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Abstract

In recent years, state-of-the-art Successive Approximation Register (SAR) ADCs have
been operated at hundreds of MHz bandwidth or even GHz bandwidth by time interleaved for
communication applications. This thesis proposes an 8-bit 80-Ms/s single-core SAR ADC
implemented in 130nm CMOS.

The differential input signal is sampled by the bootstrapped switch with cross-couple
paths and dummy switches for linearity improvement. A capacitive DAC with constant common
mode, set-and-down principle, and shrunk MSB capacitor is implemented for increasing speed
and reducing mismatch. A two-way alternate comparator structure is proposed for speed
improvement which eliminates the reset time, mux logic chooses 2 of the 3 comparators for
interleaving while the offset calibration is operated in the idle comparator. A modified DAC
switching logic is proposed to decrease the delay of the D flip flop.

This design consumes 2mW from the 1.1V supply and occupies an area of 0.2952 mm?.
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Chapter 1: Introduction

1.1 Background and Motivation

In this fast-changing world, the evolution of the semiconductor industry has been remarkable. It
plays an important role in economic growth around the world. Take the United States as an
example: the semiconductor industry’s contribution to the economy is more than 65 billion dollars,

which makes it the third largest manufacturing industry in the United States [1].

In the real world, most data are represented as analog data, such as sound, temperature, and
pressure. However, analog data is difficult to be measured and manipulated, while digital signal
has the advantage of being easier to test, transmitting information with better noise immunity and
providing better information security. So, analog to digital converters (ADCs) are used for
converting analog signals to digital signals which could be manipulated by computers. There are
a variety of ADC architectures, such as pipeline ADC, flash ADC, delta sigma ADC and successive
approximation ADC. Pipeline ADC has higher bandwidth and speed but provides low resolution
and more power. Flash ADC is the fastest converter but is very expensive and has large power
consumption. Delta sigma ADC has high resolution and low power but is very slow. Successive
approximation register (SAR) ADC has great tradeoff between speed and cost and is applicable to
medium-to-high resolution, but the speed is limited to 2-5 mega samples per second. Among above
ADC architectures, SAR ADC is more applicable for low power, medium resolution, and medium
speed ADC [2]. With the rapid scaling of the CMOS devices, the performance of SAR ADC has

been implemented to hundreds of MHz, which is used at wideband applications.



The SAR ADC presented in this thesis is implemented in 130nm CMOS with 56.8 SFDR and 42.8
dB SNDR. The Bootstrapped sample and hold with a cross-couple path and dummy switches is
used to improve linearity. The DAC with the shrunk MSB, constant common mode, set-and-down
principle reduces the DAC size and increase the setting speed. A two-way comparator structure is
proposed for speed improvement which eliminates the reset time [3]. The structure is further
changed to the procedure where two from the three comparators are chosen orderly to work while
the idle comparator is doing the calibration at each sampling cycle. Additionally, a proposed DAC
control logic is used to save time per bit. The ADC consumes 2mW at 1.1V power supply and only

occupies an active area of 0.2952 mm?,

1.2 Organization of the Thesis

This thesis is organized into five chapters. Chapter 2 presents an overview of basic principles of
SAR ADC. Chapter 3 gives a detail discussion of proposed structure of S&H and control logic.
Simulation Results and Measurements are presented in chapter 4. Chapter 5 draws the conclusion

for the design.



Chapter 2: Basic Principles of SAR ADC

2.1 ADC Architecture
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Fig. 2.1. ADC architecture vs resolution and sample rate.

Over the years, various ADC architectures have been developed to achieve the optimum sampling
rate, resolutions, and power consumption as shown in figure 2.1. Those ADCs can be classified by
sampling rate into Nyquist rate ADCs and oversampling ADCs. There are several Nyquist rate
ADCs present in the data converter field such as flash ADC, pipeline ADC and SAR ADC. Delta
sigma ADC is the most famous oversampling ADC. Also, those ADCs can be classified by
applications into precision industrial measurement, data acquisition, and high speed. Delta sigma
ADC is used in precision industrial measurement, and SAR ADC is the most popular ADC

architecture for data acquisition application while flash ADC is for achieving the high speed.



Flash ADC is the fastest ADC architecture which is for large bandwidth application, but it has
large power consumption and low resolution. Flash ADC is usually used in satellite
communication, radar detection and electronic test equipment. Pipeline ADC is an important ADC
architecture for sampling rate up to over 100 mega samples per second, and is usually used in
ultrasonic medical imaging and base stations. Delta sigma ADC oversamples the desired signal
and then filter the desired signal by digital filter, it achieves the high resolution and low power
consumption which is used in precision industrial measurement and sensor monitoring. SAR ADC
is becoming a great choice for medium to high resolution and 2-5 mega samples per second speed.
It is usually used in data acquisition and industrial controls. Among above the ADC architectures
discussion, SAR ADC is more applicable for medium speed, medium resolution, and low power

consumption ADC.

2.2 SAR ADC Architecture
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Fig. 2.2. SAR ADC architecture.



Figure 2.2 shows the architecture of the proposed SAR ADC. The differential input signal is
sampled by the two bootstrapped switches with a cross-couple path and dummy switches for
linearity improvement [4]. A capacitive DAC follows the T/H circuits and is implemented with
set-and-down principle [5] and constant common mode technologies. The interleaved comparison
is applied to eliminate the reset time of the comparator. To further introduce the calibration to
comparators, 3 comparators instead of 2 are implemented to connect with the DAC. When the
conversion process starts working, 2 of the 3 comparators (take comparator 1 and comparator 2 as
an example) are chosen by the logic controller while comparator 3 is disconnected from the DAC
and entering the calibration. In the next cycle, another set of 2 comparators are activated (take
comparator 2 and comparator 3 as an example) while comparator 1 enters calibration mode, and
so forth. Fully self-timed SAR control logic is applied in this design. When the comparator
generates ready signals, which indicates a successful comparison is made. The SAR logic stores
the value of the output into a temporary memory and the capacitive DAC redistributes
correspondingly. A DAC timer also senses the ready signal and generate a DAC_DONE signal
which indicates that the capacitive DAC has done settling. The delay between the ready signal and
the DAC_DONE signal is designed to be equal to the digital logic delay by the structure of tracking

DAC settling behavior [7].

2.3 Sample and Hold

2.3.1 Sample and Hold Architecture

Sample and hold circuit is the device to capture the voltage of varying given analog signal and
store sampled value at the stable level as shown in Fig 2.3, which plays an important role in data

converters. The sample clock is the control logic to determine whether to sample the input signal



or to hold the sampled value. When the sample clock is high, the given analog signal is sampled.

When the sample clock is low, the given analog signal is stored for the specific amount of time.

Sample Clock | S|H]S [H

I

Vin Sample and Vout
C Hold O

Fig. 2.3. Sample and hold architecture.

MOSFET is applied to be the switch as shown in Fig 2.4, and the sample clock controls the on and
off function of MOSFET. The signal is sampled when the sample clock is high while the signal is

held when the sample clock is low [7].

Sample Clock | S[H]S[H]

Vg 'T -T_ Vgl),lt
T

Fig. 2.4. Sample and hold architecture with NMOS switch.
2.3.2 Sample and Hold Parameters

There are many important parameters to determine the performance of sample and hold. First,

acquisition time is the time for capacitor to charge back to the level as close as the input signal.



Second parameter is aperture time. Ideally the sample and hold is supposed to stop when the
sample clock goes low. However, it still follows the input signal for a short length of time even
after it gets the command from the sample clock because of the delay of switching. This delay time
is called aperture time. Third, hold setting time is the amount of time that hold mode is settled with
some error bands. Forth, voltage droop which describes the voltage of capacitor drop down
because of the current leakage. Fifth, charge injection and clock feed through are important

parameters caused by the parasitic capacitors between terminals. It will bring errors in the output.

2.3.3 Charge Injection
For charge injection, when MOSFET is on, the total charge in the inversion layer is

Q =WLC(Vpp = Vin — Vru) (2.1)
W is the width of the gate, L is the effective length of the gate, C is the capacitance of the oxide
layer, Vop is the supply voltage, Vin is the input voltage and V1w is the threshold voltage of the
device. When the MOSFET turns off, the charge injects into both the left and right sides as shown
in figure 2.5. The charge which is going to the left side will not affect the performance because it
is absorbed by input source, while the charge goes to the right side will bring the error because it

stores in the sample and hold capacitors and changes the result.

Sample Clock w

Vcir>1 (_JL j_I VCOl)Jt

Fig. 2.5. Charge Injection.
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Assuming 1/n of the charge is injected into the sample and hold capacitors Cy,;4, the error will be

_WLC(Vpp—Vin—VTH)

AV = (2.2)

nChold

The output voltage will be

WLC(Vpp—Vin—VTH)

Vour = Vin —

(2.3)

NnCHold
As the worst case, we are assuming all the charge is injected into the sample and hold capacitors,

the output voltage will be

WLC(Vpp—Vin—VTH)

Vour = Vin — (2.4)

CHold
From the analysis above, charge injection is a very important factor to hurt the precision of

performance [8].

2.3.4 Clock Feedthrough
Clock feedthrough means the drain and source voltages are changed because of the change of clock
signal on the gate through the gate to drain and gate to source overlap capacitances [9] as shown

in figure 2.6. The error of clock feedthrough is

AV =V, _ Covertap (2.5)

lock Coverlap+CHold
Where Coyeriap IS the overlap capacitance and Cy,4 is the sample and hold capacitance, from the

equation we know the clock feedthrough is very independent of the input signal.



H]

wn

Sample Clock I? H

w [T

Vout
1
Fig. 2.6. Clock feedthrough.

2.3.5 Noise
KT/C noise is Johnson—Nyquist noise, which is present in electronic devices and generated by

thermal agitation of electrons. When switch turns off, the noise will be stored in the capacitor. It

brings the error which is approximately equal to /KT /C. Sample and hold capacitor should be

large enough to get lower noise. Especially for SAR ADC, the total noise should be less than 1/2

LSB (Least significant bit) and \/KT/C is one of the noise in SAR ADC, so /KT /C should be
less than 1/2 LSB too. From the equation above, we will get the minimum size of DAC capacitor

we are supposed to use.

2.4 Digital to Analog Converter

2.4.1 Digital to Analog Converter Theory

Digital to analog converter is a crucial component of SAR ADC because it determines the linearity
of ADC, it convert the digital code from SAR logic to the analog value which is compared by
comparator. The accuracy of the DAC depends on the accuracy of the reference input. Some ADCs

use external references while others have the internal reference. Now plenty of SAR ADC use the

9



capacitive DAC with the charge redistribution principle to generate the analog output. Also, large
amounts of power are consumed by switching capacitor arrays, so there are many new DAC

architectures are proposed now.

2.4.2 Binary Weighted Capacitor Arrays
Binary weighted capacitor arrays are the most popular architecture. For the N bits binary weighted
capacitor, it includes the scaled binary capacitors such as 2NC, 2V-2C, 2N-3..2C, C, C. The last

capacitor has the same value as LSB, so the total value of capacitor arrays is 2NC [10].

VrefVref =

_L4c_chIcIc
Vem _(J_T_'L'L>

Ve <SeTT T T

T
Vip>VV

= VrefVref

Vip Vip Vip Vi vref o =
liclze[c1C wieTe
Vem —G—T TTT > ' vem -(J_T_-L-L>
LTI L vem < TT T T
TecT2dcT TecTeTeT e
Vin Vin Vin Vin = Vref Vref Vref

Vip<V\
Tl el e
vem _(.T TTT >
vem<*T T I I
VrefC—T—ZCTCTC

Vref Vref

Fig. 2.7. Binary weighted capacitor arrays switching procedure.
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Figure 2.7 shows the switching procedure of binary weighted capacitor arrays. Taking the positive
side of capacitor arrays as an example, at the sample phase, the bottom plate of capacitors is
connected to Vip while the top plate of capacitors is connected to common mode voltage. The total
charge in capacitors is 8C(Vip — Vcem), after the sampling, the largest capacitor is switched to
reference voltage Vrefwhile the rest of capacitors are switched to ground.
8C(Vip —Vem) = 4C(Vref —Vempl —Vem) + 4C(0 — Vempl — Vem) (2.6)

The value of Vempl is

Vempl = %Vref —Vip 2.7
Also, the value of Vemnl is

Vemnl = %Vref —Vin (2.8)
Then comparator will compare Vecmpl and Vemnl, if Vempl is greater than Vemnl, then Vip is
less than Vin, the second largest capacitor is switched to Vref while the largest capacitor is
switched to the ground in the positive side of capacitor arrays, and in the negative side of capacitor
arrays the second largest capacitor is switched to the ground while the largest capacitor is switched
to Vref. Comparator keeps comparing it again and repeat this procedure until the last bit LSB is

resolved.

2.4.3 Set and Down Switching Method

Set and down switching method is to remove the largest capacitor so it helps to eliminate the half
of total capacitors. After the sample phase, the comparator directly compares the Vip and
Vin without any capacitor switching as shown in figure 2.8. Take the positive side of capacitor
arrays as an example, the total charge in capacitors is 4C (Vip — Vref), If Vip is greater than Vin,

the largest capacitor is switched to the ground

11



4C(Vip —Vref) = 2C(Vipl — 0) + 2C(Vipl — Vref) (2.9)
So, the value of the Vipl is
Vipl =Vip — %Vref (2.10)
The value of the Vinl is still equal to Vin. Comparator keeps repeating this procedure until the last
bit LSB is resolved. Set and down switching method reduces a large amount of power dissipation.
The main drawback of using set and down method is the common mode voltage gradually drops
through the switching of every bits. After the second switching, the common mode constant
voltage is Vip + Vin — %Vre f, which is smaller than the common mode constant voltage before
switching Vip + Vin.

= Vref Vref

__|__2CJ_CJ_C
Vip _g% TTT >
Vin =6 T T T
TacTcTC
Vip>VV

Vref VrefVref

Vref Vref Vref Vref Vref Vref
lxjclce lecjc]c

Vip —oo I 1T + Vip4$TTT N

Vin —o® ﬂ - >
TI1L vin S—TT T
TacTcTc T:TcTc

Vref Vref Vref

Vref Vref Vref
Vref Vref Vref

Vip<\/i\
Jecjc]c
Vip —gom TTT >
Vin —6© J_ J_

L
TeTeTe

Vref Vref

Fig. 2.8. Set and down switching procedure.
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2.4.4 Double capacitor array Method

As we discussed above, the advantage of the set-and-down principle is eliminating the largest
capacitors and improving the speed, but resulting in the lower common mode after every bit. Since
the precision, stability and speed of the comparator is highly depending on the common mode

voltage, so the capacitor array is doubled. The capacitors are switched to the opposite direction in

both two set of capacitor arrays as shown in figure 2.9

== Vref Vref

__l__ch_c ]c

Vip —oo |2c|c|c +

Vref Vref Vref
TIT
. 2CTCTC
Vin —ﬂ’%
Vref Vref Vref Vref Vref Vref Vip>VV _T_ZST_C_T_C

Jecjc]c Jecjc]c
Vip —e® |zc|c|c . vip o |2c|c|c .
T TTT
Vref Vref Vref ﬂ Vref Vref Vref

11T | 11|
Vin Vin e %ZC
ITr T Vip<VN NI

<
=
@
=+

—

Vin —o®

pelo el I oy
A 5
P

<
=
@
—+

Fig. 2.9. Double capacitor array switching procedure

Take the second switching as an example, the total charge in positive capacitor array is

8C(Vip — Vref), If Vip is greater than Vin, one of the largest capacitor is switched to the ground

13



8C(Vip —Vref) = 2C(Vipl — 0) + 6C(Vipl — Vref) (2.11)

The value of Vip1l is
Vipl = Vip — ~Vref (2.12)
At the same time, the total charge in negative capacitor array is 8CVin, if Vip is greater than Vin,

one of the largest capacitor is switched to the Vref

8CVin = 2C(Vinl — Vref) + 6CVinl (2.13)
The value of Vinl is
Vinl = Vin + inef (2.14)
So, the comparator result is
Vipl — Vinl = Vip — Vin — %Vref (2.15)

And the common mode voltage will be
Vipl +Vinl =Vip +Vin (2.16)

As the result, the differential output is changed while the common mode voltage remains constant.

2.5 Comparator

2.5.1 Comparator Theory

Comparator is an important block of the SAR ADC, it compares two different analog signals and
generates digital binary 0 or 1 outputs. SAR logic could use them to switch DAC and generate

ADC outputs.

High gain amplifier is eligible to be used as the comparator, and its output swing must be high

enough to drive the SAR logic. Also, latched comparator is more popular to be used now, it has

14



two different architectures, one is the latch only comparator, one is the combination of the

preamplifier and the latch.

2.5.2 Static Characterization

The static characterization of comparator includes input offset voltage, kickback noise, gain and
input resolution. Static input offset is caused by the mismatch of input devices which is inevitable,
it might make comparator generate the wrong output. One way to reduce the input offset is to use
preamplifier in the comparator architecture. The kickback noise is the voltage disturbance in the
internal nodes of comparators. The exiting technology to reduce the kickback noise has adding
preamplifier before comparator or inserting MOSFET transistor to the input nodes and opened
during the regeneration phase. The input resolution is the smallest input voltage difference which

can be caught by the comparator. At least comparator should be able to measure the LSB of ADC.

2.5.3 Dynamic Characterization
The dynamic characterization of comparator includes propagation delay, slew rate and speed.
Propagation delay directly decide the speed of the comparator, it is the delay time between input

and output signal.

2.6 SAR logic

2.6.1 SAR logic Theory

The function of the SAR logic is to decide the 0 or 1 of each bit based on the output of comparators,
and generate control signals for DAC capacitance arrays. There are different logic types. Delay

lines can be used as logic to generate clock and then output values are stored in D flip flops. Ring
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counter and D flip flops are a good combination to be logic too. Also, D flip flops and

combinational digital logic gates are used as well.

2.6.2 Delay Line

Delay line is the circuit to delay the input signal with specific increment time. It is usually
adjustable and composed of series inductors, capacitors or even inverters. Take RC delay line as
an example, the value and number of RC elements determine the length of delay, but delay line is
very vulnerable of noise and easy to have jitters in generated clock.

Inverter delay line is composed of series inverters in a row as shown in figure 2.10. N inverters are
needed if we need N generated clock. The length of delay is determined by the value of single
inverter, the difference value between connected inverters and supply voltage. The disadvantage
of the inverter delay line is imprecise because of the process, temperature and noise of supply

voltage and ground.

CLK1 CLK2 CLK3 CLK4 CLK5

Fig. 2.10. Inverter delay line.

2.6.3 Ring Counter and Shift Register

The combination of ring counter and shift registers is commonly used as the SAR logic. The clocks

are generated sequential and monotonic by the D flip flops triggered by ready signal of
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comparators. At the positive edge of clock, D flip flop catch the value of comparator and stores as

the SAR ADC outputs [11].

2.7 SAR ADC Performance Metrics

2.7.1 Differential Nonlinearity

Differential nonlinearity is the error between the ideal step 1 LSB and actual step. The completely
ideal DNL is 0. If the actual step is 0.5 LSB longer than 1 LSB, the DNL error is +0.5 LSB; if the
actual step is 0.5 LSB shorter than 1 LSB, the DNL error is -0.5 LSB. The DNL error less or equal
to LSB is important because it assures the SAR ADC monotonic performance without missing

code.

2.7.2 Integral Nonlinearity
Integral nonlinearity is the deviation from the straight line which is typically center of the input
range. The distribution of the DNL error decides the INL. INL also can be characterized as the

sum of the all DNL errors.

2.7.3 Offset Error and Full Scale Error

Offset error is the deviation between the first actual code transition and idea code transition. Full

scale error is the deviation between the last actual code transition and idea code transition.

2.7.4 Missing Code
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Missing code means digital value of the corresponding input voltage is missing. If DNL is less
than 1 LSB, it means there is no missing code during the conversion process, if an error is more

than 1 LSB in DNL graph, it's a sign that there is a missing code in conversion process.

2.7.5 Signal to Noise Ratio

Signal to noise ratio is the ratio of the power of the input signal to the power of total noise.

SNRyp = 10log,, -2enat (2.17)

noise

where Ps;gnq; IS the power of the signal and P,,,;s, is the power of the total noise.
For an ideal ADC
SNR,p = 6.02N + 1.76 (2.18)

where b is the number of bits of the ADC

2.7.6 Signal to Noise and Distortion Ratio
Signal to noise and distortion ratio is the ratio of the received power to the power of noise plus

distortion components.

SINAD — Psignal+Pnoise+Pdistortion (219)

PnoisetPdistortion

where Pg;gnq; is the power of the signal, Py, is the power of the noise and Pgy;s¢ortion IS the

power of the distortion.

2.7.7 Spurious-Free Dynamic Range
Spurious-free dynamic range is the ratio of the fundamental signal to the strongest harmonic tone

in the output. It is a very crucial specification of the dynamic performance. As we know, due to
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the noise and nonlinearity, even the best generator is not able to generate the pure signal without

harmonics. It is easy to calculate SFDR by

SFDRdB = Afundamental(dB) - Astrongest spurious(dB) (2-20)

where Agyngamentar 1S the amplitude of the fundamental signal, and As¢yongest spur 1S the strongest

spurious signal.

2.7.8 Effective Number of Bits
ADC’s resolution is the number of bits to represent the input value. Effective number of bits is

obtained by SINAD and to define the accuracy of the ADC.

ENOB = SINAD-1.76 (221)

6.02

where SINAD is the signal to noise and distortion ratio, 1.76 is the number from quantization error

of the ideal ADC, 6.02 is from 10log;,2.
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Chapter 3: Proposed Structure of S&H and Control Logic

3.1 Proposed Structure of S&H

3.1.1 Bootstrapped Switch Theory

As shown in Fig 3.1, during the off phase, Clock turns off while Clock bar turns on. Devices M7
and M8 discharge the gate of M10 onto the ground. Meanwhile, Vop charges the capacitor Cs
through M4 and M3. M5 and M6 isolate the M9 and M10 from Cs when capacitor is charged. The

charged capacitor Cs will be connected in the gate of M10 during the on phase.

o I

Clks

Clksb o= M3 Bootst_rapped
switch

Fig. 3.1. Bootstrapped switch during off phase.

As shown in Fig 3.2, during the on phase, Clock turns on while Clock bar turns off. PMOS M5 is

on, so the charge from the capacitor Cs flows through M5 to the gate of M9 and M10 to turn them
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on. The gate of M10 will track the input voltage Vin plus Voo from capacitor Cs, and keep the gate

to source voltage constant despite the input signal [12] as shown in figure 3.3.

. 1
| Clksb
M4:II__ M11 I——_o_
vs—=| T¥
M7

< ! ! I T M8 |
Clks
°_| Bootstrapped
Clksb M3
switch
Fig. 3.2. Bootstrapped switch during on phase.
/] b | i /

MU NNV

T T T T
00 8.0 50.0 5.0 100.0
time (ng)

Fig. 3.3. Input signal with the clock pulses on gate of M10.
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The resistant of the switch is
1

W
uCox7 (Vgs—Vru)

Ron = (3.1)

The purpose of the bootstrapped circuit is to alleviate the problem of the variable on-resistance.
The constant Ves makes on-resistance relatively independent regardless of the input signal. The

resistant of the switch will be

1

W
uCox7(Vpp—=VrH)

Ron = (3.2)

It will improve the linearity and decrease the harmonic distortion of circuit.

To ensure sample and hold switch can track 99.9 percentage of the input signal, we should keep
WI/L of the switch big enough. Figure 3.4 shows the tracking time of the different W/L of the
switch. If W/L is 3u/120n, it takes 2.53 ns to track 99.9 percentage of the input signal. Because the
sampling time of our design is 2.08 ns, so the W/L of the switch must be greater than 3.65u/120n.
I use 8u/120n as the W/L of the switch in this design to guarantee switch has enough time to track

the input signal.

800.0

4 dx: 1.6067117ns
dy: 15.08813nV

700.0

600.0

E 500.0

400.0 H

Fig. 3.4. Tracking time of the different W/L of the switch.
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50_.. |

D 1 1 1 1 1
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Input Yaoltage (V)

Fig. 3.5. Ron vs input voltage.

As shown in figure 3.5, with bootstrapped switch structure, on-resistant of the switch is minimized

and relatively independent of the input signal.

3.1.2 Conventional and Proposed Bootstrapped Switch
| J_ Clksb
M4 - l
Yyl
I:Ml T
——Cs | goTTTTTeRT i
l:l'v'2 M6 | AL+ L
! IML;I—l\Al D}

Clksb o_l Bootstrapped
M3 switch

Clks

Fig. 3.6. Conventional bootstrapped switch.
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M1
Clks
— ——Cs | R 3
[ M2 M6 g | B I :
| . :
Mg—g-l—k/\l D}
105 :
becocccsccscccccs 4
Clksb °_| Bootstrapped
M3 switch

Fig. 3.7. Proposed bootstrapped switch.

In the proposed bootstrapped switch as shown in figure 3.7, we introduce the extra NMOS named

M11 in conventional bootstrapped switch as shown in figure 3.6.

.25 4

T
0.0 25.0 §0.0
time (ns)

Fig. 3.8. Voltage of source of M7 between conventional and proposed switch.
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During the on phase, Clock turns on while Clock bar turns off, so both voltages of gate and source
of M7 are equal to Vj, so the transistor is cut off and no electrons will flow between drain and
source. However, without M11, the source of M7 is floating which brings noise to the gate of the
switch as shown in figure 3.6. With M11, the source of M7 is charged to V. Also, with M11, the
leakage voltage of M7 will be reduced to improve the switch linearity as shown in figure 3.9 [13].

Using the proposed switch, we can reach better linearity.

" dx: 45.32098ps. N
dy 8.255741mv [
5: 182.1616MV/s,

Fig. 3.9. Voltage of gate of the switch between conventional and proposed switch

3.1.3 Bootstrapped S&H Circuit with Dummy Switch

Clki
Bootstrapped _

switch I

Fig. 3.10. Simple bootstrapped S&H circuit.

Vin (o
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As shown in figure 3.10, the sample clock controls the on and off mode of the NMOS. The signal

is sampled when the sample clock is high while the signal is stored when the sample clock is low.

Clk

_\_ Clkb _o/_
LA

,\ l M?2 ]
Vin (o
o =
Bootstrapped Dummy
switch Switch

Fig. 3.11. Bootstrapped S&H circuit with dummy switch.

255.0

250.0

¥ (mv)

240.0

335.0

230.0

1.37
time (us)

Fig. 3.12. Comparison of the bootstrapped S&H circuit with and without dummy switch.

As shown in figure 3.11, the dummy switch plays an important role in holding phase to make
holding better. When Clock goes from high to low, at the same time, the Clock bar in the gate of

dummy switch goes from low to high, the charge deposited in inversion layer in M1
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%WLC(VDD — Vi — V) Will be absorbed by the latter dummy switch. The error of charge
injection is

__ WLC(Vpp—Vin—VTH)

nCyold

AV = (3.3)

Also, the gate-source overlap capacitance is switched to ground and introduces an error in the
output voltage. When the Clock bar in the gate of dummy switch goes from low to high, the gate-
source overlap capacitances are switched to the supply voltage, so the effect of the clock

feedthrough is eliminated [14]. The error of clock feedthrough is

AV — —V Coverlap (34)

clock CoverlaptCh
To make sure the charge injected by the M1 is equal to the charge absorbed by the M2 and to
suppress the effect of the clock through, we use Li=L> and W1=2W>. The error of the charge

injection is reduced because

_ WiLiC(Vpp—Vin—VrH) n 2W3LaC(Vpp—Vin=VTH) _
nCyold nChold

0 (3.5)

and the total error from overlap capacitors is zero because Cyyeriqp iS proportional to W

Coverlap1 2Coperiap2
—Velock k + Verock n =0 (3.6)
Coverlap1+2Coverlap2+CH Coverlapl"'zcoverlapz +Cy

3.1.4 Bootstrapped S&H Circuit with Cross-Couple Path and Dummy Switch

When the switch goes from high to low, the input signal is coupled to the Cw through the parasitic
capacitance between source and drain terminals, so the parasitic capacitor will introduce the error
and cause the dynamic offset. The cross-couple path is proposed to cancel the error, because the
Vin and Vip are the opposite signals and introduce the opposite charges to reduce the coupling

effect.
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Clki
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<[ ™3

Vin

Fig. 3.13. Bootstrapped S&H circuit with cross-couple path and dummy switch.

207.5 o

=
£ 2025
=

195.0 4
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Fig. 3.14. Comparison of the bootstrapped S&H circuit with and without cross couple path.

3.1.5 KT/C Noise
The KT/C is one of the noise sources in the ADC and should be less than 1/2 LSB of the system.

From KT/C noise, we will get the minimum capacitor we need to use for the cap DAC used in

28



SAR ADC. From this ADC, LSB is 0.5v/28 is equal to 1.95mv. From the equation \/KT/C is less

than half LSB, so the minimum capacitor is 4.3fF. In our design, the minimum capacitor is 17fF,

which is greater than 4.3fF.

3.1.6 Simulated Spectrum
The simulated spectrum of a simple sample and hold is shown in figure 3.15, the input signal is
35.3125MHz with an 80MS/s sample frequency. The SFDR and SNDR in this architecture are

40.9dB and 40.4dB, respectively.

0.0

Fin=35.3125MHz
] Fs=80MHz

ss0 4 SFDR=40.9dB

1 SNDR=40.4dB

-50.00 o

-75.0

(dB)

-100.0 o

-135.0 o
-175.0 -
e e e e s H e R s e e S N S
0.0 100 30.0 4
)

20.0
(MHE]

i}

Fig. 3.15. Simulated spectrum at 80MS/s of conventional S&H architecture.

The measured spectrum of the proposed sample and hold is shown in figure 3.16. It achieves 90.9
dB SFDR and 87.8dB SNDR. We can reach a conclusion that the proposed sample and hold has

better linearity and performance.
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Fig. 3.16. Simulated spectrum at 80MS/s of proposed S&H architecture.

3.2 Proposed Structure of Control Logic

3.2.1 Overview of SAR ADC Control Logic

2/3 Comp i
Controller '\(/:Iﬂ:;‘r)(l)(lel):;r
Clk; 1
—v \kOut v M-E
I -/—I— Comp :yl
v .
Ready, E :
| | Clk, NG >
| 1R T :
ut JUR >
Cap | 1B SAR | dout
1 Comp N icp—>
DAC —l— e I H Logic
Y . »
Ready, HEH ”
X >
A I I fﬁ : s E .
N '
Out H
I N
== Comp MR
/ Ready; B } _E

Fig. 3.17. SAR ADC control logic overview.
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As shown in figure 3.17, in the first cycle, 2 of the 3 comparators (take comparator 1 and
comparator 2 as an example) are chosen by the 3/2 logic controller while comparator 3 enters the
calibration mode. In the next cycle, another set of 2 comparators (comparator 2 and comparator 3
in this example) are chosen and activated while comparator 1 enters the calibration mode, and so
on. Then ready signals are selected by multiplexers, clock 1 to clock 8 are generated for the
capacitor array to work on the monotonic switching procedure. The output bits of comparator are

stored in memories, and DAC starts to redistribute based on the decided bit.

3.2.2 Mux Logic

:)D_ static [Pt L static [SUCI2 1] gyagic fSelects
DFF Selectl b DFF Select2 b DFE Select3 b

Fig. 3.18. Multiplexer control signal generator.

Fig 3.18 shows multiplexer control signal generator is based on the clock divider where the clock
is divided by three with 2/3 duty cycle. Frequency divider plays an important role in phase related
clock circuit. Dividing a clock by an even or odd number is not complicated, usually the
arrangement of static D flipflop and different digital logic gates is the most popular method [15].

| use three static D flipflops and one NAND gate to accomplish it.

SN7474 dual positive edge triggered D flipflop is used in this multiplexer logic, it concludes six
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NAND gates. This D flipflop stores the value of input as the output when the rising edge is
triggered and will not change conditions at other times. Edge triggered feature helps to eliminate
the unstable transitions of system, any unstable transitions could make system doesn’t work or
have critical mistakes.

NAND gate is used to generate low output if both inputs are high. If one of the inputs is low or

both the inputs are low, output is high.

L e B B B B B B LS B B B B B L B B B B L B B HE S L H HL HE L e L L L L
0 5.0 100 15.0 20.0 5.0 30.0 35.0 40.0 45.0

Fig. 3.19. Timing diagram for multiplexer control signal generator.

Because the comparator is interleaved by three, so two comparators are working while another is
doing calibration per sample rate clock. Figure 3.19 shows the working order arranged by the
multiplexer control signals. So, at the first sample rate clock, comparator 1 is doing calibration and
comparator 2 and 3 are sampling the input; at the second sample rate clock, comparator 2 is doing
calibration and comparator 1 and 3 are sampling the input; at the third sample rate clock,

comparator 3 is doing calibration and comparator 1 and 2 are sampling the input.

3.2.3 Timer Logic
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Because this design has three comparators and two comparators work per sampling rate clock, so
timer logic as shown in Fig 3.20 can make sure timers track DAC settling behaviors and work in
order. Timers are used for improving the ADC efficiency. Because settling time goes faster from
MSB (Most significant bit) to LSB (Least significant bit), it will not efficient if comparators are
waiting for the same long amount of time. Since timers can track the behaviors of DAC, so it can
help to save time. The disadvantage of timer is adding more capacitors to track the DAC settling,

so it will bring more power consuming and area.

Read
e - dacdonel
Timerl

—

Ready_z‘ dacdone2

- dacdone3
Ready, Timer2

Fig. 3.20. Architecture of timer logic.

Figure 3.21 and figure 3.22 show ready signals and DAC done signals work in order per sampling
rate clock. At first sampling clock, comparator 2 and 3 generate ready signals and DAC done 2
and 3 back to comparator 2 and 3. At second sampling clock, comparator 1 and 3 generate ready
signals and DAC done 1 and 3 back to comparator 1 and 3. At third sampling clock, comparator 1

and 3 generate ready signals and DAC done 1 and 3 back to comparator 1 and 3.
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Fig. 3.21. Ready signals from three comparators.
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Fig. 3.22. DAC done signals from timers.
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3.2.4 Bits Clock Logic
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As shown in Figure 3.23, comparators generate three ready signals, then two signals are selected

through multiplexers. Clockl to clock 8 are generated by the dynamic D flip flops to sample the

outputs of comparators according the orders and to control the capacitor array to work on the

monotonic switching.

Ready k1 k3 Ik5
1
'\Lj' Dynamic Dynamic Dynamic Dynamic|_CIk7
% DFF DFF DFF DFF ’
Readyg
k2 k4 1k6
> '\Lj' Dynamic Dynamic Dynamic Dynamic ClkSi
Ready; X DFF DFF DFF DFF
—

VTR @)

WTCADEIKTY) @

VICADIRZY) @)

VTCADIKEY) @)

VTl @)

VTHDEIKE") @)

VTADIKE") @

VTADIKTY) @)

VTS @

Fig. 3.23. Bits clock control logic schematic.

I

0.0

T T
12.0

34.0

Fig. 3.24. Bits clock control logic timing diagram.
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Dynamic D flip flop is used in this block. It is not a literally flip flop, but has the same functional
role as static flip flop. As the static D flip flop is triggered by positive or negative edge, the clock
level triggers the dynamic D flip flop, and the input signal will be stored in parasitic capacitances
of circuits [16]. However, dynamic D flip flop cannot be implemented in low speed system because
the charge which stored in parasitic capacitances is gradually leaking if it has enough time and
cause critical mistakes. So, dynamic flip flop is normally used in high speed system and helps to

reduce power consumption since it just has a few transistors.

3.2.5 DAC Control Logic

Conventional DAC Switching Lodgic

DAC,

:)_(D>ACN)

Bit
>

Comp_pout
(Comp_nout)

Proposed DAC Switching Logic
Clk;

DAC»r
(DACy)

Comp_pout
(Comp_nout)

Fig. 3.25. Schematic of conventional and proposed DAC control logic.
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Figure 3.25 shows the schematic of the conventional and proposed DAC control logic.
Conventional DAC is switched after the output of comparator is successfully stored in memory

while proposed DAC is switched before the output of comparator is stored in memory.

Conventional DAC Switching Logic
<>
Clk; Delay

Comp_pout

DAC,

Bit_i

4

Proposed DAC Switching Ladgic
l{_»:

Clk; Delay_l
"

Comp_pout :
]

DAC,

Bit | et 0

Fig. 3.26. Timing diagram of conventional and proposed DAC control logic.

As shown in figure 3.26, the bit-correlated clock signal is delayed for a certain amount of time
based on the time of the output of comparator going through the memory to avoid unnecessary
transitions, and then triggers the NAND gate to let the DAC redistributes based on the bits. The

proposed switching strategy is the NAND gate is triggered right after the successful decision is
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made by comparator which is initially connected with the multiplexer. The delayed signal is used
as control signal for the multiplexer to switch the input of the NAND gate from the output of
comparator to the settled output from memory, so the state of decided bit will be held. As the
result, the delay of memory is therefore eliminated. When it applies on all the control logic of eight

bits, the time saved will be multiplied by eight.

To make sure clock delay is long enough to avoid unnecessary transition, the simulation results of
the delay time and D flip flop setting time with different corners and temperatures are listed in

Table 3.1. The time variation with different corners and temperatures will not distort operation.

Corner SS TT FF

Tem DFF Delay DFF Delay DFF Delay

0 31.1ps 124.7ps 26.3ps 103.7ps 22.3ps 85.6ps

27 32.3ps 128.8ps 27.1ps 107.3ps 23.2ps 88.8ps

120 38.5ps 140.5ps 31.2ps 118.2ps 26.4ps 99.0ps

Table. 3.1. Delay time and D flip flop setting time with different corners and temperatures.
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Chapter 4 Simulation Results and Measurements

The SAR ADC chip was implemented in the 130nm CMOS technology with a core area of 480 x
615um?. The die photo is shown in figure 4.1. The layout of the ADC is shown in figure 4.2 which
includes the S&H, DACs, comparators, SAR logic, reference buffer, output buffer and timer, and
the DACs, comparators, and SAR digital logic occupy most of the area. The ADC consumes 2mW
from a 1.1V supply voltage for 80MS/s sampling rate, and the full-scale input of the ADC is

500mVpp.

o |
=

| = ER LI =
= y/ .
S < _—

Fig. 4.1. Die photo of the SAR ADC.
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Fig. 4.2. layout of the SAR ADC.

Figure 4.3 and figure 4.4 show the measured static performance of this SAR ADC, it achieves the

DNL within +0.9389/-0.8449 LSB and the INL within +0.9667/-1.006 LSB.

: =
oo o -~

DNL (LSB)
S

==
o

50 100 150 200 250
OUTPUT CODE

Fig. 4.3. Measured DNL.
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Although the DAC does not have calibration block, the linearity performance is improved because

the MSB capacitor is reduced by a fact of 2 and the LSB capacitor was increased by a fact of 4

which reduces 8 times of the difference between MSB capacitor and LSB capacitor.

1 T
o 0.5
(/)]
= 0
-
=05
o 50 100 150 200 250

OUTPUT CODE
Fig. 4.4. Measured INL.

The measured spectrum of this ADC is shown in figure 4.5, the input signal is 36.1223MHz which

is near the Nyquist band with an 80MS/s sample frequency. The ADC achieves 56.8 dB SFDR,

42.8dB SNDR, -53.3dBc THD with a 6.82 ENOB.

AMPLITUDE (dB)

N
o

o

FFT PLOT
Fin=36.1223MHz
Fs=80MHz
~-SFDR=56.8dB -

SNDR=42.8dB
ENOB=6.82 . ;
_THD=-533dBc .............. | ISR

0o

ANALOG INPUT FREQUENCY (MHz) 44’

Fig. 4.5. Measured output spectrum of the ADC.
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The FoM (Figures of Merit) equation is

Power

FoM =

The FoM is 221fJ/Conversion-Step.

Table 4.1 shows all the parameters for the designed SAR ADC chip.

f;x2ENOB

Architecture SAR
Technology 130nm
Resolution 8
Supply voltage 1.1V
Sample rate 80MS/s
Full scale input 500mVp-p
SFDR 56.8 dB
SNDR 42.8 dB
THD -53.3 dBc
Power 2 mW
Area 0.295 mm?
FoM 2211J/Conversion-Step

Table. 4.1. Performance summary.
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Chapter 5 Conclusion

In this thesis, an 8-bit 80MS/s single-core SAR ADC was implemented in 130nm CMOS
technology. The Sample and hold with the bootstrapped switch improves the linearity. The DAC
with a constant common mode, set-and-down principle, and shrunk MSB reduces the DAC size,
settling time and mismatch. The two-way alternate comparator structure is proposed to eliminate
the reset time from the critical path, and three-way comparator structure is used where 2 from the
3 comparators are orderly chosen by the logic controller while calibration is operated at the idle
comparator. The proposed SAR ADC achieves 80MS/s operation speed with INL/DLN less than
1LSB and only occupies an active area of 0.2952 mm? in the 130nm technology. At the Nyquist

band, the SNDR, THD, SFDR and ENOB are 42.8 dB, -53.3 dBc, 56.8dB and 6.82, respectively.
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