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Abstract

This thesis presents a Low-Power Area-Efficient SAR-Assisted Hybrid ADC for ultra-
sound imaging systems. This ADC combines a 5-bit SAR ADC per channel with a 4-bit
single-slope ADC that produces the converter’s LSBs and is implemented using shared
hardware. The number of unit capacitors of the proposed ADC is about 1/16th of that
of a 9-bit conventional SAR ADC, thus saving die area. The power consumption is
reduced by sharing the delay line and ramp generator of the single-slope ADC among
an ADC array. The simulated ENOB is 8.48bits, the power consumption is 419.3uW
at a sampling rate of 33MS/s, the achieved FoM is 36f]/conv-step. The estimated die
area per channel is 150pmx107um.
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Introduction

This thesis describes the design of an analog to digital converter, which can be used in
the readout circuit of ultrasound transducers. In this work, successive approximation
register(SAR) and digital-slope concepts are combined to meet the stringent power
and area requirements of the ultrasound application. The application of this work is
described in this chapter, followed by the motivation and ADC requirements. At the
end of this chapter, the organization of this thesis is given.

1.1 ADC application and challenges

Transesophageal echocardiography(TEE) is a cardiac imaging modality that uses the
esophagus as the imaging window to the heart. In a TEE system, a TEE probe which
consists of an ultrasound transducer array is inserted into the esophagus of the patient.
The transducer array will transmit ultrasound waves to the heart and receive the echo
signals. After signal processing, the heart image is available [1]. In order to get an accu-
rate diagnosis, a TEE probe needs to be capable of providing real-time-3-D images. To
realize such a TEE probe, there are several challenges. In order to provide high quality
3-D images, a 2-D matrix transducer array with thousands of independent elements
needs to be integrated in the probe tip. In such situation, if the signal processing is
done only by the image processor outside the patient body, the gastroscopic tube needs
to accommodate thousands of cables. Apparently, it is not a feasible method [2]. In
order to reduce the number of cables, in particular, integrating ultrasound transducers
with readout circuits realized as an application-specific integrated circuit(ASIC) that
does some signal processing, in particular, partial(sub-array) beamforming, locally is
an efficient way. Moreover, it can also improve the signal immunity to the cable noise.
However, it will bring the challenge to the ASIC design. Firstly, the circuit per element
should fit within very small element pitch. Furthermore, to avoid overheat of human
tissue, the power dissipation of the circuit is limited by self-heating.

1.2 Previous research

Figure 1.1 shows a hybrid beam-forming solution. The echo signals of different channels
are firstly amplified by LNA (low-noise amplifier). Then, analog micro-beamforming
is applied to align the signals from each subgroup in time and then add them con-
structively. After that, there is a gain compensation done by TGC. This compensation
helps to maintain image uniformity and relaxes the dynamic-range requirements for
the remaining circuits. Finally, the analog signal is converted into a digital signal to
be further aligned by digital delay in the ultrasound machine [1]. In this system, the
beam formation is split in two steps. The first step is analog delay of micro-beamformer



and the second one is the digital delay. The major drawback of this solution is that
the control signals in analog beamformer have significant frequency components within
the desired ultrasound pass-band, which will produce undesired noise on the image
[3]. What’s more, since the analog beamformer is based on capacitor, there is charge
leakage, which will limit the delay range.
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Figure 1.1: Block diagram of the TEE Imaging System with Hybrid Beamformer|[4]

1.3 Motivation and objectives

Full digital beam formation could be a solution to improve the system. Figure 1.2
shows the block diagram of the full digital received beam formation 3D TEE imaging
system. Compared with figure 1.1, the ADCs are element level ADCs, as a result, the
digital signal will be available at an earlier stage, which will eliminate the drawbacks
of an analog beamformer and provide more flexibility for the signal processing circuit.
In addition, element level ADCs make RF data of the transducers available simulta-
neously without relying on multiplexing and reducing the functionality that has to be
implemented in the periphery of the chip to a minimum. The latter feature helps to
create very large transducer arrays, without being limited by the size and multiplexing
speed of the ADCs placed outside of the core array. The element level ADC can also
help reduce the cable count with the help of the digital multiplexing [15].
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Figure 1.2: Block diagram of proposed TEE imaging system[4]

1.4 ADC requirements

In this ADC design, the area and power budget limited by the ultrasound application
are the main challenge. The pitch size of the transducer is 150um. Consequently, the
area of an element level ADC is limited by this pitch size. The area of an element
level ADC should be less than the pitch size of the transducer: 150umx 150um. The
power consumption of a TEE probe should be less than 1W. As there are on the order
of 1024 transducers in TEE probe, the power budget of each element signal channel
should be less than 1mW. Taking the power consumption of the other circuits in the
signal receiving channel into consideration, the power budget for the ADC in each
signal channel is 6004W. The bandwidth of interest in receive mode is from 2.5MHz
to 7.5MHz. According to the Nyquist criterion, the sampling frequency of the ADC
needs to be higher than twice the signal frequency. The sampling frequency is set to
33MS/s, which is determined by the time resolution of the beamforming. The SNR of
the output signal of the preceding LNA is around 50dB. According to the equation
SINAD — 1.76

ENOB = 1.1
© 6.02 (11)

where ENOB is the effective number of bits, SINAD is the signal-to-noise and distor-
tion ratio, the ENOB of this ADC need to be larger than 8bits. According to these
specifications, the figure of merit (FoM) of this ADC can be calculated by the equation

Power

FoM = 9ENOB . f,

(1.2)

where Power is the power consumption of the ADC, ENOB is effective number of bits,
fs is sampling frequency. The FoM of required ADC is around 70f]/conversion-step.

3



The FoM versus sampling frequency of state-of-the art ADCs is shown in figure 1.3.
There is no area information in figure 1.3, however, area is an important specification

in this design.
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Figure 1.4: State-of-the art ADCs(b)[5]



Figure 1.4 shows the FoM versus die area of state-of-the art ADCs. Table 1.1 shows
a comparison of the desired specifications with respect to designs with similar sampling
frequency. From the comparison, the design challenge is mainly on power and area.

This work [16] [17] [18]

Technology 0.18um CMOS 0.13pm CMOS 0.13pm CMOS 65nm CMOS
Resolution[Bit] >8 12 14 12
Power[mW] <0.6 3.02 2.54 3.5
Arealmm?] <0.0225 0.06 0.24 0.16
Fs[MS/s] 33 45 30 50
SNDR/[dB] >50 67.1 70.4 64.4
FoM[fJ /conversion- <70 36.3 31.3 51.4

step]

Table 1.1: Performance comparison with respect to similar designs(a)

1.5 Organization of the Thesis

The thesis is organized as follows. Chapter 2 introduces the background of SAR ADCs
and slope ADCs, including the working principle and main blocks. Chapter 3 describes
the system level design, including the design choice of SAR ADC and slope ADC and
the method of combining these two ADC. Chapter 4 explains the transistor level and
layout design of the main building blocks of the system. Chapter 5 shows the system
simulation results. Chapter 6 summarizes the contributions of the thesis. Suggestions
for future work are also given.







Overview of SAR and digital
slope ADC

The main challenge of this ADC design is the power consumption and area requirement.
The SAR ADC is notable for its energy efficiency, as most of modern SAR ADCs
present only dynamic power consumption from the use of CMOS logic and the absence
of preamplifiers or static latch in the comparator. So, a SAR ADC is a good candidate
ADC type. However, SAR ADCs tend to be not area efficient, because the C-DAC will
cost large area. What’s more, the area increases exponentially with ADC resolution.
Single Slope ADCs are attractive for their simple implementation, and are widely used
in imaging sensors. However, the counter in a single slope ADC needs a high speed
clock, which makes it not power efficient. In addition, some building blocks in a single
slope ADC have the potential to be shared by ADC array, which could be used to reduce
both area and power consumption. Combining these 2 type ADCs together could be
a good design solution to meet the power and area requirement. In this chapter, the
background of SAR and slope ADCs are introduced followed by three related previous
designs.

2.1 SAR ADC overview

The basic principle of successive approximation register (SAR) ADC is binary search
algorithm. The approximation starts from MSB to LSB with the help of comparator.
The following figure is an example of a 4-bit SAR ADC. Firstly, the voltage of the DAC

1
is §Vref. After the comparison of step 1, the B3 is set to 1. Then the DAC voltage

1
increases by ZVN 7, which is larger than the input signal during step 2. As a result, B2

is set to 0. B1 and B0 could be get in the same way. As shown in figure 2.1, the DAC
voltage approaches to the input signal gradually.

Figure 2.2 shows the block diagram of SAR ADC. The main building blocks are
clock controlled comparator, DAC, sample and hold circuit, and SAR logic.

7
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Figure 2.2: SAR ADC block diagram

The clock controlled comparator compares C-DAC voltage with the input signal.
Then the comparison result will be sent to SAR logic, which controls the voltage change
of C-DAC. The C-DAC could be used as the capacitor in sample and hold circuit.

2.1.1 Switching scheme

The voltage change on C-DAC is based on charge redistribution, which could be im-
plemented by different switching schemes. The switching scheme is very important to
a SAR ADC. Because it will affect power consumption and number of switches and
voltage reference in a SAR ADC. In this section, three relevant switching schemes are
introduced: conventional, monotonic, V,,,-based switching scheme.



2.1.1.1 Conventional switching scheme

Figure 2.3 shows a 3-bit fully differential SAR ADC with conventional switching scheme.
For simplicity, only the positive side of the ADC operation is described in below. During
the sampling phase, the bottom plates voltage of the capacitors are charged to V;,, and
the top plates voltage are reset to the common-mode voltage V.,,. Next, the bottom
plate of the largest capacitor is switched to V,.r, and that of the other capacitors are
switched to ground. The comparator then performs the first comparison. If V;, is
higher than V;,,, the most significant bit (MSB) B1 is 1. Otherwise, Bl is 0, and the
bottom plate of the largest capacitor is reconnected to ground. Then, the bottom of the
second largest capacitor 2C is switched to V,.¢. The comparator does the comparison
again. The ADC repeats this procedure until the least significant bit (LSB) is decided.

GNDE
vin+D’ ! ! |
ref ' ' 1
AC 2C C C
1 T T
1 1L L
PC —EEC —EC C
UrefD 4 4 4 l
Uin-D -
GNDE

Figure 2.3: 3-bit differential Conventional SAR ADC

Figure 2.4 shows the waveform of the conventional switching scheme. The common
mode voltage of two input signals remains at V., during the whole conversion.



Sample Phasel Phase2  Phase3

Figure 2.4: Waveform of conventional switching scheme
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Figure 2.5 shows the energy consuming of each step.The average energy of B-bit
switching algorithm, assuming all codes are equiprobable, may be derived as [6]

2—B+1 + 23+2

E = Z2B+l 21 'L )CVT€f2 ( g

—2)CVref? (2.1)

where B is the resolution of the ADC, C is the capacitance of a unite capacitor, V,s
is the reference voltage.

2.1.1.2 Monotonic switching scheme

Figure 2.6 shows a 3-bit fully differential SAR, ADC with monotonic switching scheme.
During the sampling phase, the input signal is sampled on the top plates of the ca-
pacitive arrays, while the bottom plates are connected to the reference voltage. The
MSB is directly obtained by the comparator. Depending on whether the MSB is 0 or

11



1, the MSB-capacitor of the bottom array or the top array is connected to ground,
respectively. The ADC repeats the procedure until LSB is decided.

]
e
.._| |57

UII‘I = "'{ 2

T
.I"'rnc'r' [

=

Figure 2.6: 3-bit differential monotonic switching scheme SAR ADC

Figure 2.7 shows the waveform of the monotonic switching scheme. During each
bit cycling,the voltage on C-DAC just changes at one terminal. The common mode
voltage will gradually decrease during the conversion.

|Sample | Phasel | Phase2

[ I I
P-CDAC |—,

I
—

H--

N-CDAC

1
|
I I
B3=1 I B2=1 | B1=0
| I

Figure 2.7: Waveform of monotonic switching scheme
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Figure 2.8 shows the energy consuming of each step.The average energy of B-bit
switching algorithm, assuming all codes are equiprobable, may be derived as [6]

B-1

2(23_2_i)C’Vref2 = (2872 —

=1

E- %)Cﬂh@fQ (2.2)

Where B is the resolution of the ADC, C is the capacitance of a unite capacitor, V,s
is the reference voltage.
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Figure 2.8: Monotonic switching scheme conversion procedure[6]

2.1.1.3 V_,-based switching scheme

Figure 2.9 shows a 3-bit fully differential SAR ADC with V,,-based switching scheme.
This switching scheme also employs top-plate sampling. In the first cycle, the inputs
are connected to the top plates of the capacitor arrays and the bottom plates are
connected to V.,,. The MSB is determined from a comparison immediately after the

13



sampling. Depending on whether the comparison result is 0 or 1, the largest capacitor
of the positive C-DAC array is discharged to ground or charged to V,.y, respectively.

The opposite action is done in the negative C-DAC array. This procedure is adopted
for all the remaining bits in the converter.

III"Ilnl'n #
.I'I'rrer
20
1

i

m
HE—

Vin> 4

"'-'rlnD 4

HH

.I'l'rrer —
I'I'rt .1-.D *

.»—/"?' |_"
4'_" |—<r

Figure 2.9: 3-bit differential Vcm-based switching scheme SAR ADC

Sample Phasel I Phaze? |
P-COWALC

Figure 2.10: Waveform of Vcm-based switching scheme

Figure 2.10 shows the waveform of the V.,,-based switching scheme. Like the con-
ventional switching scheme, the common mode voltage of two input signals remains at
V¢m during the whole conversion.

Figure 2.11 shows the energy consuming of each step. The average energy of B-bit
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switching algorithm assuming all codes are equiprobable, may be derived as [6]

E = ZzB 2ot evee = 2 Doveep 23)
3 2 |

Where B is the resolutlon of the ADC, C is the capacitance of a unite capacitor, V,.;
is the reference voltage.
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Figure 2.11: V.y,-based switching scheme conversion procedure|6]

2.1.1.4 Summary

The advantage of the conventional switching scheme is that the input common mode
voltage of the comparator will remain at V., during the conversion, so the common
mode input is almost zero, which is good for comparator during the comparison. How-
ever, there is switch motion before the first comparison, thus causing more dynamic
power consumption. In addition, there are lots of sampling switches at the bottom plate
of the C-DAC capacitors, which will cost much area if using bootstrapped switches.
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The advantage of the monotonic switching scheme is on area and power. Because of
top plate sampling, the first comparison could be done directly after sampling. Conse-
quently, the MSB capacitor value in C-DAC is half of its counterpart using conventional
switching scheme. The number of switches and voltage reference are also less, which
is easy to implement. Furthermore, there is just one switch motion in each bit cy-
cling, thus saving power. The monotonic switching scheme consumes only 18.74% of
the energy spent on the conventional switching scheme implementation when compar-
ing 10-bit ADCs. The main disadvantage is that the input common mode voltage
will gradually decrease from 0.5 V,.; to Gnd, which may influence the comparator
performance.

The advantage of V,,,-based switching scheme is that the input common mode
voltage of the comparator will remain at V., during the conversion, which is good
for comparator during comparison. Because of top plate sampling,its capacitance of
C-DAC is same with that in monotonic switching scheme. In addition, V,,-based
switching scheme is also power efficient. It consumes only 12.48% of the energy spent
on the conventional switching scheme implementation when comparing 10-bit ADCs.
However, compared with monotonic switching scheme, it needs more voltage reference
and switches.

2.1.2 Redundant weighing method

The SAR ADC which uses redundant weighing method adds extra redundant bit to
tolerate a certain range of settling and decision error during bit-cycling. Therefore, it
could alleviate the DAC and reference settling requirement. Figure 2.12(a) shows an
example of binary search SAR ADC. This is a 4 bit case. V; is input signal. For the first
bit, V; is smaller than the threshold voltage, so the MSB is 0. Then the quantization
voltage level decreases by 4 LSBs. The ADC repeats this procedure until the least
least significant bit (LSB) is decided. In this case, the digital output is 4. This is a
correct conversion, the difference between the analog signal and the digital presentation
is less than 1 LSB [7]. Figure 2.12(b) shows the same 4 bit case with wrong decision
cycles. The wrong decision happens in the 2nd cycle, which results in mistakes in the
remaining 2 cycles. In the end, the difference between the analog signal and the digital
presentation is larger than 1 LSB.

Figure 2.13 shows concept of SAR ADC with redundant bit.This is also a 4 bit case,
which uses 5 cycles to convert 4 bits. As a result, it will generate more decision levels
than conventional one. The same input voltage could be represented by several digital
codes. Hence, a certain range of error does not have influence on the conversion result.
As shown in figure 2.13(b), although a decision error happens in the 2nd cycle, the
conversion result is correct in the end.
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2.2 Digital slope ADC overview

2.2.1 Conventional digital slope ADC

Figure 2.14 shows a diagram of a typical N-bit digital-slope ADC. The main building
blocks are sample and hold circuit, counter, DAC and comparator. The input signal V;,
is sampled on the V, node. Then the N-bit counter starts working, which control the
N-bit DAC to generate a digital ramp at node V4. The comparator latches the counter
as soon as the DAC output V4 exceeds the sampled voltage value, thus creating a digital
output code proportional to the applied input voltage.

T

Vo
Vin S&H
;
. - N-bit N-bit f|
o
counter Digital output DAC Vy "
latch

Figure 2.14: Block diagram of conventional digital slope ADC

Figure 2.15 shows the time-domain behaviour of digital-slope ADC. For this ar-
chitecture, the sampling speed is severely limited due to the required high-speed over
sampled clock fent | as the fent is 2" times of the sampling frequency, where n is the
resolution of ADC [8]. Furthermore, the high speed clock is very power consuming. To
solve such problem, asynchronous logic can be introduced.

Sampling clock fg |

Counter clock fept IH H[”HH””HH” | “ |

Comparator out

Figure 2.15: Time domain behaviour of conventional digital slope ADCIS]
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2.2.2 Asynchronous digital slope ADC

Figure 2.16 shows the block diagram of asynchronous digital-slope ADC. Compared to
the synchronous one, the N-DAC is controlled by delay line instead of N-bit counter,
which eliminates the high speed counter clock from the system.

v, S&H N-bit DAC L
T +
| ech |
Vi, S&H M-bit DAC
Vi
Binary Thermometer to
code binary encoder

Figure 2.16: Block diagram of asynchronous digital slope ADC

The time domain behaviour is shown in figure 2.17. Firstly, the differential input
signal is sampled on the capacitor array of the N-bit DAC. Then, the delay line is
activated, the delay cell will switch one by one from 0 to 1, which controls the DAC to
generate digital ramp. When the polarity of the comparator changes, the comparator
will latch the delay line at its current position. The latched thermometer code, stored in
the delay line, is proportional to the input voltage. Then with the help of thermometer
code to binary code encoder, the digital output will be available.

Sampling clock fg |

Comparator out l

Figure 2.17: Time domain behaviour of asynchronous digital slope ADCJ[8]

The main building blocks of such ADC are delay line and N-bit DAC, which could
generate digital ramp signal. Figure 2.18 shows the delay line and N-bit DAC. The
bottom node of the capacitors is controlled by delay line to connect to reference voltage

1
or ground. Through each delay cell, The V,4,,, will decrease by o Vref. In contrast,
n
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1
The V,gmpn Will increase by o Vref. Consequently, The step size of the differential
n

1
ramp signal is — Vref.
n

1II|IIIIIram|:||:|
start Delay cell Delay cell Deday cell sas
Y
.‘-"rrampn

Figure 2.18: Ramp generator

2.3 Method of combining SAR and Slope ADC

Figure 2.19 shows one way to combine a SAR and single slope [4].
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After the SAR conversion, the two switch S2 will close. The two current source
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Figure 2.19: Hybrid SAR and single slope ADC[4]
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will charge the unit capacitor in the C-DAC. As a result, a voltage ramp is generated
on C-DAC. When the comparator changes polarity, it will trigger the TDC (Time to
digital converter). Then the conversion time will be converted into digital codes, which
is shown as B6,B7,B8,B9.

The advantage of this architecture is that the current source and the delay line in
TDC can be shared by several ADCs, which could reduce the power consumption and
area of per ADC. The disadvantage is that the current source is not controlled by the
delay line in TDC. The error will happen if the current source and the delay line do
not start at the same time.

Another way to combine 2 ADCs is shown as figure 2.20.
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Bootstra adi E Dalay Line 6 12
swith | | SAR &  |-4»| DEC |2 Dou

: : / % Encoder
: b I
5 \ v 8,

T 17

—8 8 @ "8 8
Cum -IED;IQ E[_Jlg ______ _CI:DI:]

033: CST:CSE: 055: Cs.q.: Csai Csz: C31:CD31 :":C[m =480:256:128:64:40:24:16:8:1:~:1

Figure 2.20: Hybrid SAR and digital slope ADCI9]

The slope ADC in this one is digital slope ADC, which consists of a unary C-DAC.
In this case, the C-DAC of SAR ADC and digital slope ADC are combined into one
ADC array.

After the SAR conversion, the delay line starts to work, which will control the
switch under the digital slope C-DAC to generate the digital ramp. The Delay line
and the Encoder constitutes the TDC, which is also triggered by the comparator. The
capacitors in SAR C-DAC are not binary, which is because the redundant weighing
method is employed in this ADC.

The advantage of this architecture is that the digital ramp is controlled by the
delay line in TDC, which makes these 2 time windows match with each other. Another
advantage is the use of redundant weighing method, which could cover certain bit
cycling error during SAR conversion. The main disadvantage of this ADC is on the
area ,since the it uses additional C-DAC to generate the digital ramp.

Figure 2.21 shows an additional way. This ADC is a 12-bit ADC used in imaging
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sensor. The SAR ADC does the first 6 bits coarse conversion. The single slope ADC
does the 6 bits fine conversion. Similar to the ADC in figure 2.19, the ramp signal is
connected to the bottom plate of the unit capacitor in C-DAC. While the ramp signal
is digital ramp signal generated by a resistor string. To obtain the lower 6 bits, the
counter counts the number of ramp steps when the comparator output becomes high.

The advantage of this ADC is that, the ramp generator can be shared by several
ADCs. There is only one comparator used in both SAR and single phase, which can
save area. The disadvantage is that the counter needs to be drove by a high speed
clock, which is power consuming.

(( Vpac ;~,
Vo D0 o———1——1— ) T
Cu: ‘ ek 2cu & 16Cy 32_@;1‘ cq ]
Vramp : * : * : = ' 4 <+ VRrer
Vors B : : (. ; EN_CMP
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SAR i aten|iaten]  raten|Laten
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| i R (| i
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Figure 2.21: SAR-Assisted single slope ADC[10]

Table 2.1 shows the performance of prior designs and the target specs of this work.

This work 4] 9] [10]
Technology 0.18um CMOS 0.18um CMOS 28nm CMOS 90nm CMOS
Architecture SAR-assisted SAR-assisted SAR-assisted SAR-assisted
Digital slope single slope Digital slope single slope
Resolution[Bit] >8 9 12 12
Power[mW] <0.6 0.8 0.35 0.056
Area[mm?] <0.0225 0.015 0.0047 0.0023
Fs[MS/s] 33 33 100 0.37
SNDRI[dB] >50 55.7 64.43 62
FoM[fJ/conversion- <70 48.7 2.2 36.9
step]

Table 2.1: Performance comparison with respect to similar designs(b)

The low power consumption of [10] is because of the low sampling frequency, the
small area is due to the single-ended input structure. The small area and low power
consumption of [9] is related to its advanced 28nm technology. In this design, the
technology is 0.18um, the sampling frequency is 33MS /s and the structure is differential
input mode, which is challenging to meet the area and power targets.
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System level design

In proposed hybrid ADC, SAR and digital slope ADC are combined to finish 9-bit
conversion. The SAR ADC is chosen to do the 5 bits coarse conversion. The 4 bits fine
conversion is finished by digital slope ADC. This split is based on conversion time and
area consideration.

Ramp DAC

U

Vip o Sampling
C-DAC

_I_ SAR Delay line
Logic

Sampling -
C-DAC

'I,\I' Encoder

Ramp DAC

V;, o—i

Figure 3.1: Building block diagram of proposed ADC

Figure 3.1 shows the system block diagram. The C-DAC of SAR ADC is also
used as sampling capacitor. After the coarse SAR conversion, the residue voltage will
remain on the C-DAC. Then the digital slope conversion starts. The Ramp DAC
controlled by delay line will generate digital ramp voltage on the C-DAC, which will
make the voltage of two C-DAC cross each other. With the help of comparator, the
delay line and encoder will convert the conversion time into digital code. There are
two comparators in the system, one is dynamic comparator used in SAR conversion,
the other is time-continuous comparator used in digital slope conversion. In order to
reduce power consumption and area, the ramp DAC and the delay line are shared by

ADC array.

3.1 SAR ADC architecture

Figure 3.2 shows the architecture of proposed SAR ADC part with redundant weighted
C-DAC. The switching scheme is monotonic switching scheme with top plate sampling.
As a result, the C-DAC area could be half of that of conventional SAR ADC. However,
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because of top plate sampling, the parasitic capacitance of the comparator will influence
the C-DAC settling during conversion, which may cause gain error. In order to solve
such problem, the value of reference voltage needs to be adjusted.

Cl:C2:C3:C4:C5:CR:CT=12:8:5:3:2:1:2

Figure 3.2: Proposed SAR ADC architecture
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Figure 3.3: Wave form of proposed switching scheme

The redundant weighing method is used in the SAR conversion, which uses 6 cycles
to convert 5 bits. The ratio of the capacitors in C-DAC is shown in figure 3.2. As a

12 8 5 3
It, the volt h C-DAC of each cycle is —=Vier, ==Vier, ==Viers == Vies,
r;su , 1evo age change on of each cycle is w=Vier, g3Vrers gaVrer, 5 Vres
ﬁvmf, ﬁvref. The wave form of SAR procedure is shown in figure 3.3.
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There are 6 comparison results of 6 comparison cycles, which will be com-
bined into 5 bits digital output. The ratio of C1 to C6 is C1:0C2:C3:C4:C5:C6=
23492:23:22:20:21:90:21:90  So. the comparison results B1 to B6 could be combined into
5-bit digital output D0-D4 in the way shown in figure 3.4. After the SAR conversion,

11
the differential residue voltage of two C-DAC is Within[—ﬁ,g]vm 7

Be Bt B3 B3

oigital + BS B4 B2 B1

Output

D4 D3I D2 D1 Do
Figure 3.4: Combine comparison results into binary code

3.2 Unit capacitor value in C-DAC

The main consideration of the unit capacitor value is thermal noise and the mismatch
of the capacitor.The thermal noise power during the sampling phase is

kT
2
Vnsamp = 2? (31)
Where k is Boltzmann constant, T is the temperature, C is the total capacitance of one
branch of the differential C-DAC.To get a quantization noise dominated design, the
quantization noise needs to be larger than the thermal noise. The quantization noise
power is

Ve = VLsz (3.2)

Where Visp is the LSB voltage. Then C needs to be larger than 163.6fF, which is the
lower limit of the C-DAC value. Mismatch of the unit capacitor can be described as

C =Cy+AC (3.3)

where Cj is the nominal value of the capacitor, AC obeys the normal distribution with
zero mean. The relation between capacitor mismatch and maximum DNL is [11]:

2N —2AC
2C

Where N is the resolution of the ADC, AC is the mismatch value, C is the unit capaci-
tance. Let 3DN L,,,,<0.5LSB. Then the maximum mismatch ratio of a unit capacitor

can be derived: %<0.38%.

DN Ly = (LSB) (3.4)
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The capacitor used in the system is MIM capacitor, the mismatch ratio can be
obtained from Monte carlo simulation. Table 3.1 shows the result of Monte carlo
simulation. The minimum size of unit capacitor which meets the mismatch requirement
is 5x5 pum?,

Area(um?) Value(fF) Mismatch Mismatch ratio(%)
value(aF)
4x4 35.29 159.5 0.448
5x5 54.27 194.6 0.359
6x6 76.85 229.6 0.297
X7 103.3 264.6 0.256
8x8 133.7 299.7 0.224

Table 3.1: Mismatch ratio of MIM capacitor

3.3 Voltage level shift

'Uirl

T2

Figure 3.5: Basic principle of of digital slope ADC

Figure 3.5 shows the basic principle of digital-slope ADC. After the SAR conversion,
there will be residue voltage on the C-DAC. Then, the ramp generator will generate
step ramp. The voltage on P-side C-DAC will decrease, while the voltage on N-side
ramp will increase, which will make the voltage of two C-DAC cross each other. This
time period T2 will be converted into digital code by time to digital converter (TDC).
T1 is the total time period of digital-slope conversion.

However, after SAR conversion, the Vj, may be smaller than Vj,,. In such situation,
if the voltage on p-side C-DAC decreases and the voltage on n-side C-DAC increases,
these two voltages will not cross each other, which means the digital-slope ADC will
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lose its function. In order to solve such problem, there is a voltage level shift after the

SAR conversion. The voltage level shift will increase the voltage on p-C-DAC before

the digital slope conversion starts, which makes sure that V}, is always larger than V;,.
1

1
After the SAR conversion, the differential residue voltage will be Within[—g,ﬁ]we f-

4
While the level shift voltage value isﬁvm ¢, which will be explained in next section.

As a result, after voltage level shift, the differential residue voltage will be within [-
1 4 1 4

53 o733 o7 Tl U " |
absolute value of differential voltage. This is because there may be some settling error
and decision error during the SAR conversion, which will make the differential residue

|Vies. This voltage level shift value is a bit larger than the maximum

1
voltage exceed [-—,—]V,r. So, this voltage level shift value is designed for redundancy,

although it will result in losing some resolution during digital-slope conversion.

3.4 Digital slope conversion

Figure 3.6 shows the circuit after SAR conversion. The bottom plates of capacitors
in C-DAC of SAR ADC are connected to the low impedance node. The dynamic
comparator and SAR logic are disabled after SAR conversion, which is not shown in
this figure. The two switches S1 are connected to ground during the SAR conversion to
make the bottom plate of C7 connect to low impendence node. After SAR conversion,
S1 will switch off to make the ramp DAC floating.

T T T L E‘ el e‘/
1 ] I [T

VRS I N

B S S _T_JT_JJ__LJ__LJ__L_T_j_lM
E B E e fl T e T TR b P s Jor oo
' L FFPEREFE
Crl:CE.‘C3.‘E&:E5:EE:C?=12:8:5:3.‘2.‘1:2 C01=C02=C03= -+-=Cl]ﬁ=_+|:?

Figure 3.6: Proposed digital slope ADC
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Figure 3.7: Equivalent circuit of voltage level shift

The level shift is finished by the P-ramp DAC. After S1 switching off, the C01-C08
in P-ramp DAC will switch from ground to V,.s. To calculate the level shift voltage
value, the circuit could be simplified as figure 3.7. C is the unit capacitance, 4C is the
total capacitance of the P-ramp DAC, 2C is the capacitance of C7, 31C is the total
capacitance of C1-C6 in P terminal C-DAC. These 3 capacitors can be considered as
a voltage divider. C01-CO8 in P-ramp DAC switching from ground to Vref means the

4
voltage change AV1is V... Then, the voltage change AV2 can be calculated: ﬁ‘/,«e f-

[]

6 SAR cydes LE“_'EIE 4b digital slope conversion
i 1 shift ;
[

Sampling

Figure 3.8: Working principle of proposed ADC
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After voltage level shift, the differential residue voltage will be within [
%+%,%+%]Wg. Then, the delay line will be triggered, which will control C01-CO08
in P-ramp DAC switch from V,.s to ground one by one, C01-C08 in N-ramp DAC
switch from ground to V,.;. In this way, the 8 step digital ramp will be generated on
the C-DAC. When the voltage on the N terminal C-DAC exceeds the voltage on the P
terminal C-DAC, the TDC will convert the conversion time into digital code with the
help of comparator. Figure 3.8 shows the working principle of proposed hybrid ADC.
The red line and the green line shows the differential signal in the SAR conversion
and the digital slope conversion. Figure 3.9 shows the diagram of the proposed hybrid
ADC. Different from the circuit in figure 3.6, the ramp DAC and delay line are shared
by N ADC subgroups, which could save area and power consumption. In order to
keep the level shift voltage and ramp step voltage same with the case in figure 3.6, the
capacitance ratio between ramp DAC and SAR ADC C-DAC should remain the same.
As a result, the unary capacitance in ramp DAC should increase to N times, which is

N
—CT.
4

W sub groups
| L

l'u'lnul"l:l‘: — 1 T TTTT'TTT
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T j ]
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Figure 3.9: Diagram of proposed hybrid ADC

3.5 Time-domain interpolation

Figure 3.10 shows the relation between delay line and ramp DAC. The delay line is
reset at sampling phase of the ADC. After the SAR conversion, the start signal will
change from 0 to 1. Then the delay line controls the buffer to charge or discharge the
ramp DAC. The D-flip flops are used to sample the delay line. Then the encoder will
convert the 15-bit thermometer code into binary code. The capacitors in ramp DAC
are triggered every 2 delay cells. There are 8 unary capacitors in each branch of ramp
DAC, as a result, the step ramp signal is a 3-bit step ramp signal. While the D-flip
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Figure 3.10: Delay line and ramp DAC

flops sample every delay cell, the 4 bit binary code is obtained from the encoder. Such
time domain interpolation increases the resolution of digital slope ADC from 3 bits to
4 bits, with no extra capacitors in ramp DAC [9].

The time-domain interpolation is based on a low bandwidth comparator. As shown
in figure 3.11, the high frequency step signal will be filtered by the comparator. After
filtered, the signal will be more proportional to time.

Vin 4

AT=1.4n5

Figure 3.11: Filtering function
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3.6 Input signal range and resolution

After the SAR conversion, the differential residue voltage on C-DAC needs to be within

11 32 32
[-g,ﬁ]vm 7, which means the differential input voltage need to be within [-g,g]vm s
Since V;r is 200mV, the differential input range is [-194,194]mV, which still meets the
input voltage range of design target.

1 41 4
After level shift the residue voltage is within within [-—+

33 &,g—f—ﬁ]wef., Whlle

the full scale of digital-slope ADC is %Vref.

6 8
The resolution can be calculated: logy(2° x 2% x ®+ﬁ):8.56 bits.

The resolution is a bit smaller than 9 bits because of redundancy design. However,
it is still high enough to meet the SNR requirement of the design target.
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Circuit and layout design

The main building blocks of the proposed hybrid ADC have been introduced in chapter
3. Their circuit implementation is discussed in this chapter.

4.1 Dynamic comparator

In order to reduce power consumption, the comparator in SAR conversion is a dynamic
comparator. Figure 4.1 shows the dynamic comparator used in SAR conversion. The
comparator consists of 2 stages. The first stage is voltage amplification stage, which
will pre-amplify the input voltage. The second stage is a latch. M8, M10 and M9,
M11 are two inverters connected in positive feedback, which are used to get rail-to-rail
digital output outp and outn [19]. The output will be further buffered by the inverters.

VDD
T J
TR Q_{ i

LR
M10 M1l W13
FN FP

| A oautn
autp L

outn DQ >D_

fLK(r—{E FND—{ (XT3 ME }— ﬂ{ M9 M7 }—OFP‘

Figure 4.1: Dynamic comparator

Figure 4.2 shows the time domain behaviour. The comparator is reset when CLK
signal is low. During the reset phase, FN and FP nodes are pre-charged to VDD.
outn and outp nodes are discharged to ground. When CLK signal becomes high,
the comparison phase starts. As M4, M5 will switch off, FN and FP nodes will be
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discharged. The discharging speed depends on the input voltage. When the common-
mode voltage approximates the threshold voltage of M6 and M7, the second stage starts
to work. The common mode output voltage will increase, while the differential output
voltage will also increase. Finally, the rail-to-rail output will be obtained with the help
of the positive feedback mechanism.

The power consumption of the dynamic comparator is speed limited, since the com-
parator needs to finish six comparisons within around 9ns. For this speed consideration,
the average current during the working period of first stage and second stage is 19.4uA
and 23.3uA. The supply voltage VDD is 1.8V.

2.0
= FP
g EN
__5
2.0
_ outp
ol
> S outn
-5
| B S S R N N R Y N RN N N R NN SN N N SR N R SR R
4.0 4.25 4.5 4.75 5.0

time {ns)

Figure 4.2: Time domain behaviour of Dynamic comparator

4.1.1 Kick back noise

Kick back noise is a common problem in dynamic comparators. The voltage change
in nodes FN and FP is rail to rail, which will be coupled to the input nodes through
the parasitic capacitance of the input transistor pair M1 and M2. Figure 4.3 is a
simulation waveform, which shows the kickback noise. The blue wave is the C-DAC P
terminal output, the red wave is the C-DAC N terminal output. There is some small
voltage fluctuation during the bit cycling, which is kickback noise. However, in this
structure, such kickback noise just influences common mode voltage. Figure 4.4 shows
the differential voltage of two C-DAC nodes. The kickback noise has little influence on
differential voltage.
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Figure 4.4: C-DAC differential voltage

4.1.2 Dynamic comparator noise

The noise analysis of dynamic comparator is different from a common amplifier circuit,
because it is not a linear circuit. The input-referred noise can be simulated in the time
domain with transient noise simulation. Then the output results should be further
processed to get the input referred noise. Figure 4.5 shows the test bench of the input
referred noise simulation. V1 is the input common mode voltage, V2 is the input
voltage added to the positive input terminal of the comparator. The Accumulator is
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Verilog-A component. The "total’ node is used to count the total comparison number.
The ’one’ node is used to record times when the outp is high and the 'ratio’ node will
show the proportion of the times when outp is high.

total

Accumulator
ratio

ol

Figure 4.5: Dynamic comparator noise simulation test bench

V2 is swept from -1.6mV to 1.6mV with 0.16mV step size. For each input voltage
value, the comparator will do 1000 times comparison. The Accumulator will output
total, one and ratio signal for each signal value. The ratio should obey a normal
distribution. So, after the simulation, function-fitting can be used to get the noise
value. The function is [12] :

B(r) = 51+ erf(5)] (4.1)
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*  Simulation resull
Fitted curve
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=
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1.5 =1 0.5 0 0.5 1 1.5

Figure 4.6: Curve fitting of simulation results

Figure 4.6 shows the curve fitting result. The sigma is 0.455mV, which could be
considered as the input referred noise of the dynamic comparator. The LSB voltage of
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SAR conversion is 12.5mV. So, the input referred noise of the dynamic comprartor is

much smaller than the LSB voltage.

4.2 Asynchronous timing sequence implementation

CLK

Latch

Reset

Reset

control

[ SAR_finish

P-CDAC

[ —

N-CDAC ;/" Latch_finish

. dela
Dynamic comparator ¥

Latch_finish_delay

Figure 4.7: Timing sequence implementation
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Latch_control

[ ]

Latch_finish

Latch_finish_delay

SAR finish

Figure 4.8: Timing sequence diagram
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Figure 4.7 shows the asynchronous timing sequence implementation of the SAR con-
version. CLK is the clock signal which is used as the sampling signal. The period of
CLK signal is 30ns, which stays on high voltage level only at the beginning 2ns. As a
result, the sampling duration is 2ns in every 30ns. The core of this asynchronous tim-
ing sequence is the dynamic comparator, which is enabled when Latch control signal
is 1, disabled when latch control is 0. When the comparator is disabled, both the two
outputs are 0. At reset phase, the Reset signal is reset, which disables the comparator.
When SAR conversion starts, the Reset signal will become 1. Then, the latch control
signal is only controlled by the ”Latch_finish_delay” signal during the SAR conversion.
Figure 4.8 shows the timing sequence diagram. The SAR conversion finishes at around
12ns, then digital slope conversion starts [13].

Figure 4.9 shows the SAR logic. The comparator outputs are directly used as the
trigger clock. After each bit cycling, the corresponding D flip flops will be disabled.
Consequently, only one D flip flop is triggered in each bit cycling, which could reduce
the power consumption. CP9-CP4 are the output codes of the SAR conversion.

5 5 s

[ B *

Figure 4.9: SAR logic

4.3 Level shift voltage value verification

As shown in chapter 3, the level shift value is designed to tolerate a certain range of
settling error or decision error during SAR conversion. To verify whether this redun-
dancy is effective or not, a simulation of the residue voltage is introduced in this section.
Figure 4.10 shows the test bench used to record the residue voltage on the C-DAC after
the SAR conversion. The voltage recorder is Verilog-A component, which records the
differential residue voltage after every SAR conversion.
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Figure 4.12: Residue voltage simulation
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The differential input signal in this simulation is a linear ramp signal which covers
the full scale range, which is shown in figure 4.11. The differential residue voltage is
shown in figure 4.12. The maximum residue voltage is 6.906mV, the minimum residue
voltage is -6.876mV. For this design, in ideal case, the residue voltage should be within
[-6.06,6.06)mV. The residue voltage in simulation exceeds this range, which is because
of the noise of the comparator. The level shift voltage value is 8.25mV. So this error
could still be tolerated.

To take the mismatch of the capacitors in C-DAC into consideration, further analysis
is needed. The unit capacitor in C-DAC is a bpmx5um MIM capacitor, whose native
mismatch is 0.359%. As a result, the maximum voltage settling error ratio on C-

1+ 0.359%

1 —0.359%
each bit-cycling, the maximum voltage error is 1.32mV. Although the maximum error

will happen in each bit-cycling, this value could still be used as an upper limit value.
Combining this value with the simulation result, After the SAR conversion, the residue
voltage will be within[-8.20,8.23|mV, which still can be covered by the level shift voltage
value. So, 8.25mV is a reasonable level shift voltage value.

DAC caused by capacitor mismatch is -1=0.7%, If such error happens in

4.4 Time-continuous comparator

14
B

Figure 4.13: Time-continuous comparator

Figure 4.13 shows the time-continuous comparator used in the digital-slope conversion.
This comparator consists of two stages. The bandwidth of the first stage needs to
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be low, given the need of time domain interpolation. However, it cannot be too low,
because it will cause a long propagation delay. The last delay cell is triggered at around
25ns in one conversion. To make sure the ADC can finish the conversion within 30ns,
the propagation delay of the comparator can not exceed 3ns. As a result, the bandwidth
of the first stage is designed at 90MHz, which is much smaller than the 700MHz step
ramp signal and could meet the propagation delay requirement. The input common
mode voltage of the first stage is around 600mV, so PMOS input transistors are used.
The transistors under the input pair are cascode transistor, which reduce the voltage
change at the drain nodes of the input pair. In this way, the voltage change coupled to
the input node is reduced. The bandwidth of the second stage needs to be high to have
a high response speed. The output is connected to an inverter to buffer the output
signal to digital level. The tail current of first stage and second stage is 100uA and
40pA, respectively. The supply voltage is 1.8V. Figure 4.14 shows the bode diagram of
time-continuous comparator. The DC gain is 62dB, bandwidth is 90MHz.The input-
referred rms noise of time-continuous comparator, simulated using small signal noise
simulation, is 0.27mV. The LSB voltage of the digital slope conversion is 1.03mV. So,
the input referred noise voltage is much smaller than LSB voltage.
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Figure 4.14: Bode diagram of time-continuous comparator
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Figure 4.15: Time-continuous comparator and switching logic

In order to reduce power consumption, power-down switches and the associated
switch logic are applied to the time-continuous comparator. Transistors M7, M9, M10,
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M15, M17, M18 are switch transistors in the circuit. SAR finish signal maintains 1
during the SAR conversion, which makes EN signal low. As a result, the tail current
transistors M7, M15 switch off during the SAR conversion. M9, M10 discharge the
drain nodes of M1, M2 to ground. M17, M18 pre-charge the drain nodes of M11, M12
to the supply voltage. As a result, the valid signal is 0. When the SAR conversion
finishes, the SAR finish signal will change from 1 to 0, which makes EN change polarity.
Then, the comparator is enabled. After the valid signal become 1, through a certain
delay, the comparator will be disabled again.

4.5 Comparator delay compensation
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point 031

L]
L]
L]
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L]
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Delay

Figure 4.16: Comparator delay compensation

The propagation of the time continuous comparator will result in a constant systematic
offset in TDC. To eliminate this offset, the delay compensation is needed. Figure 4.16
shows the principle of the comparator delay compensation. Because of the delay time of
the time continuous comparator, it will give a response after the crossing point, which
will cause more delay cells be sampled by TDC. In order to solve this problem, three
more delay cells are added to the delay line, based on the simulated delay time. Then,
the TDC starts sampling the delay line from the third delay cell to compensate the
comparator delay [9].
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4.6 Sampling switch

The peak to peak input voltage is around 400mV. The input mode is differential, which
means the voltage swing on each input terminal is £100mV. As the digital supply
voltage is 1.5V, which can provide enough over drive voltage, it is preferable to use
a single NMOS or PMOS transistor as sampling switch. The common mode voltage
of the input is designed at 700mV. The sampling switch is NMOS transistor, which is
shown in Figure 4.17.
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Win o— ’ —O0out

CH

1

Figure 4.17: Sampling switch

CLK

1

M2

i M1 I
Vin o j_ o\out
T

Figure 4.18: Sampling switch with dummy switch compensation

CLK

The main consideration of the sampling switch design is speed and accuracy. In
conducting state, the output of the sampling switch needs to reach the input voltage
within a certain time. To meet the speed requirement, a sufficiently high W /L device
is usually used to reduce the on-resistance.

The sampling accuracy is influenced by charge injection and clock feed through.
When the transistor switches off, the charge in its channel will be released through
the source and drain node. This is called charge injection, which will cause a voltage
change at the output node. In addition, the CLK signal which is used to control the
switch will be coupled to output through parasitic capacitance. This is called clock feed
through, which also causes a voltage change at output node. A dummy switch can be
used to compensate these two effects, which is shown in figure 4.18. M2 is the dummy
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switch. The control signal of M1 and M2 are antiphase. M2 has two functions. One is
to absorb the charge released by M1, the other is to compensate the clock feedthrough
of M1 [14].

4.7 Encoder

The function of the encoder is to convert a thermometer into a straight binary code. In
this application, the 15 inputs are counted from 0 to 15, which is converted into 0000
to 1111. In order to save area, the input signals are counted as a 2D matrix[4]. Figure
4.19 shows the circuit implementation of the encoder. The signals from incol to incolb
are 15 input signals, the Q1, Q2, Q3, Q4 are 4 bits output binary code.

[l

1
|2 ——— Adder a1
3 — ———— Q2
incod
ineof———— Adder Q3
inco12——— 04

Figure 4.19: Encoder
To illustrate the working principle of this encoder, figure 4.20 shows an example.
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There are 10 ones in input signal, which means signal inco4 and inco8 are ones, incol2
is zero. As a result, the output MSB Q3,Q4 is 10. For the first non-full row, there are

ones. So, the LSB Q1,Q2 is 10. As a result, the binary output code is 1010.

Wstart

IN | x1 | x2 | x3 | x4 | Y, | MSB
x | 1| 1] 1 1
x| 1| 1] 1 1 | 10

3x | 1110 0| o0

4x 0 0 0 Output

X..| 1 | 1] 0

LSB 10 1010

Figure 4.20: An example of the proposed Encoder
4.8 Delay line
A A A
Thl Th2 Th; o Thi3 Thl7

— Wstart=—
— N

Figure 4.21: Delay line

Bl

As shown in figure 4.21, there are 17 cells in the delay line, each dealy cell consists of an
AND gate and three delay units. The delay time of each delay cell is around 0.67ns. The
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delay variation of the delay cell can be obtained from Monte carlo simulation. Figure

4.22 shows the simulation result.

The average delay time is 0.673ns, the standard

deviation is 34.18ps. The delay standard deviation is much smaller than the delay time
of the delay cell, so it has little influence on the digital slope conversion.
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Figure 4.22: Delay line time variation
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4.9 Layout

Figure 4.23: Layout floor plan

Figure 4.23 shows the layout floor plan of the ADC array with 4 ADCs. The shared
components are the TDC and the ramp generator, which are at the center of the
layout floor plan. In order to save area, the ramp-DAC is on the top of the TDC. The
capacitors in the ramp-DAC are MIM capacitors, which consist of metal5 and metal6
layer. In order to reduce cross talk between the TDC and the ramp generator, metal4
is used as a shield layer. Similarly, the SAR-DAC is also on the top of the circuit of
each ADC. The length of the ADC array is 300um, the width is 215um. As a result,
the area of each ADC is 150umx107pm, which is smaller than the design target.
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System level simulation results

As mentioned in previous chapters, the delay line and ramp generator can be shared
by several ADCs. The simulated performance of an ADC array including 4 ADCs is
shown in this chapter. Figure 5.1 shows the ADC array with 4 ADCs. The linearity,
SNDR, power consumption and cross talk between different ADCs are discussed.

4 sL:b groups .

= b

Yy o T TTTTT T T T T T T T T
e A |

S S A _lL T I 1

Vi ﬁﬁﬁjf—%ﬁfﬁﬁﬁj—%jfﬁ BX?—% T I

C1:C2:C3:C4:C5:C6:C7=12:8:5:3:2:1:2 C01=C02=C03=...=C08= C7

Figure 5.1: ADC array with 4 ADCs

5.1 Linearity

To simulate the INL(integral non-linearity) of the ADC, the differential input signal is
a voltage ramp covering the full input range of the ADC from -194mV to 194mV. The
ADC output is digital code. In order to analyse the ADC output in analog domain, a
DAC is needed. In this work, this DAC is an ideal DAC implemented by Verilog-A.
As shown in figure 5.2. The red line is the differential input signal, the blue line is the
output of the ideal DAC. To obtain INL, the input voltage should be subtracted from
the output of the ideal DAC, after which the result is divided by the LSB voltage of
the ADC. The result is shown in figure 5.3, from -1.04LSB to 1.06LSB.
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Figure 5.2: INL simulation
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Figure 5.3: INL

There is a fixed gain error in the INL simulation. After the gain error calibration, the
INL can be calibrated within[-1,1]LSB. Figure 5.4 shows the INL result after calibration.
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Figure 5.4: INL after calibration
5.2 SNDR

To simulate the SNDR of the ADC, the differential input signal is a 5.11MHz sinusoidal
signal with full scale input range of the ADC from 194mV to 194mV, which is shown
in figure 5.5. Figure 5.6 shows the output of the ideal DAC.
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Figure 5.5: Differential input signal of SNDR simulation
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Figure 5.6: Ideal DAC output

After calculating the FFT, the output spectrum is obtained, which is shown in figure
5.7. The power density of harmonic and folded components are indicated in the figure.
The SINAD (Signal-to-noise and distortion ratio) is 52.8dB. The effective number of
bits (ENOB) is calculated by

SINAD — 1.76

ENOB = 0o (5.1)

which is 8.48 bits. So, the SNDR and ENOB meet the requirement of the ADC design
target.
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Figure 5.7: Simulated ADC output spectrum
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5.3 Cross talk

The delay line and ramp generator is shared by 4 ADCs. So, cross talk may happen
among the 4 ADCs. To simulate the cross talk, the differential input of one ADC is a
5MHz sinusoidal signal with full scale input range of the ADC from 194mV to 194mV.
The differential input signals of the other three ADCs are zero. Figure 5.8 shows the
output of the ideal DAC of each ADC. The red line is the output of the ADC, whose
input is sinusoidal signal, the other three lines are the output of the other ADC with
zero input. As shown in figure 5.7, the output of the ADCs with zero signal input is
not affected by cross talk.

In real situation, the cross talk may cased by the shared nodes of the ADC array.
During the SAR conversion, the voltage of shared nodes are pulled down by switches.
During the SAR bit cycling, different ADCs may cause different voltage fluctuations
on the shared nodes. This is the main mechanism of the cross talk. The simulations
above are based on the schematic simulation, some parasitic effects are ignored during
the simulation. The more accurate simulation can be obtained from the post layout
simulation.
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Figure 5.8: Cross talk simulation

5.3.1 Simulation with two frequency input

In real situation, the input signals of the ADC array may be at different frequencies. To
further simulate the cross talk, in this part, the input signals are two sinusoidal signals
at different frequencies. One is 5.11MHz, the other is 4.13MHz. Figure 5.9 and figure
5.10 show the FF'T results of 2 ADCs, of which the input signal frequency is 4.13MHz
and 5.11MHz respectively. The spectrum power density of the cross talk frequency is
much smaller than that of the input signal frequency.
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Figure 5.10: Spectrum of cross talk simulation(b)

5.3.2 Simulation with pulse signals

As discussed in chapter 1, this ADC will be used in the signal receiving channel of a
TEE imaging system. During the working situation, different ADCs will receive the
signal with different delay time. In this section, the input signals of 4 ADCs are pulse
signals with different delay time as shown in figure 5.11. Figure 5.12 shows the output
reconstructed by means of ideal DAC.
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Figure 5.11: Input signals of pulse signal simulation
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Figure 5.12: Reconstructed output signals

5.4 Power consumption

In this design, the digital supply voltage is 1.5V, the analog supply voltage is 1.8V. Table
5.1 shows the power consumption of different sub blocks per ADC. The calculation is
based on the average current during one conversion cycle. The power consumption of
SAR and timing logic is the highest 157.7uW, followed by that of the time-continuous
comparator, which is 121.5uW. The power consumption of dynamic comparator is less
than time-continuous comparator, which is 55.3uW. The delay line and ramp generator
are shared by 4 ADCs, so their power consumption is relatively small per ADC. Figure

5.13 shows the power consumption breakdown.

The total power consumption of per ADC is 419.3uW. As a result, the figure of
merit(FoM) can be calculated, which is 36 fJ/conversion-step. Table 5.2 shows the
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comparison between the design target and the simulated results.

TC-CMP | DY-CMP | SAR+Timing Ramp Delay TDC C-DAC Total
logic generator line
121.5uW | 55.3uW 157.7TuW 12uW 20.05uW | 45.7uW TuW 419.3uW
Table 5.1: Power consumption of sub blocks
Ramp 3% K,C—D,ﬂu.(: 2%
Delay line 5%-,
Figure 5.13: Power consunption breakdown
Technology ENOB Sampling Power FoM
frequency consumption
Design Target | 0.18um CMOS > 8bits 33MS/s <0.6mW <70£J/conv-
step
Simulation 0.18um CMOS 8.48bits 33MS/s 0.42mW 36£J /conv-step
Results

Table 5.2: Performance comparison with design targets
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Conclusion

6.1 Thesis contribution

A Low-Power Area-Efficient SAR-Assisted Hybrid ADC for ultrasound imaging system
has been presented in this thesis. The number of unit capacitors of the proposed ADC
is about 1/16th of that of a 9-bit SAR ADC. To further reduce the area and power
consumption, the delay line and ramp generator are shared among the ADC array. The
transistor level simulation results prove that the resolution, power and speed targets
are met. Table 6.1 shows the performance comparison with prior works with similar
circuit structure. Compared with [4], which used the 0.18um technology, the die area
of this work is same with [4]. The power consumption of this work is about half of
that of [4] with similar SNDR. The power consumption of [10], is much smaller than
this work, which is because of the low sampling frequency. The FoM of [10] and that
of this work are similar. Due to the advanced 28nm technology, the area and power
consumption of [9] are both smaller than this work.

This work [4] 9] [10]
Technology 0.18um CMOS 0.18um CMOS 28nm CMOS 90nm CMOS
Architecture SAR-assisted SAR-assisted SAR-assisted SAR-assisted
Digital slope single slope Digital slope single slope
Resolution[Bit] 9 9 12 12
Power[mW] 0.42 0.8 0.35 0.056
Arealmm?] 0.015 0.015 0.0047 0.0023
Fs[MS/s] 33 33 100 0.37
SNDR|[dB] 52.8 55.7 64.43 62
FoM]fJ/conversion+ 36 48.7 2.2 36.9
step]

Table 6.1: Performance comparison with prior works

6.2 Future work

The three main parts of the future work are improvement of the design, finishing the
layout and measurement.

So far, the encoder in the TDC is not shared by the ADC array. However, it has the
potential to be shared, which can further reduce the die area and the power consump-
tion. The power consumption of the time-continuous comparator is the second highest
among the sub blocks. The relation between the time-continuous comparator and the
performance of the time-domain interpolation can be further analyzed to optimize the
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power consumption of the time-continuous comparator. In addition, the layout area of
the time-continuous has the potential to be reduced.

The layout of the SAR C-DAC and ramp C-DAC needs to be done in the future.
For good matching, the routing should be symmetrical and dummy capacitors should
be used.

To test the chip, the analog input, all the supply and reference voltages and a clock
should be provided. The digital outputs need to be post processed. To realize these
functions, a carrier PCB should be designed, which helps the ASIC connect to the test
instruments. The input signals can be provided by a function generator. The input
clock and digital outputs can be managed by an FPGA. These instruments can be
controlled by computer via Matlab. Figure 6.1 shows a block diagram of the proposed
measurement set-up.

Test
input | Function |
nerator
Supply generato
Reference ASIC Input Computer
clock
PCB FPGA
Digital
output

Figure 6.1: Block diagram of the measurement set-up
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