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Abstract

Two 8-bit analog to digital converters (ADCs) were designed for biomedical appli-
cations to achieve ultra low power dissipation in a standard 0.13um CMOS process.
Both ADCs make use of the sub-threshold region of operation of the MOSFET to
achieve ultra low power dissipation and both ADCs can operate down to a supply
voltage of 0.3V. Both ADCs include an offset correction circuit which significantly
reduces the offset voltage as a result of process and mismatch variation. The first
ADC, ICGCUADC achieves a measured energy efficiency of 10.3 pJ/cycle operating
at 20 kS/s with a 0.4V supply, and achieves a measured ENOB of 7 bits and a SFDR
of 53.37dB when using a 0.6V supply. The second ADC, ICGCUKAH achieves a
measured energy efficiency of 8.09 pJ/cycle operating at 20 kS/s with a 0.4V supply,
making it the most energy efficient ADC in the published literature to date. The
attenuation capacitor is digitally tuned and enables an INL and DNL below 1 LSB,

a measured ENOB of 7.54 bits and a SFDR of 62.2dB when using a 0.6V supply.

iii
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Chapter 1

Introduction

1.1 Motivation

With an ever-increasing demand for biomedical devices such as pacemakers, hearing
aids and biomedical sensor applications, and portable devices such as PDAs and MP3
players, there is more demand for low power analog and digital ICs {2]. An area where
energy efficiency is paramount is in circuits in the biomedical field. Implantable chips
with bio-sensors are preferably designed to dissipate the minimum power possible
since charging or replacing a battery becomes more difficult when its implanted inside
the human body.

The analog-to-digital converter (ADC) is a commonly found component in mixed
signal integrated circuits such as biomedical implantable chips. A bio-sensor will
acquire a biological signal such as blood pressure and convert it into an analog elec-
trical voltage. The ADC will receive the analog information from a bio-sensor and
will convert it to digital bits. From here, the bits can be processed and stored and/or
transmitted to a signal processor. Typically this ADC uses a significant portion of

power for a system which can further decrease the length of time the implantable chip
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can operate inside the human body.

The objective of the research reported in this thesis is to design a fully integrated
ADC in a standard CMOS process. The ADC should dissipate only nanowatts of
power for bandwidths required for the biomedical field. The goal is to offer state-of-
the-art performance in terms of energy per conversion cycle that compares favourably

with results found in the published literature.
1.2 Thesis Organization

Chapter 2 provides an overview of the intended application and provides some circuit
specifications that will be targeted.

Chapter 3 discusses the different ADC architectures and provides a summary of
published low power ADCs. A justification for selecting the successive approximation
architecture and the different components that will be designed are briefly discussed.

Chapter 4 presents the design and simulation results for each individual component
of the ADC, which includes the comparator, digital logic, capacitor array, analog
switches and output buffers.

Chapter 5 presents full post-layout simulation results for two ADC chips designed
for this thesis, ICGCUADC and ICGCUKAH, which include static performance, dy-
namic performance and power dissipation.

Chapter 6 presents test procedures and measurement results for two separate ADC
chips designed for this thesis, which include static performance, dynamic performance
and power dissipation as well as some ECG measurements.

Chapter 7 concludes the thesis, summarizes the contributions to research and
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provides some suggestions for possible future work.
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Chapter 2

Application and Specifications

2.1 Application

A typical block diagram of a biomedical transmitter is shown in Figure 2.1. Here a
sensor converts a physical measurement such as blood pressure, blood sugar levels or
heart signals to an analog voltage level. Typically, the biomedical frequencies of in-
terest can range from DC to 10kHz for signals such as electrooculogram (EOG), elec-
troencephalogram (EEG), electrocardiogram (ECG), electromyogram (EMG), and
axon action potential (AAP) [3]. The analog signal is amplified and filtered to re-
move aliasing components and is then passed to an analog-to-digital converter (ADC).
The focus is to design such an ADC which will convert the biomedical signal into dig-
ital bits. From here digital signal processing (DSP) can be applied and the bits can
either be stored in memory to be retrieved at a later time, or transmitted to a nearby
digital computer, base station or analog signal processor. The intended application
for the ADC described in this thesis is implantable biosensors. Such an applica-
tion would require minimum power dissipation from implanted circuits as a battery

becomes difficult to replace once implanted inside the human body.
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Several authors have proposed that implanted devices derive their power from the
host body. Such possible approaches to self-powered systems are described in [4].
One such approach is to use the human body to power an integrated circuit through
vibration. It is possible to generate 400uW of power using this technique which is
described in [5]. Other techniques for human power generation such as body heat,
blood pressure, walking, and movement are described in [6]. These methods of power
generation may allow for a batteryless systems but these techniques require ultra-low
power circuits using low supply voltages, sub-threshold circuit operation, silicon-on-
insulator (SOI) technologies, and multi-threshold CMOS design techniques to ensure
that the circuits operate with as low power dissipation as possible. Such ultra low
power design techniques are used to design a low-data rate radio as implemented
in (7], a low voltage batteryless wireless system as described in (8] and sub-threshold

digital logic design to implement a digital filter as described in {9].

2.1.1 Ultra-low Power Design

The design of ultra-low power circuits refers to optimizing an integrated circuit such
that it performs a computation in the most energy eflicient way possible. When
designing such integrated circuits everything from the architecture selection to circuit
implementation are to be optimized to provide the most energy-efficient solution [10].
Currently, for published 8-bit ADC designs in literature the target energy efficiency
for ultra-low power is below 20pJ/conversion cycle [11], which will be discussed in

more detail in the next chapter of this thesis.
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Figure 2.1: Typical block diagram of biomedical transmitter.

The proposed design is to implement an analog to digital converter, using ultra-
low power design techniques to be used in applications such as implantable chips and

other batteryless devices in a standard CMOS process.
2.2 Circuit Specifications

The proposed design for the ADC is to use a standard 0.13um CMOS process with
a nominal supply voltage of 1.2V. The intended ADC targets low to medium sample
rates of approximately 1kS/s to 1MS/s which would provide low data rates for a
low-power wireless transmitter. The resolution is to be low to medium with 8-10
bits of accuracy. Similar applications were found in [2,11-15] to implement medium
resolution ADCs (8-10 bits) for low bandwidth signals, such as found in biomedical
applications.

Power dissipation is to be among the most important design concerns, with an
intended target of less than 1uW. The supply voltage is to be as low as possible with
a target of half the nominal supply voltage for this process (0.6V). Also with using a

low supply voltage, the input range should be at least 0.5Vpp to Vpp. For accuracy
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Table 2.1: Specifications for the proposed ADC

Vop 0.6V
Input Range 0.3-0.6V
Sample Rate | 1kS/S to IMS/s

INL < 1LSB

DNL < 1LSB

Power < 1000 nW

Area Minimized

Technology | 0.13 gm CMOS

approximately 8-10 bits for dynamic performance and no missing codes with an INL
and DNL of below 1 LSB is expected. The focus of the design will be achieving ultra
low power dissipation with minimal trade-offs on accuracy and area. A summary of

specifications are included in Table 2.1.
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Chapter 3

Background Material

3.1 ADC Architecture Survey
3.1.1 Flash ADC

The flash ADC is currently the architecture of choice for high-speed applications.
The typical design approach is to use a resistor string of equally valued resistors
which generate 2V reference voltages [16]. Each reference voltage is connected to a
comparator, which compares the reference voltage to the analog voltage level. The
output from all comparators will be a thermometer code, which will be converted to
an N-bit digital output by using a converter [17].

Some advantages of the flash architecture are that the lack of sample and hold
circuitry simplifies the hardware required to implement it as it only requires compara-
tors, a resistor network and a decoder. However, one still requires 2¥ comparators
which can lead to very high power dissipation and layout area [16]. Also with a
large number of comparators connected to the analog input, this can create a large
input capacitance for the buffer driving the ADC [18] leading to high power dissipa-
tion. This architecture for 8-10 bits of resolution is not amenable for ultra low power

applications.
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3.1.2 Pipeline ADC

The concept for the pipeline ADC architecture is to break the conversion up into
stages so that the ADC can perform an N-bit conversion in 1 clock cycle, with a
latency of N-clock cycles. The operation as described in [17] is as follows; First, the
analog signal is sampled and held, and then compared to Vgrgp/2, where Vggr is a
reference voltage chosen. If the analog signal is greater than Vggr/2, this voltage is
subtracted from the first stage and then passed on to the next stage. If the analog
signal is less than Vggr/2, nothing happens to the analog signal and its passed on
to the next stage. If the previous stage output was greater than Vggr/2, the analog
signal is multiplied by 2 as it is passed to the next stage.

Each stage contains a sample and hold (S/H), a comparator, an adder and an
amplifier with a gain of 2 [18]. It is also possible to perform more bits per stage
which can increase the speed of the conversion cycle or to offer digital correction,
such as in [19] which uses 1.5 bits per stage, where 1 bit is for the conversion and 0.5
bits are used for digital correction. Typically the last number of bits will use a small
flash ADC to determine the remaining bits for the conversion. Its also important to
ensure the first stage is most accurate as the error propagates through the ADC, and
the following stages can be less accurate than the stage before it.

The pipeline ADC can operate at high speeds (1 conversion per clock cycle) at a
lower area and power dissipation than a flash ADC [16]. The trade-off to this design is
the power dissipation as it requires a S/H, comparator, amplifier, adder per stage [10]

which does not make it an ideal candidate for ultra-low power dissipation.
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3.1.3 Sigma-Delta ADC

This type of architecture is an oversampling ADC, which requires a sample rate higher
than the Nyquist rate *. A typical Delta-Sigma ADC consists of an integrator, a 1-bit
DAC and a 1-bit ADC [16]. The typical approach is to oversample the analog signal
and then find the quantization error between the input signal and the output of the
DAC. A 1-bit ADC is required which relaxes the analog design components. It is also
possible to implement such an ADC with very little silicon area. The main drawback
for this application is that it requires fast clocking and filtering which can make it
difficult for ultra low power dissipation. Higher-order sigma-delta modulators can be

implemented which can further increase the resolution of the ADC [2].
3.1.4 Integrating ADC

This type of ADC consists of an integrator to generate a ramp voltage, a digital
counter, and a comparator. The ramp voltage is compared to the analog voltage while
the digital circuitry is counting. One can also use a DAC instead of an integrator [20].
This architecture is very slow as it requires 2%V clock cycles to complete a conversion,
but it can be low power, small, and accurate as the analog circuitry is not complex.
High resolutions can be obtained by ensuring that the ADC is self-calibrating [20] to
ensure comparator offset is minimized and the voltage ramp is properly calibrated
to the digital clock. The main drawback for this architecture is the clock, where an
8-bit ADC sampled at 100kS/s would require digital logic to be clocked at 25.6MHz,

which can lead to high power dissipation for this ADC.

*The lowest sampling rate that will permit accurate reconstruction of a sampled analog signal.
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3.1.5 Successive Approximation ADC

The standard successive approximation architecture contains a comparator, a digital
to analog converter (DAC), and digital control logic. The circuit works such that an
analog signal is first sampled by the ADC and stored or held. The digital control
logic then sets the most significant bit (MSB) to a digital 1 and the rest of the bits to
0. This represents Vggr/2 and the DAC outputs this value and it is then compared
to the analog signal. If Vgrr/2 is greater than Vin then the comparator outputs
a 0 and the digital logic turns off this bit (MSB). If Vggr/2 is less than V;y, then
the comparator outputs a 1, and the digital logic keeps this bit as a 1. Next clock
cycle, we apply a 1 to the next MSB, keeping the rest of the bits as 0, except the
MSB (already determined as a 1 or 0). If the MSB was a 1, then the input into the
DAC will be Vgpgr/2+VgEer/4=3/4VgEr, and if the MSB was a 0, then the input into
the DAC will be Vref/4. If the output of the DAC is greater than Vin, then a 0 is
output from the comparator and this bit is set as a 0. If the output of the DAC is
less than Vin, then a 1 is output by the comparator and this bit is a 1. So far we can
have either 10XXXXXX=1/2Vgrgr, 00XXXXXX=0Vger, 11XXXXXX=3/4VreF, or
01XXXXXX=1/4Vggp, as shown in Figure 3.1. This process is repeated through all
the bits until the DAC output converges to at least 1 LSB compared with Vin.

This architecture has a minimal hardware requirement allowing for low power and
can achieve medium speeds where each conversion cycle has the same number of clock

cycles as bits which allows the architecture to achieve a high energy efficiency.
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Figure 3.1: A flow chart showing the successive approximation algorithm.
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3.2 Published Ultra Low Power ADC Designs

Shown in Table 6.3 is a summary of published measured ultra-low power ADC designs.
The design in [2] uses a successive approximation ADC with charge redistribution to
achieve 31pJ/cycle for an 8-bit ADC. The ADC design used in {12] uses a similar
architecture to achieve low voltage operation (0.4V), but it uses an off-chip sample
and hold circuit which makes it not fully integrated. The design in [13] makes use
of an attenuation capacitor to reduce the size of the capacitor array, which was also
implemented in [14]. This design achieves low power dissipation (20pJ/cycle), but
makes use of a silicon on saphire process. The lowest power successive approximation
ADC using a charge redistribution architecture was found in [21], which uses a 90nm
CMOS process. This design along with {22] both achieve ultra-low power dissipation
by using sub-threshold analog design techniques. Both designs implement 6-bit ADCs.

Other low power designs include integrating ADCs and sigma-delta ADCs. The
novel architecture based on an integrating ADC used in [11] achieves low power, small
area and uses sub-threshold design techniques. Another integrating ADC found in [23]
achieves low power dissipation and high resolution but the sample rates are low and
it uses a BICMOS process. The sigma-delta ADC design in [15] achieves 77pJ per
conversion cycle, however this architecture requires additional clocking, and the input

signal must be oversampled higher than the Nyquist frequency.
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Table 3.1: Other published low power ADC designs.

Arch. Res. Speed Power Tech. Vbop Area Energy*
SAR [2] | 8bits | 100kS/s | 3.1uW [0.25um | 1V [0.053mm® | 31pJ
SAR [12] | 8Dbits | 4.1kS/s | 0.85uW [ 0.18um | 0.5V | 0.11mm® | 207pJ
SAR [13] | 8-bits | 1kS/s | 300nW | 0.5pum | 2V N/A 300pJ
Int [11] | S-bits | 45kS/s | 900nW | 0.18um | 1.2V | 0.021mm? | 20pJ
SAR [14] | 8-bits | 409kS/s | 7.3uW | 0.5um | 1.5V | 0.481mm? | 17.9pJ
SAR [24] | 16-bits | 200S/s | 22uW | 0.18um | 2V 0.1 mm? 110nJ
SAR [21] | 6-bits | 1.5MS/s | 14uW [ 0.09um | 0.5V | 0.09mm® | 9.33pJ
SAR [22] | 6-bits | 130kS/s | 6uW [ 0.18um [ 0.65V [ 0.046 mm* | 46pJ
YA [15] | 10-bits | 1.4MS/s | 108uW | 0.35pum | 1.8V N/A 77pJ
Int [23] | 10-bits | 2.9kS/s | 17.9uW | 0.8um | 2.8V 0.8 mm* 6.2nJ

* Energy(pJ)/cycle

3.3 Circuit Architecture Selection

The architecture from [2,12-14] implement a successive approximation architecture
based on charge redistribution which offers attractive performance for ultra-low power
applications. Other applications such as integrating and ¥ — A can offer low-power
performance, but the oversampling requirements of a ¥ — A ADC and the low conver-
sion rate of an integrating ADC (2V clock cycles) lead to these architectures having
higher energy per conversion cycle than the SAR architecture with charge redistri-
bution. These architectures may require less layout area than the SAR architecture
with charge redistribution, but the main focus of this thesis work is on an ultra low
power dissipation ADC.

This successive approximation architecture based on charge redistribution uses
a binary weighted capacitor array as the digital to analog converter needed for the
successive approximation ADC. This type of architecture provides low power con-

sumption because it only requires 1 comparator, no sample and hold circuitry, low

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

J‘VIBC J'SAC ‘1'32C J"16C.J-SC 4ac
VL w

S_samp,e__o Vref

To Digital SAR
controlter

Figure 3.2: Sampling phase of SAR ADC

S0 l
] Vtop= -Vin

AT L

Vin o= Vref

S_sample

To Digital SAR
controller

Figure 3.3: Phase where the top plate of capacitor array becomes negative V.

frequency CMOS digital logic and switching. There are four main phases during the
conversion cycle, as described in [25]. First the analog data is sampled onto the bot-
tom plate of the capacitors as V;y, while the top plate is grounded as shown in Figure
3.2.  Next, the charge is then held as the bottom plate becomes grounded, forcing
the top plate to reach negative V;y as shown in Figure 3.3. Next, the approxima-
tion stage occurs as in Figure 3.4, where the digital SAR logic controls the switching
starting with the most-significant bit (MSB) and the comparator controls whether
the voltage is positive or negative at the top plate of the binary weighted capacitor

array. If the voltage on the top plate is positive then the approximation was too high,
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then this bit is a 0 and the top plate is returned to its negative value as before. If
the voltage stays negative, then this bit is a 1 and the new negative voltage on the
top plate is maintained. This is repeated for each bit, thus the conversion phase will
take n—clock cycles. After the least-significant bit (LSB) is reached, the digital data
is considered to be valid and a new conversion cycle begins, as shown in Figure 3.5.
The full conversion should take approximately n + 3 clock cycles, 1 for sampling the
analog signal, 1 for forcing it negative, n for approximating, and 1 for outputting the

digital data.

3.4 Circuit Components

The successive approximation architecture with charge redistribution is composed of
five main components and will be described briefly in the next section and in more

detail in the next chapter of this thesis.

3.4.1 Comparator

The comparator determines whether the voltage on the top plate of the capacitor
array is above or below the analog ground. For an 8-bit design, with a 0.6V reference
voltage the accuracy of the ADC should be at least 2.34mV *. The comparator will
also contribute the most power dissipation for the entire ADC. To ensure power
dissipation is minimized, sub-threshold analog design techniques will be used. The
comparator input offset voltage will tend to limit the accuracy of the comparator, and
thus common-centroid layout techniques and offset correction will be implemented to

minimize the offset voltage of the comparator. Other important factors are circuit

*0.6V/28
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noise and temperature effects such as bias shifting which will further reduce the

accuracy of the comparator.

3.4.2 Digital Logic

This logic implements the successive approximation algorithm using registers and
logic gates. The gates are to be implemented using a custom cell library and custom
layout to reduce power dissipation. The gates were optimized for noise immunity as
Vpp will be low (0.6V) and low power. It is also important to use separate supply
voltages for the analog and digital circuitry, to prevent switching noise from coupling

into the sensitive analog components [18].

3.4.3 Capacitor Array

The binary-weighted capacitor array implements the charge redistribution concept
used in the successive approximation architecture. To minimize capacitor layout area
and power dissipation the capacitor array uses an attenuation capacitor as in [13]
and [14]. Matching is critical, as mismatch in the capacitors in the array reduces the

performance of the ADC {17].

3.4.4 Switching Network

An array of analog switches is required to drive each capacitor bit with the reference
voltage or GND. The ON resistance of the switch tends to reduce the bandwidth of
the ADC. Thus, its important that larger switches will be used for larger capacitors.
As the expected analog signals through the switches will be between GND and Vpp

the switches will be implemented using transmission gates.
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3.4.5 Switch to Reset Top Plate of Capacitor Array

To implement an input range from GND to Vpp, the successive approximation archi-
tecture causes voltages to swing below the negative voltage supply. This can cause
problems if an NFET switch used as Vg of the transistor will be positive leading to
significant leakage on the capacitor array. A PFET switch cannot be used because it
cannot pass low voltages well. To solve this problem, a switch was implemented that
stores -Vpp on a capacitor, then applies it to the gate of a PFET to reset the top

plate of the capacitor array to GND.

3.4.6 Output Buffer

This will be an 8-bit register followed by large CMOS buflers to drive an off-chip load.
A separate buffer supply from the analog and digital ADC circuitry will be used to
avoid switching noise being coupled from the large buffers into the ADC.

Each of these five components is further described in more detail in the remainder

of the thesis.
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Chapter 4

Design and Theory

4.1 Sub-Threshold Region of a MOSFET

The sub-threshold operating region of a MOSFET occurs when the MOSFET’s gate
to source voltage (Vgs) is reduced below the threshold voltage (Vry) [26]. Shown in
Figure 4.1 is the current versus gate-source voltage for an NFET transistor. When
Ves is below approximately 0.35V in the process technology used in this thesis, the
transistor appears to be "OFF” with no drain current present for the NFET device.
However, taking the same curve and plotting the current on a log-axis results in the
lower plot of Figure 4.1. The increasing straight line when Vg is below 0.35V shows
that there is a current present and that it is sharply increasing exponentially when
compared to the nearly quadratic increase of current when Vg is above the threshold

voltage and Vpg is greater than Vs — Viry.
4.1.1 Sub-Threshold Analog Operation

The transistor drain-source current in this region of operation where Vg is below the

threshold voltage given by [9], is

w Vas — Vru
Ips = f#eﬁCOXU%exp(—“W)(l — exp( o

) (4.1.1)
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Figure 4.1: Ipgs vs. Vg for a Vpg of 1.2V for NFET W=2um, L=300nm.
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where pess is the effective mobility, vy is the thermal voltage, Cox is the oxide
capacitance, W and L are the width and length of the MOSFET device respectively,
Vgs and Vpg are the gate-source and drain-source voltages respectively, m is the
body effect coefficient given by 1+ C4/Cox and Vry is the threshold voltage of the
MOSFET. This equation shows an exponential relationship with Vgg and is similar

to the relationship of V4 and /¢ of a BJT which given by [27] as
Vi
I, = ILexp(—2) (4.1.2)
vr

This means a MOSFET in the sub-threshold region of operation operates similarly
to a BJT in terms of current versus Vgg. Also, the sub-threshold current equation as
discussed in [9] has the extra exponential term relating it to Vpg of the MOSFET.
However if Vpg is greater than 3vr (75mV at room temperature), the MOSFET’s
current dependence on Vpg is reduced, making it act like a MOSFET in saturation
or a BJT in the active region. It enters the constant current region much earlier
than saturation where Vpg must be greater than 75mV instead of Vpg being greater
than Vgs-Vry. When Vps is much larger than Vg the current for the sub-threshold

MOSFET simplifies to

w Vas — Vru
Ipg = — e 2 — 4.1.
Ds = T gCoxvrexp( om ) (4.1.3)

This constant current region is shown in Figure 4.2 where Vg is set to 0.2V and
the NFET transistor is in the sub-threshold region. This characteristic of the sub-
threshold region of the MOSFET allows for analog design for very low supply voltages
and currents to be feasible. Analog components such as current mirrors, amplifiers

and active loads can be designed similarly as if one was designing devices using BJTs
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Figure 4.2: Example Ipg vs. Vpg for a Vgg of 0.2V for NFET W=2um, L=300nm.

or MOSFETSs operating in active region or saturation region respectively. The trade-
off however becomes the frequency of operation as operating in sub-threshold has low
currents which results in a very low g, for the device. In [17] g, in sub-threshold is
Ip/(nVr) which means it increases linearly with drain current while in saturation g,
increases with the root of the drain current. The equation for fr of the transistor,
given in [17] is

9m
= 414
fr 27Cos ( )

Operating the device in sub-threshold with a low g, value will lead to a much lower fr
than operating the transistor in saturation mode. Shown in Figure 4.3 is an NFET

device of W=2um and L=300nm operating in sub-threshold has fr plotted versus
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Figure 4.3: fr vs. Vs for different Vpg for NFET W=2um, L=300nm.

Ves for 3 different Vpg values. The fr which is in the MHz and low GHz range is

significantly lower than found when operating the same device in saturation mode,

where the fr is approximately 100GHz.

4.1.2 Sub-threshold Temperature Effects and Noise

The threshold voltage and mobility both decrease with an increasing temperature
where at low Vgg the decrease in voltage threshold dominates which leads to an
increase in drain current * [17]. An increase in temperature will cause the off-current
(Iorr) to increase quadratically and the sub-threshold slope (S) to increase linearly
[1]. This will lead to higher leakage currents for digital logic and higher drain currents

for analog design, with an overall effect of increasing total power dissipation of the

system.

*Opposite holds true for higher Vgs.
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Since operation in the sub-threshold region of operation is typically low bandwidth
the main concern will be 1/f noise, which results from the trapping of charges at the
oxide/semidconductor interface [17]. In the saturation region of operation of the

MOSFET, the input-referred 1/f noise given in [28] is,

¢*Nor

Eg;w—” (4.1-5)

Svg =

where I is the drain current, Cox is the oxide capacitance, W and L are the width
and length of the gate respectively, Nor is the equivalent energy of oxide traps. In the
sub-threshold region of operation of the MOSFET there is the presence of capacitive
ratio between the oxide capacitance (Cox) and the depletion capacitance (Cy) where

the input-referred 1/f noise in sub-threshold given in [28] is,

Cinv 2 quOT
Cox nZC%XWLf

Syg = ( (4.1.6)

where n is (Cox+Cq)/Cox, W and L are the width and length of the gate respectively.
The capacitor divider ratio allows the 1/f input-referred noise to be lower in sub-
threshold than in saturation [28]. The drain current noise power spectrum density
is determined in [28] by multiplying the input-referred noise by gZ. This results
in a drain current noise power spectrum density in sub-threshold to be quadratically
related to I and inversely proportional to C,, and the area of the transistor gate [28].

Thus by ensuring that the area of transistor gates are large noise can be reduced [22]

for MOSFETSs operating in sub-threshold.
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4.1.3 Sub-Threshold Digital Operation

For standard static CMOS logic implemenations, operating the devices in sub-threshold
can provide a more ideal voltage transfer curve (VIC) than compared to operating
the devices in saturation. This is because as the drain-source voltage decreases the
current also decreases when in saturation mode, while in sub-threshold the current
is approximately constant, all the way down to when Vpg is approximately vr [9].
As mentioned in [9] the sub-threshold static CMOS logic operation is more robust
compared with saturation static CMOS logic when normalized to Vpp *. It was found
in [9] that sub-threshold pseudo-NMOS logic can offer a twenty percent improvement
over sub-threshold static-CMOS in terms of delay and power but at the expense of re-
duced noise margins. Another advantage of sub-threshold operation for digital logic
is the lower input capacitance. As shown in Figure 4.4, the depletion capacitance
forms a series capacitance with Cpx. This reduces the input capacitance, and the
main contributor to the input capacitance becomes the overlap capacitances of the
gate. This becomes important for total power consumption, as the power of standard

CMOS logic is given by [9],

P = OtCLVng + Lieak VoD (4.1.7)

where « is the probability of the gate switching, Cp is the load capacitance, f is
the frequency, and I, is the static current flow when the device is not switching.
When operating in sub-threshold mode, with Vpp and the input capacitance being

significantly lower than when operating in saturation mode, one can achieve ultra

*Has higher noise margins when normalized to Vpp.
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Figure 4.4: Capacitance of a standard CMOS transistor from [1]. Cox is the oxide
capacitance, Cy is the depletion capacitance, Cy, is the overlap capacitance, Cj; is the
junction capacitance and C;jy and Cyy are fringing capacitance.

low power dissipation for digital logic, when high speed operation is not the main

4.2 System Level of Implemented ADCs

Two ADCs were designed. Both designs implement 8-bit successive approximation
ADCs using charge redistribution and make use of the sub-threshold region of opera-
tion of the MOSFET, employ similar techniques to remove the offset voltage for the
comparator and make use of an attenuation capacitor to reduce the area and power of
the capacitor array, where it splits the standard binary weighted capacitor array into
two smaller capacitor arrays with a series capacitor between them. The first ADC,
ICGCUADC shown in Figure 4.5 makes use of a low leakage switch to allow the ADC
to have a full input range as it uses 0V as the analog GND and uses zero threshold
input transistors for the comparator. The second ADC, ICGCUKAH shown in Fig-

ure 4.6 has one half of the input range compared to the first ADC with an analog
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GND of Vpp/2, but makes use of a 3-bit digitally tuned capacitor to implement the

attenuation capacitor and uses NFET input transistors for the comparator.
4.3 Comparator Architecture

Two comparators where designed. One comparator uses zero-threshold NFETs at
the input of the comparator for the ADC that uses 0V as the analog ground, and the
other comparator uses standard NFETs at the inputs of the comprator for the ADC

that uses Vpp/2 as the analog ground. The former comparator is described next.

4.3.1 Stage 1 of Comparator

The first stage of the comparator shown in Figure 4.7 uses a differential amplifier.
It uses active PMOS loads and a current mirror to set a constant current in sub-
threshold. Long channel devices were used for the load and current mirror transistors
to ensure a higher gain. The input transistors were made minimum length for the
zero-threshold transistors of this process, and made wide with multiple fingers to
improve device matching.

The Viyne node in Figure 4.7 was connected to analog ground in this work, but
could be used to tune for any residual input offset voltages. The current mirror tran-
sistor M5 is biased with a Vs low enough that it is in deep sub-threshold mode
but high enough so that it is still accurately modeled with minimum variation be-
tween simulation and measured as reported in the process documentation. This was
determined to be as low as approximately 0.15V for Vgg. M5 is the output side

of a sub-threshold current mirror which is independent of Vpg with currents in the
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Figure 4.5: Circuit Architecture for first ADC, ICGCUADC. The main circuit components are the digital logic for the successive
approximation algorithm, an analog switch array, low leakage switches to reset the top plate of the capacitor array, a differential
zero-threshold NFET comparator, and a capacitor array which uses an attenuation capacitor (output buffers and registers are
not shown). Signals include the digital outputs which are labeled Bit0..Bit7, CLK which is used for the timing of the digital
circuitry, GN D which is the analog GND which is 0V for this ADC, Vggr which is the reference voltage where analog input
signals are between GND and Vzgr, Analog In which is the analog signal into the ADC between GND and Vggp, Control
and Precharge which are signals generated by the digital circuitry to control the switches to reset the top plate of the capacitor
array, Compare RST and Compare Preset which are generated by the digital circuitry to control the offset correction for the
comparator {(The digital circuitry, low leakage switches, analog switch array and comparator all have a positive supply voltage

and negative supply voltage (Vpp and GND).
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Figure 4.6: Circuit Architecture for second ADC, ICGCUKAH. The main circuit components are the digital logic for the
successive approximation algorithm, an analog switch array, transmission gates to reset the top plate of the capacitor array, an
NFET differential comparator, and a capacitor array which uses a 3-bit digitally tuned attenuation capacitor (output buffers
and registers are not shown). Signals include the digital outputs which are labeled Bit0..Bit7, CLK which is used for the timing
of the digital circuitry, analog GND which is the analog ground which is Vpp/2 for this ADC, Vpp which is the reference
voltage where the analog input signals are between analog GND and Vpp, Analog In which is the analog signal into the ADC
between analog GND and Vpp, Sample which resets the top plate of the capacitor array, C2C1C0 is a 3-bit digital input to
tune the attenuation capacitor, Compare RST and Compare Preset which are generated by the digital circuitry to control the
offset correction for the comparator. (The digital circuitry, transmission gates, the tunable capacitor, analog switch array and
comparator all have a positive supply voltage and negative supply voltage (Vpp and GN D).
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Figure 4.7: Schematic of first stage of comparator circuit with transistor sizes shown.

nano-ampere range.

When the input at the compare_in signal goes above analog ground, the input
transistor M1 passes the majority of the bias current bringing the output high as well.
Similarly, when the input to the compare_in signal goes below analog ground, M1 is
essentially shut off, and the majority of current will be routed through transistor M2
connected to the Vi, node bringing the output low. In [18] a small signal analysis

determines the gain of the first stage to be,

1

Ay = gm(TOUTH“Sa), (4.3.1)

where royr is the output impedance from transistors M4 and M2, C, is the capacitive
load of the next stage plus the output capacitance of transistors M4 and M2 and g,

is the sub-threshold transconductance for device M2 *.

*Given from [17] as ;’%
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Figure 4.8: Monte Carlo Statistical Analysis simulation of 200 runs with process and
mismatch variation for the first stage of the comparator.

4.3.2 Monte Carlo Results for Stage 1

The main disadvantage of using the circuit in Figure 4.7 is that it will have an offset
voltage from mismatch variations of the transistors. After running a Monte Carlo
Statistical Analysis simulation using process and mismatch models, with 200 runs
*, the resulting offset voltage is determined to have a mean offset of 1.88mV with
a standard deviation of 2.2mV as shown in Figure 4.8. For an 8-bit ADC with a
0.6V supply, a voltage accuracy of 2.34mV for the LSB is required. The offset must
be below this value so that the LSB is not affected but this is not the case as was

determined from the Monte Carlo simulation.

*Determined to be a statistically significant sample size based on documentation for Spectre and
HSPICE.
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4.3.3 Offset Correction Circuitry

The offset voltage as a result of process and mismatch variation degrades the accuracy
of the comparator, Typical methods of offset correction are avoided in low power
designs as they increase the overall power consumption and can be done off-chip by
digital signal processing [2]. A technique to remove the offset voltage was to use
the circuit from Figure 4.7 as a pre-amplifier and the offset voltage from this circuit
was stored on a capacitor during the reset phase and a similar differential amplifier
with NFET input transistors was then used for a second stage. The circuit is shown
in Figure 4.9. During the sampling phase of the ADC the two inputs, Vyyyg and
Compare In of the comparator are set to analog ground. This will force the output of
the first stage to be set to some nominal output, which is approximately Vpp/2. As
seen in Figure 4.8 there is a significant first stage output offset voltage due to process
and mismatch variation on the transistors. The output of the first stage during the
sampling phase is therefore Vpp/2 plus an additional offset voltage which will be
stored on the capacitor shown in Figure 4.9.

During the conversion phase, the second stage has one input transistor connected
to the capacitor with the stored output voltage from stage 1, and the other input
transistor connected to the output of stage 1. The differential second stage removes
the offset voltage from stage 1. There will be an offset voltage for stage 2, but because
the signal has already been amplified from the gain of the first stage the accuracy of

the second stage can be relaxed *.

* Alternatively, the second stage offset is less important because the desired signal has been
amplified.
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Figure 4.9: Schematic of full comparator circuit with offset correction.
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It was found that by charging the capacitor in Figure 4.9 to GND or to Vpp before
storing the offset voltage, this would significantly reduce the speed of the comparator
especially when operating in sub-threshold. Also charging the capacitor to the output
of the first stage would not be practical as the voltage at the input of the comparator
will be positive or negative, and the output of the first stage will be much higher or
lower than the nominal output voltage. This also would require time to charge the
capacitor to the required voltage to remove the offset from stage 1. A solution to
the problem is to pre-charge the capacitor to the node connected to the gates of the
PFET transistor, M3 in the active loads of stage 1. This voltage is nearly identical to
the output voltage of stage 1 when no offset is present in the circuit and both inputs
are the same. Thus, this gives a good approximation of what to charge the capacitor

to before sampling the offset output from stage 1.

4.3.4 Comparator Operation

The comparator shown in Figure 4.9 works as follows. First, the comparator pre-charge
signal shown in Figure 4.10 goes low which occurs at the end of a conversion cycle.
This will turn on the PMOS device, which is a high threshold transistor to minimize
leakage from the capacitor. When the PMOS device is ON, the voltage from the
drain of transistor M3 from the first stage is connected to the capacitor. This will
pre-charge the capacitor to approximately Vpp/2. Next, the comparator reset sig-
nal shown in Figure 4.10 goes low at the same time the ADC is sampling the analog

signal. Thus, the inputs to the comparator are both connected to analog ground.
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Figure 4.10: Waveforms for the comparator preset and reset signals generated by the
SAR digital logic.

The output voltage of the first stage of the comparator gets connected to the capac-
itor through a transmission gate, and the capacitor will charge (or discharge) from
approximately Vpp/2 to Vpp/2 + Ayof fset. Once the comparator reset goes low
the conversion cycle begins with one input of stage 2 connected to the output of stage
1 and the other input of stage 2 connected to the capacitor, with the resulting effect

of the offset of stage 1 being minimized.

4.3.5 Monte Carlo Results for Full Comparator

After running a Monte Carlo Statistical Analysis simulation using process and mis-
match models, with 200 runs, the mean offset voltage was -233uV with a standard
deviation of 487uV. The mean offset was reduced by 8 times and the standard devi-

ation was reduced by 4.5 times when using the offset correction circuitry. This offset
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Figure 4.11: Monte Carlo Statistical Analysis simulation of 200 runs with process and
mismatch variation for the full comparator.

correction improves the accuracy of the comparator, and should allow it to provide
8-bits of resolution for the implemented ADC after fabrication. It is also important to
note that the previous case had 8 out of 200 trials that had an offset voltage greater
than 10mV, (not shown in Figure 4.8), while all 200 cases for the offset corrected
comparator had all offsets below 10mV.

Shown in Figure 4.12 the input Viyne which is analog ground in this thesis was
swept from -6mV to +6mV. This introduced a comparator voltage offset which can
be modeled as an input referred offset voltage for the comparator [17]. Looking
at the extremes in Figure 4.12, a -6mV input offset produces a 850uV offset for the
comparator with offset correction and -4.6mV with no offset correction, and for a 6mV
input offset it produces a 490uV offset with offset correction and 7.7mV without offset

correction. Figure 4.12 demonstrates that the offset correction circuitry reduces the
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Figure 4.12: Offset voltage shown with and without the offset correction circuit after
sweeping the input of the comparator connected to analog ground (Viyne).

input referred offset voltage irrespective of whether it is positive or negative.

4.3.6 Layout for full Comparator

The layout of the full comparator schematic of Figure 4.9 is shown in Figure 4.13
with dimensions of 90um by 45um. The active PMOS loads and input transistors for
both stages used a common centroid layout orientation to improve matching. The

NFET input differential pair transistors, the zero-threshold NFET input different pair

transistors, the PMOS active load transistors, the bias NFET transistor and the high
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Figure 4.13: Layout of full comparator circuit.

threshold NFET transistor were each placed in a guard ring for isolation from digital
components on the chip. The entire comparator was also placed in a guard ring with
an N-well (not shown in Figure 4.13) to further minimize noise injection from digital
circuits elsewhere on the chip [18].

4.3.7 Simulation Results for full Comparator

Summary of Bias, Power and Bandwidth

The circuit used to generate Vi;gs is shown in Figure 4.14. It is a diode connected
transistor with a W/L of (2u/1u) using a 1:2 ratio to save power. In Table 4.1, the
minimum current that allowed for a -250uV offset voltage and the maximum current
that allowed for a 250uV offset voltage is shown. Any bias current between these
two extremes set the comparator offset voltage to be below 250uV. In the deep sub-
threshold regime as shown in Table 4.1, for a supply voltage of 0.3V and 0.4V, the

current has a smaller range to keep the offset reduced. For the cases with a supply
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Figure 4.14: The circuit to bias the comparator.

of 0.5V or higher, the bias current could vary more and a low offset voltage was
still achievable. The bandwidth and power dissipation are also shown in Table 4.1
for the case when using the minimum bias current. The lowest power dissipation
observed occurs when operating in the deep sub-threshold region where the compara-
tor can achieve 88kHz ( 8kS/s) bandwidth while dissipating only 30nW. The highest
power dissipation occurs when a higher supply is used where the comparator achieves
3.3MHz (300kS/s) bandwidth while dissipating 2.37uW. A higher bias current allows
for more bandwidth at the expense of power dissipation. For the ADC the charg-
ing and discharging of the capacitor array will be the bottleneck for speed, not the
comparator, thus the lowest bias current should be used to bias the comparator to
minimize power dissipation. It is also important to note that for all the cases in Table

4.1 the comparator is biased in the sub-threshold regime where Vj;q5 is between 0.1V
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Table 4.1: Post layout simulation results of bias current, power and bandwidth for

comparator.
Vop (V) | Ibias (nA) | Power (nW) | Bandwidth (MHz)
0.3 20-50 30 0.088
0.4 40-150 65 0.22
0.5 125-880 234 0.66
0.6 304-4500 636 1.3
0.7 607-11000 1370 2.2
0.8 968-19500 2370 3.3

to 0.25V for supplies between 0.3V and 0.8V respectively.
The main bottleneck for bandwidth of the comparator is the charging of the offset

capacitor through a transmission gate where the bandwidth will be [17],

1

BW =0.T=——— 4.3.2
Ry||RpC (4.3.2)

1
BW =07T———— 4.3.3
0 RN||RpO.5pF (433)

where Ry and Rp are the ON resistances of the NFET and PFET in the transmission
gate respectively and C 0.5pF is the offset correction capacitor. The resistance lowers
inversely with Vpp and W of the transistor. Thus, with lower supply voltages the
bandwidth reduces significantly. The bandwidth of the actual differential amplifiers
is given by [17],

1

BW = —— 434
T01||T02CL ( )

where ry; and rg are the output resistors of the zero threshold input NFETs and the
PMOS active load respectively, and Cy, is the input capacitance of the second stage

NFET transistors plus the output capacitance of the 1st stage.
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Noise and Temperature

A post layout noise simulation was performed on the first stage of the comparator
and its results are summarized in Table 4.2. The comparator noise analysis is difficult
because of the non-linear behavior of the circuit as well as the different phases of the
comparator [10]. Noise on the input of the comparator can lead to errors at the
output, and thus it is important that the input-referred noise is minimized such that
it is less than 1 LSB [10]. The main contributor to noise was the active load and
input transistors. Wide transistors helped reduce noise for the input transistors [17]
and a large gate for the active load transistors also reduced the noise.

Table 4.2 shows simulated input referred noise for the first stage of the comparator.
When the simulated comparator noise at the output is normalized to 1 LSB (assuming
8-bit resolution) it is shown that for a minimum current that allows the comparator to
function properly the highest input-referred noise was 0.032 LSB when a Vpp of 0.3V
was used and the lowest input-referred noise was 0.016 LSB when a Vpp of 0.8V was
used. The comparator output noise is lower than the offset voltage of the comparator
when process and mismatch variation is introduced ( 2504V) and when mismatch of
the capacitor array is added, noise of the comparator becomes insignificant for this
8-bit ADC.

Table 4.3 shows the effect of temperature on the offset voltage of the comparator.
When the comparator operates in deep sub-threshold (Vpp=0.3-0.4V) the comparator
has a much smaller temperature range in which it can function properly. This is

largely due to sensitivity of the bias current when the comparator operates with
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Table 4.2: Post layout simulation results of input referred noise for first stage of

comparator.
Vpop (V) | Sample Rate (kS/s) | Noise (V) | Noise (LSB)
0.3 8 39 0.032
0.4 20 41 0.026
0.5 60 42 0.022
0.6 120 42 0.018
0.7 200 44 0.016
0.8 300 51 0.016

Table 4.3: Post layout simulation results of temperature for comparator. The tem-
perature range where the offset voltage was -0.5LSB to +0.5LSB was found.

Vop (V) | Temperature Range(°C)
0.3 17.4-414
0.4 -16.5-60
0.5 <79.8
0.6 <105
0.7 <117
0.8 <123

low supply voltages. Its also important to note that the power dissipation of the
comparator also increases with temperature, as the current in the sub-threshold region
is proportional to vz. When using supply voltages less than 0.4V, the comparator can
still be used in implantable biomedical applications as the human body temperature

stays within the simulated temperature range of the comparator.

Comparison of HSPICE and Spectre Simulation Results

The comparator is operating in the sub-threshold mode. It becomes important to
ensure the models are working accurately. One technique was to ensure the sizes of the
transistors and Vgg of the transistors are operating in a region that is well correlated
between models and measurement provided by the process documentation. Another
precaution was to simulate the comparator using BSIM3.3 and BSIM4 models using

both Spectre and HSPICE and ensure that results all agree closely with each other.
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Figure 4.15: Offset voltages shown when the bias current is swept for a supply voltage
of 0.6V using HSPICE and Spectre models.

The offset and power dissipation were simulated for a Vpp using 0.6V, while sweeping
the bias current from 100nA to 1uA using HSPICE and Spectre. The results for
power dissipation were almost identical with the largest difference being less than
10nW between the two simulators. The offset voltages are shown in Figure 4.15 with
and without using the offset correction circuitry for HSPICE models and for Spectre
models. The offset voltages follow the same trend with an increasing bias current,

with slight variations in the actual offset values.

4.4 Digital Successive Approximation Register and
Control Logic

4.4.1 Custom Standard Cell Design

A custom static CMOS library was designed to implement the logic. The logic was
optimized for noise immunity and low power instead of high speed operation. The

noise margins were maximized by ensuring that the PMOS and NMOS transistors
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