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ABSTRACT

In this work, a 12-bit ADC with three types of calibration is proposed for high speed
security applications as well as a precision application. This converter performs for both
applications because it satisfies all the necessary specifications such as minimal device
mismatch and offset, programmability to decrease aging effects, high SNR for increased
ENOB and fast conversion rate. The designed converter implements three types of
calibration necessary for offset and gain error, including: a correlated double sampling
integrator used in the first stage of the ADC, a power up auto zero technique implemented
in the digital code to store any offset and subtract out if necessary, and an automatic
startup and manual calibration to control the common mode voltages. The proposed ADC
was designed in Intel’s 10nm technology. This ADC is designed to monitor DC voltages for
the precision and high speed applications. The conversion rate of the analog to digital
converter is programmable to 7us or 910ns, depending on the precision or high speed
application, respectively. The range of the input and reference supply is 0 to 1.25V. The
ADC is designed in Intel 10nm technology using a 1.8V supply consuming an area of
0.0705mm?. This thesis explores challenges of designing a dual-purpose analog to digital
converter, which include: 1.) increased offset in 10nm technology, 2.) dual application ADC
that can be accurate and fast, 3.) reducing the parasitic capacitance of the ADC, and 4.)

gain error that occurs in ADCs.
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CHAPTER 1
INTRODUCTION
Analog to digital converters (ADC) are used in a wide variety of applications, such
as security, microphones, digital camera, etc. These converters aid in the translation of
analog signals to an equivalent digital signal to process information. One application of an
ADC, provided in Figure 1, is a monitoring system of a field-programmable gate array
(FPGA). In this application, there are two parameters that are typically monitored. One

being the on-die supply voltages and the other is the on-die temperature [1] [2].

Control Logic Upper
Bounds

Lower
Bounds

Interupt

Comparator

Monitored ADC

Voltages

ADC Qut >

Figure 1: Monitoring System Application

In the block diagram, presented in Figure 1, the voltages are connected to the input
of the ADC. The control logic regulates which mux channel will be selected to be compared
to the correct upper and lower bounds. The ADC then converts the analog voltage to a
digital output. The comparator checks the digital output against the acceptable upper and
lower bounds. If the digital code is higher or lower than these regions the interrupt signal
is triggered and the board may go into shutdown mode [1] [2].

For this type of application, the ADC must be fast and accurate up to at least 5-bits.
In order to achieve accuracy, the ADC should minimize two important parameters. The
first is offset and the second is gain error. These two parameters will aid in a more accurate

ADC.



Offset refers to how well the ideal and real transfer functions match at a single
point (the y-intercept). While, gain error refers to how well the slopes of the real and ideal
transfer functions match. Figure 2, provided in the application note by Maxim [3], shows
a diagram of the difference between offset and gain error and how each is defined. As the

figure shows, the measured ADC curve has a different slope and y-intercept.

DIGITAL Full-Scale Error
CODE
Measured ADC Gain Error
y=max+h \‘
—— Ideal ADC
¥ = (mq)x
y = (mg)x
Dffset
Error ™ b
T ANALOG INPUT (V)

Figure 2: Offset and Gain Error

These errors are caused by multiple sources which include amplifier offset, charge
injection, and clock feedthrough. Charge injection and clock feedthrough are reduced by
using a four phase non-overlapping clock circuitry in switched capacitor (SC) circuitry. A
non-overlapping clock circuitry ensures that the two phases of the clock are not on at the
same time. Therefore, the main source of offset and gain error is caused by limitations in
the amplifier such as bandwidth, offset, and noise [4].

Reducing gain error and offset are goals for any stand-alone or embedded ADCs
designed for this application. In this thesis, the ADC is designed for a FPGA board
(embedded system), meaning that there are more difficulties that must be accounted and

designed for.



High quality ADCs can be fairly simple to implement as a stand-alone device. The
problem arises when they are embedded for several reasons. One of these reasons is
because stand-alone devices do not use the most current technology [5] [6] [7]. They are
often several generations behind since larger widths and higher power supply voltages are
more advantageous for analog design. However, for embedded designs, the technology
isn’t chosen to be a good fit for the analog circuitry [5]. Most of the circuitry in an
embedded design is digital meaning the technology should be the latest process. This in
turn makes the analog circuitry harder to design [6] [7]. Another problem with ADCs in
general is that they are designed for either high precision or high speed. Most ADCs are
not multi-purpose. This creates problems within FPGA boards where the ADC is used for
security monitoring, where high speed is desired, and a precise voltage application, where
high precision is more desirable. In order to get the same effective number of bits (ENOB)
as a stand-alone ADC, embedded ADCs usually have more resolution to take into account
the smaller technology sizing and other limiting factors [5].

In this thesis, three calibration techniques are used to adjust for offset and gain
error. First, a correlated double sampling (CDS) integrator is used as the first stage of the
delta-sigma modulator. The second calibration method is an auto-calibration technique to
adjustment the common mode voltage which aid in the correction of gain error. The third
calibration technique, is the auto-zero calibration. This calibration reduces offset by
storing the value into a register for later use. These three calibration techniques will be
explored in more depth in the next chapters.

Thesis Outline

Chapter 2 goes over the previous solutions to resolve offset and gain error

problems, FinFET basics and challenges, and design specifications of the ADC. Chapter 3

discusses the implementation of the ADC at a system level, including a MATLAB model



and results. Chapter 4 reviews the schematic design and explains the new calibration
circuitry that was implemented. Chapter 5 provides the results and simulations of the ADC
including pre-and post-layout simulations. Lastly, chapter 6 addresses the conclusions
and future work of offset and gain error correction.
CHAPTER 2
BACKGROUND

Previous Work

For any ADC, the accuracy is an important factor. As described in the previous
chapter, the accuracy is dependent on errors in the ADC including offset and gain error.
Other techniques to reduce offset and gain error have been accomplished. Many have used
a common circuit used in discrete time ADCs, the CDS integrator [8]. A basic CDS

integrator is shown in Figure 3 [9] [10].

Vo

| ] L
—Vos—t4

Figure 3: Typical CDS Integrator
During phase one, the sum of the charges of the CDS integrator is,
20(p1) =Vi(t = T)C; — Vos Gy — Vs Gy (1)
And during phase two, it equals,
L QM2) = —VosCy + Vo (0)C2 — VosC  (2)
Then setting (1) equal to (2) and taking the z-transform,
Vo(2) _ G -1 (3)

Vi2) G
4




Equation (3) shows that by implementing this structure, the offset is sampled onto the
capacitor during phase one and then subtracted off during phase two. This circuit is also
parasitic insensitive to reduce accuracy errors. Along with a CDS integrator, differential
amplifier is usually preferred since it helps eliminates the noise from the parasitic
capacitance because of its symmetry [4].

Some have modified a CDS integrator in order to produce better results of offset
correction and gain error of the amplifier. One example is provided in Figure 4 [11]. The
structure is very similar to the CDS integrator in Figure 3. The problem with the circuit in
the figure is that it does not compensate for charge feedthrough which is another reason

to use a fully differential amplifier [11].

2
ne al

P2 Vo
2 — ]
j —Vos—

Figure 4: Improved CDS Integrator
For delta-sigma (AX) ADCs, one technique used to cancel offset and mismatch
errors is provided in Figure 5 [12]. The figure shows a digital calibration block diagram.
The mismatch in the feedback digital to analog converter (DAC), usually a comparator, are

of concern as well as the overall offset of the AY modulator.

LuUT T

Digital Correction |— Decimation Filter

Delta-Sigma
Co—» Modulator

A 4

Figure 5: Digital Calibration Correction
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With this scheme, the modulator goes through a calibration phase on power up.
During this phase, the modulator error is stored into a LUT and subtracted out via the
digital correction block. Then, the output goes through the decimation filter to output the
digital value. The correction circuitry uses a look-up table (LUT) to store the DAC error
based on the DAC input code [12]. With this methodology, any offset or mismatch errors,
in the form of offset, are subtracted out to employ a more accurate ADC.

Several calibration techniques have been implemented in the digital domain that
correct for offset or gain error. One example of this is shown by the patent algorithm in
Figure 6 [13]. In the figure, the blue box is the algorithm to produce the digital result. Once
the digital result is found, it is multiplied by a gain error trim coefficient. This coefficient

is found after several tests [13].
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Figure 6: Algorithm for Gain Error Correction
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FinFET Technology

Fin-shaped field effect transistors (FIinFET) were first created during 1998 and
1999 for NMOS and PMOS transistors, respectively [16] [17]. These devices decrease
power consumption, operate at a lower voltage, have a higher operating speed, and less
static gate leakage current at the cost of other undesirable effects such as electromigration
(EM), current density, aging, self-heat and layout effects [18]. A cross-section of a standard
planar silicon-on-insulator (SOI) metal oxide field effect transistor (MOSFET) device and
a FinFET device is shown in Figure 7. The main difference, appearance-wise, between the
two drawings is the source and drain of the FinFET devices extend higher in the z-axis,

which creates the “fins”, and the gate now controls the current flow from three-sides.

Oxide
@ Gate

| Source/Drain
[ ] Substrate

Figure 7: MOSFET (left) and FinFET (right) cross-sections

FinFETs operate similarly to MOSFETSs. In simple terms, the gate controls how
much current can flow between the source and the drain. Therefore, the small signal [18]
model used for MOSFETs apply to FinFET devices. The small signal model of a FinFET
device from [18] is shown in Figure 8. As provided in the figure, intrinsic depends on the
bias conditions and dimensions while the extrinsic are independent of them. A more
simple, classic, model is shown in Figure 9. The analysis of a FinFET is the same process
and equations as a MOSFET. But with FinFET devices some parameters are higher or
lower which affect the overall performance of the device when designing analog circuits

[18].
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Figure 8: Small-signal model of a three-port device (provided in the paper by J. Raskin [18])
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Figure 9: Simple Small-Signal Model

Performing the small signal analysis, the f; of the FInFET transistor is the same as

a MOSFET,
fe
fi=— < 4
(1+%)+(RS+Rd)(CLg(j(gm+gds)+gds)
Where,
_ Im
fe=5 o (5)

Ignoring the impact of the parasitics, gm is proportional to W/L but Cg is related to WxL
which means that f; is dependent on L changes but essentially independent on W changes.
Therefore, with decreasing lengths the current gain cutoff frequency increases [18]. This

is consistent with MOSFET analysis. The difference between the FinFET and MOSFET
8



varies with the extrinsic cutoff frequencies where the fringe capacitance affects FinFET
device. This fringe capacitance is proportional to height of the fin to width of the fin ratio,
extension of the source and drain fins, and the spacing between each of the fins [18].
Increasing the ratio and decreasing extension of the fins and fin spacing increases the
extrinsic cutoff frequency [18].

FinFETs have some similar problems than MOSFETSs but are more prominent with
smaller technology sizing. The main problems with these FinFET devices are aging
concerns, self-heat, current density, electromigration, resistance of metals, and layout
effects. There are two aging phenomenon’s present in FinFETSs: hot carrier injection (HCI)
and negative/positive bias temperature instability (NBTI/PBTI). Both of these problems
effect devices by decreasing the drain current saturation.

Self-heat is another problem in FinFETs which is caused to the increase in current
density. The current density is increased because of the increase in the height of the fin.
Since with smaller devices the power increases, the active area is now increased causing
greater impacts of self-heat [18].

EM is an issue for design when the current density is high. With smaller technology
sizes, the current density is higher and therefore degrading the metal. This is a reliability
issue with FinFETs so provided the correct number of tracks is important. Another
problem with the metal is that lower level metals are thinner and more resistive so having
as many tracks as possible is important in design. Other layout effects include length of
diffusion and well proximity. These are usually solved by added multiple dummies to the
transistors.

Design Specifications and Considerations

The specifications of this ADC are shown in the table below. For the high-speed

application, the most important parameters are the sampling speed and the ENOB. For



voltage monitoring, a minimum of 5-bits and 1Msps is needed to detect a hacking event,

i.e. voltage droop in the supply.

Parameter Goal
Precision | High Speed
Resolution 12-bits
ENOB 10 =5
Conversion Rate | 140ksps 1Msps
SNDR >62dB >32dB
Vin Range 0-1.2V
Vet Range 0-1.2V
Clock Frequency <500MHz

Table 1: Design Goals
The op-amp and switched capacitor integrator (SCI) in a AX modulator must be
carefully designed in order to accomplish the correct bandwidth (to decrease gain error)
as well as minimize offset. Finding the bandwidth of the op amp can be accomplished by
using the curve shown in Figure 8.
In the figure, is a step response input with the output settling of a single pole
response. The higher the gain the closer it settles to the correct value, less noise, and

accuracy problems. From this plot,

e = ziN (6)
t=—tXln (ziN) (7
For 12-bits,
t ~ 8.3t (8)

10
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Figure 10: Settling Time Response of Step Input

Then,
1.1
t =2X 7 9)
Therefore,
GCANE!
T~ 2 (10)

83  16.6f;
The amplifier should settle within the 1/16.6f; in order to reduce errors of the AX [14]. The
unity gain frequency can be computed as,
UGF = % X 2—;1 (11)
Where Aq is the closed loop gain. These equations will become important in the design of
the amplifier used in the SCI circuits.
CHAPTER 3
SYSTEM LEVEL DESIGN
Figure 9 shows the system level design of the 2rd order AX ADC. AX ADCs are a
type of oversampled ADC that provides high resolution at a relatively low cost but lower
speed. The main advantage of a AX ADC is that the analog circuitry is not as stringent on
matching tolerances or amplifier gains. This means more complex digital circuitry but less

area [14]. When switched-capacitor circuitry is used, the matching tolerances are even
11



more relaxed because the accuracy does not depend on it [4]. The advantage of having a
higher order modulator is they provide a greater amount of noise shaping. Going from a
15t order modulator to a 2" order modulator provides 15dB increase in SNR. But this is at
the cost of stability. When there are several integrators with feedback the circuits become

harder to stabilize [4].

Delta-Sigma Modulator

Sinc3 Filter Digital

Out

Figure 11: ADC Block Diagram
Before designing a 2m-order modulator on the transistor level, a MATLAB model,
shown in Figure 10, was created to simulate various plots important to AX modulators.

Knowing the ENOB, the ideal signal to noise ratio (SNR) value can be computed (for 12-

bits),
SNR = ENOBx6.02 + 1.76dB = 74dB (10)
:l Scoped
R
Stage 1 Integrator Stage 2 Intpgrator

>0
Sine Wave — Single Bit Quantizer

Function1
1 |

[ 1

N =
F %
N =

g

Spectrum
Scopel

N =

Figure 12: MATLAB Model of a 2nd Order AX Modulator
With a sampling frequency, fs, and knowing the design has a resolution of 12-bits, the

frequency of the slow sine wave can be computed as,
12



fsine = f:s/zlz (12)

The filter cutoff frequency, f., is determined by,

f: = fs/decimate (13)

Then, choosing a sampling frequency of 128 MHz (approximately half of the maximum

clock), the integrator gain can be tweaked to achieve an SNR of 74dB. Figure 11 shows the

FFT for the modulator. The modulator bit stream is shown in Figure 12 and the outputs of

each stage are shown in Figure 13.
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Figure 13: MATLAB FFT Plot for 128MHz
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Figure 14: Modulator Output Zoomed In from o to 1us

13



Voltage (V)

Voltage (V)

-0.3
0.6

0

Voltage (V)

-0.6

0 AT 4 6pn 8u 10p 1Zp 14p 16
Time (us)

Figure 15: Plot of Integrator Outputs
Figure 14 shows the conversion rate at different sampling frequencies and
decimate values. As provided in the graph, a decimate of 16 with a sampling frequency of
>110MHz and a decimate of 32 with a sampling frequency of 250MHz should provide a

~1MSPS conversion rate.

m

0o

Conversion Speed (MSPS)

0 50 100 150 200 250

Sampling Frequency (MHz)

Figure 16: Sampling Frequency vs Conversion Rate at Various Decimates
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With equation (12), the over sampling ratio (OSR) is calculated,
OSR = (f5/2)/f. = decimate/2 (14)
This means that the OSR is independent of the sampling frequency. The sampling
frequency is critical to the conversion rate. In order to achieve a conversion rate of >1MSPS
either the frequency must increase or the decimate must decrease.
Figure 15 shows the SNR, ENOB and OSR versus decimate values. The decimate
values determine the cutoff frequency of the filter. This helps determine the OSR needed

for a 5-bit ADC.

=——S5NR (dB} =——ENOB OSR
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Figure 17: Decimate vs SNR, ENOB and OSR
The system level design helps to determine the variables of the AX to design it at
the transistor level. The calibration techniques will be explored in the schematic
implementation. With these pre-design simulations, the AYX modulator with calibration

can be implemented on a transistor level.
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CHAPTER 4
SCHEMATIC IMPLEMENTATION

Top-Level ADC

Figure 16 shows the top-level block diagram of the ADC. As shown in the figure,
there are four parts to the ADC, the AX, the bias generator, the sinc3 filter and the
controller. First, the AY schematics will be shown, followed by the bias generator circuitry
for the calibration and then the auto-calibration and auto-zero power on calibration will

be explained.
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Figure 18: Top-Level ADC
2nd Order Delta-Sigma Modulator
The first stage of the AX is an integrator implemented using the CDS technique.
The schematic is provided in Figure 17. This is one calibration technique used to enable
more accurate results, i.e. lower offset. As explained in the previous chapters, the CDS
integrator samples the offset on the capacitor connected to the input of the amplifier
during phase 2. During phase one the integrator is in evaluate mode where it subtracts the

offset that was sampled during phase two.
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Voutm

The major contribution to noise and limiting factor of the maximum SNR is the

thermal (kT/C) noise of the input capacitors of the first stage. This noise can be reduced

by increasing the OSR of the modulator, using a larger input voltage range, and increasing

the capacitor size. The maximum SNR is computed as,

2
SNR, .. = 1010g (%) +10log(0SR) (15)

Where, Si2 is the input signal power and N2 is the noise power which are computed by the

equations below.

2 _ kT
Ni =2X—~
m
2 _y2
Si - Vrms

17

(16)
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The second stage is an SCI which is shown in Figure 18. The second stage sample
phase is during phase two and the evaluate phase is during phase one, just like the first
stage. Because the 2"d order modulator is inherently unstable, the capacitor ratios should
be optimized in order to stabilize the modulator and to maximize the signal swing which
helps increase the SNR. The ratios of the capacitors (i.e. integrator gain) were optimized

as provided in the table below.

Stage 1 | Stage 2

Cin/Cfb 0.1 0.5

Cref/Ctb | 0.2 0.25

Table 2: Integrator Gain Values
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Figure 20: 2nd Stage Integrator
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Both the first stage and second stage integrators include a fully differential folded
cascode amplifier with PMOS inputs (shown in Figure 19), SC CMFB circuitry (shown in

Figure 20) and use a four-phase non-overlapping clock which is shown in Figure 21.
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Figure 21: Single Stage Fully Differential Folded Cascode Amplifier
The cascode amplifier is a single stage PMOS amplifier chosen for its ability to be
easily stabilized, robustness, and simplicity. The amplifier’s main pole is at the output

nodes which is calculated by [14],

w (17)

-1
Pl ™ /R,
Where C.. is the load capacitor and R, is the resistance at the output node which is
computed as follows [14],
Ro = (9Mpcastpeas )| (GMncasTncas (ll7e)) (18)
The DC gain of the amplifier is [9],

Ay = gmgR, (19)
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Where gm, is the transconductance of the input transistor.
The CMFB circuitry shown in Figure 20 is a standard switched capacitor common
mode feedback circuit. The circuitry allows the two outputs to be centered around a

specified voltage [4].

Vo utpU D Voutm

pid pad pad pid

Vocm Vocm

pl B2 - pl

emfb

Figure 22: CMFB Circuitry
The four phase non-overlapping clock circuitry is essential for two reason clock
feedthrough and charge injection. These two issues can affect the overall accuracy of the
ADC. While a switch is trying to pass a value, the value before and after the switch is not
the same. These errors are caused by charge injection and clock feedthrough. So, to

minimize this, a four phase non-overlapping clock circuitry is used, shown in Figure 21

[14] [15].
clk
pld
= 4>7 Delay Delay ]
/T IJl
<]
p2
]
T

p2d
4> Delay Delay ‘e

Figure 23: 4 Phase Non-Overlapping Clock
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The third stage of the modulator is a 1-bit quantizer or a latched comparator. The
comparator design is provided in Figure 22 [15]. This comparator is a fully differential
comparator. It compares the positive and negative outputs of the second stage and outputs
a one or a zero depending if the positive is greater than or less than the negative. The SR

latch of the comparator holds the output when in phase two.

Clock

- -

S Q —<1
M - p2
R Q —

g
L

——

Figure 24: Latched Comparator

Calibration

Two additional calibration techniques implemented in the design are the power on
common mode voltage trim and the auto zero calibration. The power on common mode
voltage trim is implemented using analog circuitry as well as a digital controller while the
auto zero calibration is main just a digital controller. These two techniques are combined
into a Verilog-A code but will be explored individually.

The power on common mode voltage trim schematic is shown in Figure 23. The

voltage trim circuitry uses a decoder and resistor divider to adjust the common mode
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voltage for the AX modulator. The control is a four-bit binary number which is controlled
and set by the Verilog-A code (described in the next section). With this, the common mode
voltage can range from 0.55V to 0.65V for both the positive and negative common mode
voltages. Figure 24 shows the Vem control bits versus the Vem voltage for both positive

and negative common mode voltages.

Vem
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Figure 25: Calibration Circuitry used in the Bias Generator Circuit
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Figure 26: Vem Control Bit vs Vem Voltage for Both Vemp and Vemn
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The second calibration method implemented in the design is the auto-zero
calibration sequence. A block diagram of this method is show in Figure 25. This block uses

the 2rd order A%, sinc3 filter and digital register.

Vmidp

Digital

27d Order AZ Sinc3 Filter
Out

Register
Vmidn

Figure 27: Power-On Calibration

The way this calibration works is first, the two common mode voltages of the AZ
are shorted to ground, they could be shorted to any voltage as long as the differential is
zero but here ground is chosen. Then, the modulator converts the input to the bit stream
which the sinc3 filter interprets into a digital number. This number is then stored into a
register. Once the modulator has completed a conversion of an analog input, the output
value will be the digital output minus the calibration digital output. Ideally, the calibration
bit stream should be alternating ones and zeros which is equivalent to a digital value of
zero. This means that if there is some error, meaning the calibrated digital output is not
zero, it will be subtracted off the converted value.
Digital Section

The digital component of the ADC is implemented in Verilog-A. The main
components of this block are:

1. Sincg filter

2. Auto-calibration controller

3. Calibration register
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The main clock is divided down in this digital block based on three configurations
bits manually specified. The clock can be set to 256 MHz or 32MHz where the default is
32MHz. The sinc3 filter also has some options has two configuration bits to specify the
decimate value which is essentially a clock divider. The sinc3 filter uses a slower clock than
the AX block.

The power on common mode voltage calibration controller is a part of the Verilog-
A code. The way this novel calibration technique works is that it determines the best fit
line by adjusting the common mode voltages of the AX. The steps to this calibration
method are as follows. First, the positive input voltage is set to either zero, 0.5V or 1.2V
while the negative input voltage is set to zero. Then, the voltage mode control bits are
adjusted to the default, 0000. Afterwards, the digital output is computed, via the A¥ and
sincg filter, and stored. This is repeated for all 16 common mode controls and three input
voltages. Once all the values are stored for each combination, the slope is computed using
a standard slope equation.

NYxy-Y%xXy

N Y x?—(Zx)? (20)

slope =

After computing the slope, error is computed against the ideal value.
error = |slope — slope;zeq| (21)

Then, the slope that is closest to the ideal is the one that will be selected. If there is
an offset (i.e. a positive non-zero when the input voltage equals zero), this value is stored
in the calibration register to subtract off the offset for each conversion. A diagram of this
process is provided in Figure 26. It should be noted that the calibration sets the decimate
to the highest value but keeps the clock to the value specified (i.e. either 256 MHz or
32MHz). This ensures a more accurate calibration since it allows the common mode

voltages to settle and become stable.
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=4

Figure 28: Flowchart of Auto-Calibration Algorithm
CHAPTER 5

RESULTS

Pre-Layout Results

The results for the delta-sigma for the precision application are shown in Figure 27
to Figure 29. As provided in Figure 27, a slow sine wave is injected in order to get the power
spectral density plot of the delta-sigma. This figure also shows the modulator output which

helps validate that the modulator is working properly.
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Figure 29: Input Voltage and Modulated Output for 32MHz
Figure 28 shows the first stage and second stage outputs with the slow sine wave
inputs. The first stage peak to peak is approximately 0.5V whereas the second stage peak
to peak is about 0.3V. This is expected because the input to the first ranges from about oV
to 1.2V while the input of the second stage is a peak to peak of 0.5V. The amplitude is much

lower for the second stage so the integrator output has a lower amplitude.
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Figure 30: Integrator Output for First Stage and Second Stage for 32MHz
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The PSD plot is shown in Figure 29 which includes the full spectrum and a zoomed
in plot. The SNR is computed with a decimate value of 128 meaning that the filter cutoff
frequency is 250kHz. The measured SNR is the output at the input frequency minus the
output value at 250kHz or the highest value below 250kHz. This value is measured to be

76.48dB which is an ENOB of 12.41.
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Figure 31: PSD Plot for 32MHz
Similar results are shown for the high-speed application. These results are in
Figure 30 to Figure 32 using a decimate of 32. Figure 30 shows the modulator output
based on the slow sine wave. Figure 31 shows the first and second stage integrator outputs.
The peak to peak value for the first stage output is about 550mV and the second stage is
approximately 300mV. These numbers are very similar to the precision application which

is at a much lower speed.
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Figure 33: Integrator Output for First and Second Stage for 256 MHz

Figure 32 shows the PSD plot for the high-speed application. In the figure, the SNR

is measured between the input and the highest peak at or below 8MHz since 256 MHz/32

= 8MHz. This is for regular conversion mode. For the calibration mode, the cut off

frequency is equal to 256 MHz/128 = 2MHz. The accuracy of the converter is increased

and the SNR equals 63.2dB, gaining 3-bits of precision.
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Figure 34: PSD Plot for 256 MHz

Figure 33 shows the input vs output plot with two zoomed in spots at the lowest
and highest analog voltages. This is to see the deviation between the two applications and
the ideal. For both applications, the lines are fairly linear, but it is obvious that there is
gain error more so in the high-speed application than in the precision application. One
may think that since there is deviation between the actual and real values of the plot that
those are caused by quantization errors. But this is not the case. A one bit quantizer is
inherently linear since the output can only be a zero or one. Therefore, the cause of these
errors is due to other non-idealities in the circuit. Some of these non-idealities include
bandwidth error, charge injection in the switches and speed limitations of the differential
amplifier.

The calibration results are shown in Figure 34 and 35 for the precision application
for the slow and fast corner, respectively. The first plot shows the analog in versus digital
output with and without any adjustments of the common mode voltages for the slow
corner. As provided in the figure, the default mode has a gain error. The correction line is
closer to the ideal slope but there is still some error. The average error for the default and

correction for the slow corner is ~0.051% and ~0.048%, respectively.
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Figure 35: Analog Input vs Digital Output for Both Application at Typical Corner
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Figure 35 shows the analog in vs digital out with and without calibration
corrections for the fast corner. As provided in the figure, the default line has gain error.
But with this calibration technique, the default is the best fit line. Since there was no offset,

the common mode voltages remain at the default.
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Figure 37: In vs Out with and without Calibration Adjustments at Fast Corner for Precision
The calibration results are shown in Figure 36 and 37 for the high-speed
application. The first plot shows the analog in versus digital output with and without any
adjustments of the common mode voltages for the slow corner. As provided in the figure,
the default mode has a gain error and saturates at the input voltages around the maximum.
The correction line is closer to the ideal slope but there is still some gain error. The average
error for the default and correction for the slow corner is reduced by approximately half,

from ~4% and ~1.5%.
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Figure 38: In vs Out with and without Calibration Adjustments at Slow Corner for High-Speed
Figure 37 shows the analog in vs digital out with and without calibration
corrections for the fast corner. As provided in the figure, the default line has an offset error
of 1 digital output and a slight gain error. With the corrections, the line has no offset and

the average error is reduced from ~0.19% to 0.17%.
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Figure 39: Analog In vs Digital Out with and without Calibration Adjustments at Fast Corner
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Post-Layout Results

The proposed ADC is designed in Intel 10nm technology. The area for the analog

portion, i.e. the delta-sigma modulator and bias generator, is 30oum x 235um which is

70,500um2 or 0.0705mm?2. The capacitors used are metal-on-metal capacitors. The

voltage supply used is 1.8V.

Provided in Figure 38 is the input voltage vs modulated output voltage for the

precision application. As compared to the pre-layout simulations, it is realized that the

modulator is working as it should, i.e. outputting a bit stream.
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Figure 40: Input Voltage and Modulated Output for 32MHz

Figure 39 shows the amplifier outputs of the first and second stages. As provided

in the figures, the first stage amplitude is greater than the second stage as expected. The

peak to peak for the first stage is approximately 550mV and 300mV for the second stage

which is similar to the results of the pre-layout simulations.
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Figure 40 shows the PSD plot for the precision application. For the post layout

simulations, the SNR is lower than the pre-layout simulations. This is expected since the

amplifier bandwidth decreases slightly which in turn reduces the SNR of the delta-sigma

modulator. The post-layout SNR is 73.44dB.
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Figure 42: PSD Plot for 32MHz
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The modulator has the correct operation as provided in Figure 41. There is a bit

stream of ones and zeros which means the modulator is working correctly.
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Figure 43: Input Voltage and Modulated Output for 256 MHz

Figure 42 shows the integrator outputs for each stage. Compared to the pre-layout

simulations, the amplitudes of the outputs are about the same (~500mV for the first stage

and ~3o0omV for the second stage). Also, the common mode output has shifted upwards

slightly from 850mV to 1V.
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Figure 44: Integrator Output for First and Second Stage for 256 MHz
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The PSD plot is provided in Figure 43 with the full spectrum and the zoomed in

version. Similar to the pre-layout simulations, the cut off frequency for conversion mode

and calibration mode is 8MHz and 2MHz, respectively. The SNR has been reduced by

about 6dB from pre-layout to post-layout. The calibration mode SNR reduced by

approximately 3dB.
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Figure 45: PSD Plot for 256MHz

Provided in Figure 44 is the post-layout simulation of the analog in versus digital

output for both applications at the typical corner.
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Figure 46: Analog Input vs Digital Output for Both Application at Typical Corner
The post simulation results for the precision application are provided in Figure 45
and Figure 46 for the slow and fast corner, respectively. These plots are very similar to the
pre-layout simulations. There is a slight increase in average error for the default values for

the slow corner from 0.050% to 0.051% and 0.31% to 0.68% for the fast corner.
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Figure 47: In vs Out with and without Calibration Adjustments at Slow Corner for Precision
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Figure 48: In vs Out with and without Calibration Adjustments at Fast Corner for Precision

For the high-speed application, the calibration plots for the slow corner and fast

corner are shown in Figure 47 and Figure 48, respectively. The slow corner error is greatly

increased as seen in the plot. But after the correction the error is reduced to 2.3%. For the

fast corner, the error increased to 0.71% and slightly reduced to 0.7% after the calibration.
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Figure 49: In vs Out with and without Calibration Adjustments at Slow Corner for High-Speed
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Figure 50: In vs Out with and without Calibration Adjustments at Fast Corner for High-Speed

Pre-Layout Post-Layout

Slow Default 0.050% 0.051%

Slow Correction 0.047% 0.048%
Precision

Fast Default 0.31% 0.68%
Fast Correction 0.31% 0.68%

Slow Default 3.90% 10.31%
Slow Correction 1.47% 2.30%

High-Speed

Fast Default 0.19% 0.71%

Fast Correction 0.17% 0.70%

Table 3: Average Error for Both Applications

Summary of Results

Table 3 summarizes the results of the two designs for pre- and post-layout. The
ADC was able to achieve high precision and speed for the applications. The average errors

shown in the table are the average errors after the correction.
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Pre-Layout Post-Layout
Parameter
Precision High-Speed Precision | High-Speed
Resolution 12-bits
ENOB 12.41 7.76 11.91 6.73
Conversion Rate 35.7ksps 1.1Msps 35.7ksps 1.1Msps
SNDR 76.48dB 48.45dB 73.44dB 42.28dB
Clock Frequency 32MHz 256MHz 32MHz 256MHz
Decimate 128 32 128 32
OSR 64 16 64 16
Slow Average Error (%) 0.047% 1.47% 0.048% 2.30%
Fast Average Error (%) 0.31% 0.17% 0.68% 0.70%

Table 4: Summary Table

CHAPTER 6

CONCLUSIONS AND FUTURE WORK

ADCs are used in a variety of applications. For this work, there were two possible
applications. One for a 12-bit precision ADC and one for high speed voltage supply

monitoring. Combining these two applications into one ADC in 10onm technology was

challenging.

As provided in the paper, a 2r-order AX ADC was implemented because of the
advantages transitioning into Intel’s 10nm technology. Because of the low threshold
voltages, there is more current leakage with transistors in this process technology. AY is
less stringent on matching because of the three types of calibration. These calibration
techniques were used to reduce the offset and gain error. One calibration is a CDS
integrator and differential amplifier in the first stage of the delta-sigma modulator which

aids in reducing offset. The other two calibration techniques were an auto-zero calibration
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method, to subtract out offset, and a power on auto calibration, which minimized the gain
€error.

As shown in the paper, the two applications were able to serve their purposes. The
security mode uses a 256MHz clock with a decimate of 32 in order to get the speed of
approximately 1MSPS. The SNR was found to be ~39dB which is an ENOB of 6-bits, where
the security requirement is a minimum of 5-bits. The precision ADC has an SNR of ~74dB
which is an ENOB of 12-bits.

The auto-calibration technique increased the accuracy of the ADC. Future work
that is needed for this calibration technique are optimizing timing of each conversion,
translating the Verilog-A code to a synthesizable Verilog code, and implementing the
calibration to accept negative numbers in the smaller analog inputs. These optimizations
can aid in a better and more accurate ADC.

The ADC is designed in Intel 10nm technology using metal-on-metal capacitors
using a 1.8V supply. The area of the delta-sigma modulator and bias generator, is 3ooum

x 235um which is 0.0705mmz2.

41



[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

REFERENCES

Intel Corporation. Intel® Stratix® 10 Analog to Digital Converter User Guide.
https://www.altera.com/content/dam/altera-
www/global/en_US/pdfs/literature/hb/stratix-10/ug-s10-adc.pdf

Xilinix. Virtex-6 FPGA System Monitor User Guide.
https://www.xilinx.com/support/documentation/user_guides/ug370.pdf

M. Integrated, “The ABCs of ADCs: Understanding How ADC Errors Affect System
Performance,” A/D D/A Conversion/Sampling Circuits, pp. 1-10, 2002.

R. J. Baker, CMOS Circuit Design, Layout, and Simulation. IEEE Press; John Wiley
& Sons, 2010.

K. Bult, “Embedded Analog-to-Digital Converters,” Proc. ESSCIRC, pp. 14—18,
20009.

G. Manganaro, Advanced Data Converters. Cambridge University Press, 2012.

B. Verbruggen, High-Performance AD and DA Converters, IC Design in Scaled
Technologies, and Time-Domain Signal Processing. Springer, 2015.

K. T, G. C. Temes, and U.-K. Moon, “Correlated double sampling integrator
insensitive to parasitic capacitance,” Electron. Lett., vol. 37, no. 3, pp. 151—153,
2001.

S. Eriksson and K. Chen, “Offset-compensated switched-capacitor leapfrog filters,”
Electron. Lett., vol. 20, no. 18, pp. 731-733, 1984.

K. Nagaraj, J. Vlach, V. T, and K. Singhal, “Switched-Capacitor Integrator with
Reduced Sensitivity to Amplifier Gain,” Electron. Lett., vol. 22, no. 21, pp. 1103—
1105, 1986.

C. C. Enz and G. C. Temes, “Circuit techniques for reducing the effects of Op-Amp
imperfections: Autozeroing, correlated double sampling, and chopper
stabilization,” Proc. IEEE, vol. 84, no. 11, pp. 1584—1614, 1996.

J. Cao, X. Meng, G. C. Temes, and W. Yu, “Power-on digital calibration method for
delta-Sigma ADCs,” Proc. - IEEE Int. Symp. Circuits Syst., vol. 2016—July, pp.
2002—-2005, 2016.

J. L. Doorenbos and D. T. Trifonov, “Circuit and Method for Gain Error Correction
in ADC,” US7495589 B1, 2009.

T. C. Carusone, D. A. Johns, and K. W. Martin, Analog Integrated Circuits Design.
John Wiley & Sons, Inc., 2012.

R. Schreier and G. C. Temes, Delta-Sigma Data Converters. IEEE Press; John
Wiley & Sons, 1997.

42



[16] D. Hisamoto, W.-C. Lee, and J. Kedzierski, “A Folded-channel MOSFET for Deep-
sub-tenth Micron Era,” vol. 38, pp. 1032—1034, 1998.

[17] X. Huang et al., “Sub 50-nm FinFET: PMOS,” pp. 67—70, 1999.

[18] J.-P. Raskin, “Silicon-on-insulator MOSFETs models in analog/RF domain,” Int.
J. Numer. Model., vol. 27, pp. 707—-735, 2014.

43



