, Iq 2, '

By subtracting a constant current = 21, from Ips, the current I, can be expressed

as

[a_[D2+ID4 2_1($—|—At)2

Lo s 5 1 (3.23)
_12® 4+ 2Atx + A?
-8 Iq?

The effect of temperature can be seen in Fig.3.18 and Fig.3.19.
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Figure 3.18: Effect of temperature on 1, [47].
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Figure 3.19: Effect of temperature on /5 [47].

As seen from above figures the effect of temperature on [, is significant, while the

effect of temperature on I is negligible. This is due to the squaring. By expanding

46



the square term (z + At,)? we obtain z? + 2xAt, + A(t,)®. The main contributor
to the temperature dependency is the middle term 2xAt,. This can be seen clearly
from Fig.3.18. By following one trace (temp=75), It is seen that [, values go below
the trace (temp=25) when the value of 20At, is negative and above when the value
is positive.

The effect is clearly seen affecting the implementation of exponential and loga-
rithmic functions using this basic as seen in Fig.3.20 and Fig.3.21. It is evident that
both circuits are temperature dependant. Finally, Fig.3.22 and Fig. 3.23 show the
resultant inverse function and its temperature analysis, respectively.

%108

Temp=-25
Temp=0

Temp=25
Temp=50
Temp=75

25

X input (A) %106

Figure 3.20: Temperature performance for exponential circuit in [47].
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Figure 3.21: Temperature performance for the logarithmic circuit in [47].
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Figure 3.22: Results of realization of inv(x) using exp(x) and In(x) built with basic

cell before modification [47].
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Figure 3.23: Temperature performance before the improvement [47].

3.2 Proposed Basic Cell for PVT independent im-
plementation of Exponential /logarithmic func-

tions

The issue of temperature dependency due to the middle term is solved by making the
circuit input two-ended. With reference to Fig.3.24, the current (x ) is applied to node

1 and the negative of it (—x ) is applied to node 2.
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Figure 3.24: Proposed Basic Cell

The new resulting output currents I, and Ig can be derived easily to be:

I, 1,z

e (= 3.24

Lol .20
I, 1, a1 '

The temperature effect on 14 and Ip are as shown in 3.26 and 3.27.
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1

1

]a:ID2+]D4 ]D12+1D14_4
Iq Iq
x+At>2+1(—x+At)2

8 Iq 8 Iq
_1x2+At2
4 Ig?

I, 5Ips — Ips

1,

Iq

lo+ At
2

1

q

(3.26)

(3.27)

In Equation (3.26), the term 2Atx is canceled. This indicates that the current

1, is almost insensitive to temperature fluctuation. That is because the term At is

small and squaring it will make it much smaller. The simulation results provided later

confirms the theory. The aspect ratio of the transistor in Fig.3.24 are given in Table

3.1

Table 3.1: Sizes of all transistors used in the design of the basic cell shown in Fig.3.24

Transistor | M1&M11 | M2&M12 | M3&M13 | M4&M14 | M5&M15 | M6&M16 | M7&M17 | M8&M18 | M9 | M10
L(um) 18 18 4.35 4.35 6 13.2 13.44 6.06 6 |13.35
W (1m) 3 3 3 3 6 6 6 6 2.94| 6

The new I4 can be seen in Fig.3.25
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Figure 3.25: Output current after modification on 14

The basic circuit is simulated for temperature analysis. The temperature was
varied from —25°C to 75°C. Plots of the current I, as a function of = for different
temperature are shown in Fig. 3.26. It is evident from the figure that the current I,

is almost insensitive to the temperature variations. Where the maximum temperature

variation error is around 2%

52



Temp=-25

la (A)

X input (A) x10®

Figure 3.26: Effect of temperature after modification on [4

The basic cell corner simulation was performed, and the plots of I, are displayed in
Fig.3.27. The plots clearly show that the cell is functioning normally, with a constant
shift up or down around the normal case. The maximum error of the process variation
is found to be 5%. The process variation simulation is performed to check the circuit
functionality with slight error in manufacturing and to ensure the circuit is robust to
the variations. Finally, the results of Iz and corner simulation are shown in Fig.3.28.

The temperature and process variation on Iy is even less than I4.
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Figure 3.28: (a) Plot of Ig (b) Effect of process variation on /5 of the proposed

circuit
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3.2.1 Performance Analysis

The previous given analysis for the basic cell is under the assumption that the tran-
sistors M1-M4 in Fig. 3.24 are working in saturation and obeys perfect square-law
equation. Also, the assumption of nMOS and pMOS transconductance are equal.
The perfect square-law equation is proven experimentally to a great extent in long
channels by [86]. The channel length is chosen to be long to avoid destroying the
square-law. But if the circuit is scaled down to short channel length the second-order
effects should be taken into consideration such as channel length modulation,body
effect, velocity saturation and mobility reduction. This long channel will affect the
maximum operating frequency.

This basic cell performance is then tested in the exponential and logarithmic func-

tions approximated implementation.
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3.3 Proposed Exponential Function

To build an exponential function using basic circuit shown in Fig. 3.24, a Taylor series

approximation is utilized. The exponential approximation is as follows in Eq.3.28

1
" ~1+x+ ExQ (3.28)

Using this approximation a realization of exponential function is possible using
current mirrors to correct the constant. The block diagram showing the implementa-
tion is shown in Fig.3.29. The full circuit implementation is shown in Fig.3.30 with

the sizes of each transistor in Table.3.2

Iq$

X2 Ia Inverse 1 .
i exp(x
X Current Current Mirror P
—> Basic cell

Mirrors

X1 Ib Current Mirror

Figure 3.29: Block diagram of exponential circuit implemented.

Where the first block is used to generate x and negative x. The second block is
the proposed basic cell. The last current mirrors are used to adjust the current [,

and Ip to achieve the Taylor’s approximation.
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Figure 3.30: The proposed current-mode exponential function generator’s circuit

schematic

Table 3.2: Sizes of all transistors used in the design of the exponential circuit shown
in Fig3.30.

Transistor L(um) | W(um)

M19,M20,M24,M25,M28,M29,M32,M33,M34,M38,M45,M46,M50 | 2 2
M21,M22,M23,M26,M27,M30,M31,M35,M36,M47,M48 2 4
M37 2.035 4

M39,M41,M42 2 6.205

M40,M43,M44 2 3.105
M49 2.095 4

M51 2 7.3
M52 2 3.65

3.3.1 Simulation Results

The results of using the basic cell are shown in Fig.3.31 and Fig.3.32. Fig.3.31 shows
the values of the realization of exponential using the basic cell, while Fig.3.32 shows

the value variation in the exponential due to temperature.
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Figure 3.31: Results of realization of exponential using proposed basic cell.
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Figure 3.32: Temperature performance using the proposed basic cell.

Fig.3.32 shows that the exponential circuit is immune to temperature variation

from —25°C to 75°C. The corner analysis is done on the circuit and shown in Fig.3.33
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Figure 3.33: Plots for corner analysis of exponential circuit

From Fig.3.33, it is clear that the exponential circuit is immune to process as well.
The frequency range of the circuit is found using AC analysis simulation. Plots of

the simulation is shown in Fig.3.34. The circuit 3 dB cutoff is around 1.25 MHz.
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Figure 3.34: Plot of the AC analysis of the exponential circuit

Finally, to test the reliability of the proposed exponential circuit approximation
design, the Monte Carlo analysis is performed. The input x is taken to be in the
middle of the range of the exponential circuit with 1000 runs of Monte Carlo analysis
shown in Fig.3.35. The Monte Carlo analysis is found to be Gaussian with a mean
of 1.174 pA. The standard deviation is calculated to be around 0=12.22 nA. The

majority of the samples falls within to 20 with more than 95% of the samples.
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Figure 3.35: Histogram of the Monte Carlo simulation of the exponential function

schematic showing the number of samples at input x= 0 pA

3.3.2 Post-layout Simulation Results

The post-layout simulation of the exponential circuit is carried and it matches the
pre-layout simulation.
The layout of the exponential circuit is shown in Fig.3.36. The area of the layout

is around 6000.m?.

Figure 3.36: Layout of the exponential circuit
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Fig.3.37 shows that the layout is very close to the pre-layout simulation with a

slight shift.

5
3 X1[} L) L) L]

Post-layout simulation
Schematic Simulation

exp(x) (A)

-1 0.6 ] 0.6 1
X input (A) x10-8

Figure 3.37: Plots of post-layout and schematic of the exponential function.

Similar to schematic various analysis are done to the post-layout. Temperature
analysis, corner analysis, and AC analysis simulation are shown in Fig.3.38 - Fig.3.40,
respectively. Fig.3.38 shows that the circuit is still almost immune to temperature.
Fig.3.39 shows that the function is still the same with a very slight shift due to process.
The frequency response shown in Fig.3.40 is similar to the schematic with a 3 dB cutoff
frequency around 1.238 MHz, which is less than 1% error. The simulations shows that

the post-layout and schematic simulations are very close.
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Figure 3.38: Temperature analysis of the extracted view of the exponential circuit
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Figure 3.39: Corner analysis of the extracted view of the exponential circuit
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Figure 3.40: AC analysis of the extracted view of the exponential circuit.

Finally, to test the reliability of the post-layout of proposed exponential circuit
approximation design, the Monte Carlo analysis is performed. The input x is taken to
be in the middle of the range of the exponential circuit with 1000 runs of Monte Carlo
analysis shown in Fig.3.41. The Monte Carlo analysis is found to be Gaussian with
a mean of 1.181 pA. The standard deviation is calculated to be around 0=12.08 nA.

The majority of the samples falls within to 20 with more than 95% of the samples.
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Figure 3.41: Histogram of the Monte Carlo simulation of the exponential function

post-layout showing the number of samples at input x= 0 pA

The exponential circuit design was compared to earlier artwork and summarized
in Table 3.3. It is evident from the table that the proposed design outperforms all

other designs.
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Table 3.3: Summary of exponential circuits comparison

Author [74] [77] [75] [59] [76] This work
Technology (um) 0.18 0.35 0.18 0.18 0.18 0.18
Year 2017 2012 2017 2016 2021 2024
Operation region SI WI WI SI WI SI
Supply Voltage (V) +0.75 1.5 +0.5 +0.75 +0.65 +1.25
I/P : O/P Signals Current : Voltage Voltage : Current Current : Current Current : Voltage Current : Current Current : Current
Normalized input range +3.7 +3.7 +3 +4 -4.6:12.55 +1
Approximation used 0.04 — 0.013z + (1 + 0.25z)’ Exact (no approximation) 0.155 + (1 + 0.28z)° 2% + 10z + 28 an eZ(2% +2x +4) | 0.004 + [1+ 0.2z + (0.125z)7]* ltzt 11.2
0.04 4+ 0.013z + (1 — 0.25z)? 0.155 + (1 — 0.282)% | €*(a? — 2z +4) 22 — 10z + 28 0.004 + (1 — 0.0652)* 2
Temperature range Not mentioned -10: 70 -60 : 50 -40 : 125 -10 :75 -25: 75
Temperature error (dB) Not mentioned +3 +2.5 +4.7 +3 +0.13
Bandwidth (MHz) Not mentioned Not mentioned 0-0.123 0.1-5000 0-0.09 0-1.25




3.3.3 Simulation Vs Theory

A comparison between theory and schematic is done. Plots of exp(x), approximated

exp(x) and the schematic simulation are shown in Fig.3.42.

3

exp(x)

Approximated exp(:nz)=1+x+(1;’2):¢2
2571 Schematic Simulation Scaled

Amplitude
o

0.5 f=———

0 1 L
-1 -0.6 0 0.6 1
X input

Figure 3.42: Plots of theory, approximated and schematic simulation for exp(x).

It is clear that the schematic simulation is identical to the approximation. Both
simulation and approximation are close to theoretical exp(x) for values between -0.6
to 0.6 This result is expected since the approximation used (Taylor series) is valid for
small values of x around the center value of the approximation (x=0 in this case). The
exponential circuit can be used as exp(x) only within the values, where the Taylor

series is valid.
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3.4 Logarithmic Function

Similar to the exponential the basic cell shown in Fig.3.24 is used to implement the

Taylor series approximation. The approximation used is as shown in Eq.3.29.

In(z) = (x —1) — =(x — 1) (3.29)

Using this approximation a realization is possible using current mirrors to correct
the constant. The block diagram showing the implementation is shown in Fig.3.43.
The full circuit implementation is shown in Fig.3.44 with the sizes of each transistor
in Table.3.4

|ql

-Xt1-p1 ) laf— Current Mirror In (x)

X Current
"C?’ Mirrors Basic cell —»
! 11 |b}———p»| Current Mirror

Figure 3.43: Block diagram of logarithmic circuit implemented.

Where the first block is used to generate (x-1) and its negative (-x+1). The second
block is the proposed basic cell. The last current mirrors are used to adjust the current

I, and I to achieve the Taylor’s approximation.
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Figure 3.44: The proposed current-mode logarithmic function generator’s circuit

schematic

Table 3.4: Sizes of all transistors used in the design of the logarithmic circuit shown
in Fig3.44.

Transistor L(um) | W(um)
M19,M20,M24,M25,M28,M29,M32,M33,M34,M38,M41,M42,M46 | 2 2
M21,M22,M23,M26,M27,M30,M31,M35,M36,M43,M44 2 1
M37 2.05 4
M39 2 6.205
M40 2 3.105
M45 2.095 4
M47 2 7.3
M48 2 3.65

3.4.1 Simulation Results

The results of using the proposed basic cell are shown in Fig.3.45 and Fig.3.46. Fig.3.45
shows the values of the realization of logarithmic using the basic cell, while Fig.3.46

shows the value variation in the logarithmic due to temperature.
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Figure 3.45: Results of realization of logarithmic function using proposed basic cell.
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Figure 3.46: Temperature analysis of the logarithmic function using the proposed

basic cell.
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Fig.3.46 shows that the exponential circuit is almost immune to temperature vari-

ation from —25°C to 75°C. The corner analysis is done on the circuit and shown in

Fig.3.47

x10-8

In(x) (A)

0 0.5 1 1.5 2
X input (A) <106

Figure 3.47: Plots for corner analysis of logarithmic circuit

From Fig.3.47, it is clear that the logarithmic circuit is immune to process as well.
The frequency range of the circuit is found using AC analysis simulation. Plots of

the simulation is shown in Fig.3.48. The circuit 3 dB cutoff is around 2.8 MHz.
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Figure 3.48: Plot of the AC analysis of the logarithmic circuit

Finally, to test the reliability of the proposed logarithmic circuit approximation
design, the Monte Carlo analysis is performed. The input x is taken to be in the
middle of the range of the logarithmic circuit with 1000 runs of Monte Carlo analysis
shown in Fig.3.49. The Monte Carlo analysis is found to be Gaussian with a mean
of -164.67 nA. The standard deviation is calculated to be around 0=33.4 nA. The

majority of the samples falls within to 20 with more than 94% of the samples.
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Figure 3.49: Histogram of the Monte Carlo simulation of the logarithmic function

schematic showing the number of samples at input x= 1 pA

3.4.2 Post-layout Simulation Results

The post-layout simulation of the logarithmic circuit is carried and it matches the
pre-layout simulation.
The layout of the logarithmic circuit is shown in Fig.3.50. The area of the layout

is around 6000.m?.

Figure 3.50: Layout of the logarithmic circuit
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Fig.3.51 shows that the layout is very close to the pre-layout simulation with a

slight shift.

6
1 %10
Schematic Simulation
Post-layout simulation
0.5+
— 0 B
<
x
[
— 05
A+t
-1.5 : t L !
0 0.5 1 1.5 2

X input (A) %1078

Figure 3.51: Plots of post-layout and schematic of the logarithmic function.

Similar to schematic various analysis are done to the post-layout. Temperature
analysis, corner analysis, and AC analysis simulation are shown in Fig.3.52 - Fig.3.54,
respectively. Fig.3.52 shows that the circuit is still almost immune to temperature.
Fig.3.53 shows that the function is still the same with a very slight shift due to
process. The frequency response shown in Fig.3.54 is similar to the schematic with a
3 dB cutoff frequency around 2.79 MHz. The simulations shows that the post-layout

and schematic simulations are very close.
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Figure 3.52: Temperature analysis of the extracted view of the logarithmic circuit
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Figure 3.53: Corner analysis of the extracted view of the logarithmic circuit
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Figure 3.54: AC analysis of the extracted view of the logarithmic circuit.

Finally, to test the reliability of the post-layout of proposed logarithmic circuit
approximation design, the Monte Carlo analysis is performed. The input x is taken to
be in the middle of the range of the logarithmic circuit with 1000 runs of Monte Carlo
analysis shown in Fig.3.55. The Monte Carlo analysis is found to be Gaussian with a
mean of -164.32 nA. The standard deviation is calculated to be around ¢=33.04 nA.

The majority of the samples falls within to 20 with more than 93% of the samples.
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Figure 3.55: Histogram of the Monte Carlo simulation of the logarithmic function

post-layout showing the number of samples at input x= 1 uA

The logarithmic circuit design was compared to earlier artwork and summarized

in Table 3.5. It is evident from the table that the proposed design outperforms all

other designs.
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6.

Table 3.5: Summary of logarithmic circuit comparison

Reference No. [49] [51] [52] [53] This work
Technology (1m) 0.5 0.35 0.35 0.065 0.18
Year 2008 2009 2014 2019 2024
Supply Voltage (V) +2.0 3.3 +1.65 +0.5 +1.25
Normalized input range +1 1 1 1 —1to 2
6
1
Approximation used Z anx” —0.842% + 4.82 — 8.4/ + 4.5 | 6.529v/x — 2.51z — 3.947 | Not mentioned | (z — 1) — 5(1’ —1)?
n=0
Temperature sensitive Yes Yes Yes Yes No
Bandwidth Not mentioned Not mentioned Not mentioned Not mentioned 2.8 MHZ




3.4.3 Simulation Vs Theory

A comparison between theory and schematic is done. Plots of In(x), approximated

In(x) and the schematic simulation are shown in Fig.3.56.

1 L] T L]
In(x)
Approximated In(x)=(x-1)-1/2(x-1 )2
0.5 Schematic Simulation Scaled
ok J
@
=
2
= 0.5F 7
£
<L
Ak 1
1.5 T
2 L L L
0 0.6 1 1.6 2

X input

Figure 3.56: Plots of theory, approximated and schematic simulation for In(x).

It is clear that the schematic simulation is identical to the approximation. Both
simulation and approximation are close to theoretical In(x) for values between 0.4 to
1.6 This result is expected since the approximation used (Taylor series) is valid for
small values of x around the center value of the approximation (x=1 in this case).
The logarithmic circuit can be used as In(x) only within the values, where the Taylor

series is valid.
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3.5 Inverse Function

Finally, the exponential and natural log are combined to implement the inverse func-
tion. Fig.3.57 shows the block diagram of the circuit. While the Theory behind this

combining is as follows in Eq(3.30):

_ 1
Inverse(z) = e @) = ™) — p=1 = = (3.30)
T

X : Logarithmic In(X) : Inversing -In(X) : Exponential X :
Function Current Mirror Function

Figure 3.57: Block diagram of inverse function.

Where the first block is the proposed logarithmic function. The the logarithmic
function is inverted. The third block is the proposed exponential function.

Using this approximation a realization is possible using current mirrors to correct
the constant. The block diagram showing the implementation is shown in Fig.3.57.
The full circuit implementation is shown in Fig.3.58 with the sizes of each transistor

of logarithmic and exponential circuits used are in Tables.3.2 and 3.4, respectively.

81



Proposed Logarithmic Circuit

Proposed Exponential Circuit

Figure 3.58: The proposed current-mode inverse function generator’s circuit schematic

......
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3.5.1 Simulation Results

The results of using the proposed basic cell are shown in Fig.3.59 and Fig.3.60. Fig.3.59
shows the values of the realization of inverse using the basic cell, while Fig.3.60 shows

the value variation in the inverse due to temperature.

%108

Inw({x) (A)

] 0.6 1 1.6 2
X input (A) %108

Figure 3.59: Results of realization of inverse function using proposed basic cell.
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Figure 3.60: Temperature analysis of the inverse function using the proposed basic

cell.

Fig.3.60 shows that the inverse circuit is almost immune to temperature variation

from —25°C to 75°C. The corner analysis is done on the circuit and shown in Fig.3.61

%1078

Inv(x) (A)

X input (A) x 108

Figure 3.61: Plots for corner analysis of inverse circuit
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From Fig.3.61, it is clear that the inverse circuit is behaving the same regardless
of process but with a slight vertical shift.
The frequency range of the circuit is found using AC analysis simulation. Plots of

the simulation is shown in Fig.3.62. The circuit 3 dB cutoff is around 1.115 MHz.

-15 a il i ]
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Figure 3.62: Plot of the AC analysis of the inverse circuit

Finally, to test the reliability of the proposed inverse function circuit approximation
design, the Monte Carlo analysis is performed. The input x is taken to be in the middle
of the range of the inverse function circuit with 1000 runs of Monte Carlo analysis
shown in Fig.3.63. The Monte Carlo analysis is found to be Gaussian with a mean
of 1.356 pA. The standard deviation is calculated to be around 0=34.58 nA. The

majority of the samples falls within to 20 with more than 95% of the samples.
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Figure 3.63: Histogram of the Monte Carlo simulation for inverse function schematic

showing the number of samples at input x= 0.9 uA

3.5.2 Post-layout Simulation Results

The post-layout simulation of the inverse circuit is carried and it matches the pre-
layout simulation.
The layout of the logarithmic circuit is shown in Fig.3.64. The area of the layout

is around 12000pm?.

Figure 3.64: Layout of the inverse circuit

Fig.3.65 shows that the layout is very close to the pre-layout simulation with a
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slight shift.

-6
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Schematic Simulation
Post-layout simulation
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0 0.6 1 1.6 2
X input (A) x108

Figure 3.65: Plots of post-layout and schematic of the inverse function.

Similar to schematic various analysis are done to the post-layout. Temperature
analysis, corner analysis, and AC analysis simulation are shown in Fig.3.66 - Fig.3.68,
respectively. Fig.3.66 shows that the circuit is still almost immune to temperature.
Fig.3.67 shows that the function is still the same with a very slight shift due to
process. The frequency response shown in Fig.3.68 is similar to the schematic with a
3 dB cutoff frequency around 0.9935 MHz. The simulations shows that the post-layout

and schematic simulations are very close.
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Figure 3.66: Temperature analysis of the extracted view of the inverse circuit
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Figure 3.67: Corner analysis of the extracted view of the inverse circuit
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Figure 3.68: AC analysis of the extracted view of the inverse circuit.

Finally, to test the reliability of the post-layout of proposed inverse function circuit
approximation design, the Monte Carlo analysis is performed. The input x is taken to
be in the middle of the range of the inverse function circuit with 1000 runs of Monte
Carlo analysis shown in Fig.3.69. The Monte Carlo analysis is found to be Gaussian
with a mean of 1.336 pA. The standard deviation is calculated to be around 0=34.55

nA. The majority of the samples falls within to 20 with more than 95% of the samples.
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Figure 3.69: Histogram of the Monte Carlo simulation for inverse function post-

layout showing the number of samples at input x= 0.9 yA

3.5.3 Simulation Vs Theory

A comparison between theory and schematic is done. Plots of inverse(x), approxi-

mated inverse(x) and the schematic simulation are shown in Fig.3.70.

4 T T T

Approximated inv(x)=exp(-In(x))
Theortical Inv(x)
Schematic Simulation Scaled

I
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[\t
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Figure 3.70: Plots of theory, approximated and schematic simulation for inv(x).
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It is clear that the schematic simulation is identical to the approximation. Both
simulation and approximation are close to theoretical inv(x) for values between 0.4
to 1.4 This result is expected since the approximation used (Taylor series for loga-
rithmic and exponential) is valid within the ranges mentioned in the exponential and
logarithmic sections. The inverse circuit can be used as inv(x) only within the values,

where the approximation is valid.
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3.6 CTC with Inverse Function

The proposed inv(x) function is used as seen in Fig.3.71 to build a CTC that is linear
and PVT independent. The inverse function in conjunction with a current mirror is

used to derive the current in transistor M1 in Fig.1.2.

Vclk

X
— Inverse Function —le l:

/X Ml Il: ¢ L=1/X
M6 M7 |
v

Vss

Vss

Figure 3.71: Block diagram of the current to time conveter.

This leads to the relation shown in Eq.3.31 and Eq.3.32 to be as follows:

inv(x) = ! (3.31)

T
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dv

inv(x)

dt =C (3.32)

The relation between the time delay and the input signal (current) is linear, allow-

ing the CTC to have a linear delay conversion. The waveforms of using this method

are shown in Fig.3.72, while the delay vs input x is shown in Fig.3.73

Figure 3.72:

Vout (V)

Time Delay (us)

2.5
Time (s)

2

Plots of the output as a functionof time for the proposed CTC .
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Input X (UA)

0.2 0.4 0.6

Figure 3.73: Plot of the delay as a function of the input current.
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From Fig.3.73 The linear region is from x = 0.4 to x = 1.4, which is the region
where the values of inv(x) are correct. Fig.3.74 shows the delay within the range of X

where the inv(x) is valid

1.46

y=1.1311x-0.2

1.26

1.06

0.86

Delay (us)

0.66

0.46

0.26 &
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Input X (UA)

Figure 3.74: Delay of CTC using valid input for inv(x).

This simulation results confirms that using inv(x) produces a linear CTC with an
input range of 1.0puA. Furthermore, for direct sensing the range needs to start from
z = 0 instead of x = 0.4 we can shift the values and use inv(x+0.4) instead. This is
easily achievable by using the shifting discussed in inv(x) and In(x) previously. This
allows the CTC to have a 1.0pA input range that starts from 0 A. The full range
of this CTC can be 1.6pA by utilizing shift and simple scaler to achieve range from
x = —0.6 up to z = 1.4. The CTC achieve high linearity with a maximum linearity
error of 1.8%.

The CTC temperature analysis and corner analysis are shown in Fig.3.75 and
Fig3.76.,respectively. Both figures are simulated at © = 0.4uA which will give the

highest error. The error due to temperature is less than 0.5%. While the error due to
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process variation is around 3%.
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Figure 3.75: Plots of temperature analysis on the delay at x = 0.5uA
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Figure 3.76: Plots of the corner analysis at x = 0.5uA

Finally, to test the reliability of the proposed CTC circuit design, the Monte Carlo
analysis is performed. The input x is taken to be in the middle of the range of the
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CTC circuit with 1000 runs of Monte Carlo analysis shown in Fig.??. The Monte
Carlo analysis is found to be Gaussian with a mean of 293.87 mV. The standard
deviation is calculated to be around 0=10.73 mV. The majority of the samples falls

within to 20 with more than 90% of the samples.
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Figure 3.77: Histogram of the Monte Carlo simulation for CTC schematic showing

the number of samples at input x= 0.9 pA

3.6.1 Post-layout Simulation Results

The post-layout simulation of the CTC circuit is carried and it matches the pre-layout
simulation.
The layout of the CTC circuit is shown in Fig.3.78. The area of the layout is

around 12000um?2.
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Figure 3.78: Layout of the proposed CTC.

Fig.3.79 shows that the layout is very close to the pre-layout simulation with a

slight shift.

1 .5 L) L L] L) L) L] L) L) L]
Schematic Simulation
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Time (s) <108

Figure 3.79: Plots of the output voltage for pre- and post-layout simulation for the

CTC .

Similar to schematic various analysis are done to the post-layout. Temperature
analysis and corner analysis simulation are shown in Fig.3.80 and Fig.3.81, respec-

tively. Fig.3.80 shows that the circuit is immune to temperature. Fig.3.81 shows that
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the function is still the same with a very slight shift due to process.
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Figure 3.80: Temperature analysis of the extracted view of the CTC circuit
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Figure 3.81: Corner analysis of the extracted view of the CTC circuit

The frequency of operation of this CTC is the same as the frequency of operation

for the inv(x) of 1.115 MHz. The delay of the post-layout is almost identical to
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pre-layout simulation due all of other results being identical to pre-layout simulation.

Finally, to test the reliability of the post-layout of proposed CTC circuit design,
the Monte Carlo analysis is performed. The input x is taken to be in the middle
of the range of the CTC circuit with 1000 runs of Monte Carlo analysis shown in
Fig.3.82. The Monte Carlo analysis is found to be Gaussian with a mean of 295.82
mV . The standard deviation is calculated to be around ¢=10.78 mV'. The majority

of the samples falls within to 20 with more than 90% of the samples.
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Figure 3.82: Histogram of the Monte Carlo simulation for CTC post-layout showing

the number of samples at input x= 0.9 pA
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Table 3.6: Comparison between different CTCs

[22] [23] [24] [25] [26] [27] [30] This Work
Year 2018 2009 2024 2020 2022 2019 2024 2024
Technology 600 nm Not Reported 180 nm Not Reported 65nm 350 nm 40 nm 180 nm
s“pplﬁ'v\;‘)ltage 1.0 Not Reported 1.8 1 1 3 1.1 1.25
Operation Region ‘Weak Inversion Not Applicable Weak Inversion Strong Inversion Subthreshold Strong Inversion Strong Inversion Strong Inversion
Input Range (uA) Not Applicable 0.7 0.03 900 02V 200 Not Reported 1.6
Input Values (uA) Not Applicable 0.3 to 1.0 0.001-0.03 100-1000 02V-04V -100 - 100 Not Reported -0.4-14
Area (mm?) Not Reported Not Reported 0.0012 Not Reported 0.038 Not Reported Not Reported 0.012
Operating
Frequency (MHz) Not Reported Not Reported Not Reported 0.001 1 25 Not Reported 1.115
Passive 2 8 Inductors 0 0 0 1 1 0
Components
. Ma)flmum 2.7% non-linear Not Reported 3% non-linear 2.1% around 0.7% 1.8%
Linearity Error
Maximum Used as none (operates at Mentiond high Mentiond high
temperature sensor per & & around 15% Not Reported Not Reported 0.5%
Temperature Error . 1 Kelvin) Error Error
(highly dependant)
Maximum Process . Mentiond high o o
. Not Reported Not Applicable Not Reported Not Reported Not Reported around 30% 3%
Variation Error Error
Conversion Rate Not Reported 0.0000000000125 1.8 0.00386 Not Reported 0.125 Not Reported 1

(s/A)




The proposed is design compared with previous arts and summarized in Table 3.6.
It evident that the proposed CTC has the best performance in terms linearity, good

input range while being insensitive to PVT variations.

101



CHAPTER 4

CONCLUSION

Digital signal processing is an important field. It faces the issue of acquiring the analog
data provided by sensors and converting it into digital. T-ADC provides reliable, low
power and fast conversion but its core block VITC or CTC suffers from linearity and
PVT variations. A new developed CTC that utilizes the inverse function circuit using
MOS in strong inversion. The thesis started by proposing a new implementation of
inverse function circuit using proposed exponential and logarithmic functions. The
proposed exponential and logarithmic function are implemented using MOS in strong
inversion by utilizing Taylor series approximations The functionality of all proposed
designs were confirmed using post-layout simulation in CADENCE Virtuoso in 0.18um
TSMC CMOS process technology. The simulation results of the proposed CTC shows
that the design is highly linear, compact and PVT insensitive. The CTC maximum
linearity error is less than 1.8% with a full input range of 1.6 A and the frequency of
operation reaches up to 1.115MHz. The developed circuit will serve as a fundamental

building block in many signal processing applications.

102



4.1 Future Work and Recommendations

The next work can focus on increasing the frequency of operation. Even though
the current work has high speed operation compared to previous work, the speed of
some applications reach up to GHz range. Also, the work can focus on more efficient
implementation that conserve power and area, while keeping the linearity and PVT
insensitivity the same. Finally, the input range has to increase further to be used with

the temperature sensors in the market that can reach output of around 10 pA.
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