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Abstract Area and power consumption are two main

concerns for the electronics towards the digitalization of in-

probe 3D ultrasound imaging systems. This work presents

a 10-bit 30 MS/s successive approximation register analog-

to-digital converter, which achieves good area efficiency as

well as power efficiency, by using a symmetrical MSB-

capacitor-split capacitor array with customized small-value

finger capacitors. Moreover, simplified dynamic digital

logic and a dynamic comparator have been designed.

Fabricated in a 65 nm CMOS technology, the core circuit

only occupies 0.016 mm2. The ADC achieves a signal-to-

noise ratio of 52.2 dB, and consumes 61.3 lW at 30 MS/s

from a 1 V supply voltage, resulting in a figure of merit

(FoM) of 6.2 fJ/conversion-step. The FoM defined by

including the area is 0.1 mm2 fJ/conversion-step.

Keywords Analog-to-digital converter (ADC) �
Successive approximation register (SAR) � Ultrasound
imaging systems � Power efficiency � Area efficiency

1 Introduction

Ultrasound imaging has been widely used for medical

imaging diagnosis for its high resolution and non-inva-

siveness. The advanced CMOS technology promotes the

developments of more portable and efficient ultrasound

systems with improved image performance over past sev-

eral years, such as three-dimensional (3D) ultrasound

imaging systems [1]. Nowadays, the 3D imaging technique

applies two-dimensional (2D) arrays of individually

addressable transducer elements, together with the front-

end electronics, where usually several hundreds or thou-

sands of elements are required. The integrations of all or

parts of the front-end electronics with the ultrasound

transducer array into one probe are becoming attractive

because of the avoidable large amount of interconnections,

the reduced sensitivity to analog circuit imperfections and

the compact design. Capacitive micromachined ultrasonic

transducers (CMUTs) are used for its better integration

with electronics and wider bandwidth.

Moreover, digital beamforming (DBF) is favored over

analog beamforming (ABF) for various advantages, for

example, better channel-to-channel matching and easier

processing in the digital domain. In a DBF imaging system,

the ADC located directly after the front-end amplifier con-

verts its output echo signal to the digital domain inside the

probe, and the beamforming is performed digitally. How-

ever, DBF requires a great number of ADCs integrated as a

part of the front-end electronics, which brings two main

constraints on the ADCs. Firstly, with the compact size of

CMUT elements, there is limited space available for elec-

tronics in the probe tip. When using flip-chip bonding, the

electronics area is element-matched to the CMUT pitch. An

example pitch size of CMUT element is 250 lm 9 250 lm
[2]. Considering that one ADC shares the area with other
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circuits such as low-noise amplifier (LNA), time-gain-

compensation amplifier (TGC), and signal processing cir-

cuits in the receiver chain, the ADC dimension must be

limited within few hundreds of lm. Secondly, to avoid

overheating of tissue, the average power dissipation within

the probe must be limited to less than approximately

100 mW [3]. The probe with hundreds of elements would

limit the unit power well below 1 mW, allowing only hun-

dreds of lW for the front-end electronics in the receiver. So

the power consumption of the ADC needs to be\100 lW.

Intelligent system design can reduce the number of ADCs

to relax the area and power requirements, for example, by

sharing the channels in a Column–Row–Parallel architecture

[2], or by performing beamforming in a hybrid analog–

digital domain in two stages [4]. Nevertheless, the design of

a small-area, low-power ADC provides more flexibility to

the system-level design. Previously published work on

ADCs for 3D ultrasound imaging systems usually uses the

pipeline type [5, 6], whose area and power consumption are

much beyond the requirements for DBF. Therefore, the

design of an alternative small-area, low-power ADC with

several tens of MHz speed, medium resolution (8–10 bits) is

essential for the development of advanced 3D ultrasound

imaging systems.

In recent years, successive approximation register

(SAR) ADCs have become attractive in many medical

applications requiring energy efficiency. The area of a SAR

ADC is relatively small thanks to its simple structure. The

SAR ADC also speeds up to the range of several tens or

hundreds of MHz with the advanced CMOS technologies,

so that it is feasible for ultrasound systems usually oper-

ating in the range of 1–50 MHz. However, previous work

on 8–10-bit SAR ADCs at several tens of MHz hardly

achieves both the area and power requirements as dis-

cussed above [7–11]. Most of the small-area, low-power

SAR ADCs operate at the low speed in the range of kHz

[12–14] and several MHz [15–17].

This work implements an area and power efficient ADC

for 3D ultrasound imaging systems. To reduce the core

circuit area, a symmetrical MSB-capacitor-split capacitor

array has been implemented with customized small-value

finger capacitors. The two parts of split capacitors are

placed back-to-back in two common-centroid arrays for

precise matching. The dynamic digital logic has been

simplified to save transistors and power. A one-stage

dynamic comparator is optimized for power consumption

and noise requirements.

This paper is organized as follows. Section 2 describes

the architecture and operation of the proposed SAR ADC.

Section 3 explains the circuit design. The chip implemen-

tation and the measurement results are shown in Sect. 4.

Finally, conclusions are drawn in Sect. 5.

2 ADC architecture for area reduction

In SAR ADCs, the capacitor array usually occupies the

largest area. The widely-used binary-weighted capacitor

array grows exponentially with the resolution, demanding

larger area and switching power [8, 18–20]. Replace the

binary-weighted capacitor array with a split capacitive

structure connected with a bridge capacitor to reduce the

number of unit capacitors. However, due to parasitics and

mismatch, the size of the unit capacitor still has to remain

large for certain linearity [10, 21, 22]. Implement cus-

tomized small-value capacitors in the binary-weighted array

to minimize the total size. These capacitors are usually not

provided by the technology [10, 21]. Proposes a 3-D

capacitor, whose capacitance is related to the horizontal

distance between the metals in each layer. The formed 3-D

meshed array structure shares the top plates, resulting in

smaller area. But the placement of the capacitors in the array

and the connections of the bottom plates can affect the

surrounding coupling capacitors greatly, thus change the

binary ratio, when the unit capacitor is designed to be so

small [22]. Proposes a metal-to-metal capacitor with mini-

mum metal width and spacing. The capacitance is generated

by the coupling capacitance between the metal fingers. The

common-centroid layout maintains binary scaling of the

array despite using small capacitor values. For higher reso-

lution, the array layout grows into a long narrow shape,

which can go beyond the few hundreds of lm required for

the electronic elements in advanced ultrasound system.

The proposed 10-bit SAR ADC uses a symmetrical MSB-

capacitor-split capacitor array with customized small-value

finger capacitors to reduce the area. Figure 1 shows its

architecture. Since the differential arrays have the same

architecture and operations, only one of them is shown in the

figure. The first six MSB capacitors are split into half, and are

driven by the complementary bits. During the sampling

phase, the bottom plates of the main half capacitor array are

connected to the reference voltage (Vref), while the bottom

plates of the split half capacitors are connected to ground. The

differential input signals are sampled at the top plates of the

capacitor arrays. Then the comparator starts the first com-

parison before any capacitor is switched [11]. Based on the

comparison results, the SAR logic controls the corresponding

capacitors of each bit to be charged or discharged. The N-bit

ADC has N times of comparison followed by N-1 times of

capacitor switching. Thus, the number of the capacitors in the

binary-weighted capacitor array is reduced by 50 %.

With the split MSB capacitors, the differential arrays

switch in complementary directions during the first six

phases as shown in Fig. 2, so that large variance in the

common-mode voltage of the comparator input is avoided

[23]. The last three LSB capacitors switch in a monotonic
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direction, causing only a small variance on the common-

mode voltage. The switching of the split capacitor b1 and

the non-split capacitor b9 are shown in Fig. 3. The resulting

residual DAC outputs can be expressed as

Vdac;p ¼ Vip þ
X6

i¼1

1

2
� Ci

Cdac

� Vref � 2bi � 1ð Þ

�
X9

i¼7

Ci

Cdac

� Vref � bi

Vdac;n ¼ Vin �
X6

i¼1

1

2
� Ci

Cdac

� Vref � 2bi � 1ð Þ

�
X9

i¼7

Ci

Cdac

� Vref � 1� bið Þ

3 Circuit implementation

The SAR ADC consists of sampling circuits, a capacitor

array, asynchronous digital control logic, and a dynamic

comparator. This section will discuss the design of each

circuit part.

3.1 Capacitor implementation and capacitor array

The capacitor array usually occupies the largest area in

SAR ADCs. The implementation of small-value capacitors

is important to achieve high area efficiency and power

efficiency. Usually, the unit capacitor value is chosen with

the considerations of noise and mismatch. There are two

contributors to the thermal noise relative to the DAC array:

sampling and DAC switching. The thermal noise of sam-

pling Pns depends on the total sampling capacitor Cdac,

given by 2kT/Cdac, where the factor of two counts for the

differential implementation. The thermal noise of DAC

switching Pnd is characterized by the effective capacitance

loading the DAC switches, and accumulated by the noise

errors introduced when the capacitors are switched,

expressed as [24]

Pnd ¼ 2 � kT

Cdac

�
XN�1

i¼1

1

2i � 1

� �
ð1Þ

For a sinusoid input signal with a differential peak-to-peak

voltage of 2 V, the signal power Ps ¼ �3 dBV. To achieve

a 10-bit accuracy, the noise power Pns ? Pnd should at least

be smaller than -65dBV. Based on the above equations, the

unit capacitor Cunit is set to[0.133 fF.

Metal-to-metal capacitors have been chosen in this

design, which utilizes the lateral capacitive coupling

between plates formed by metal wirings. Two metal layers

are used in parallel to achieve a higher capacitance density,

and high-level metal layers (M5 and M6) are used for

smaller parasitic capacitance to ground. However, one

Fig. 1 Architecture of the proposed SAR ADC

Fig. 2 DAC switching
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disadvantage of the customized metal structure is that

mismatch information is not readily available. The varia-

tions of the metal-to-metal capacitor parameters due to

process variability are not modeled by the tool. Moreover,

the parasitic coupling between the capacitor plates and

surrounding nets or ground introduces an additional

uncertainty to the main capacitance, which is more serious

when small-value unit capacitors are used. This makes the

layout a challenge.

In this work, the unit capacitance is chosen to be 0.5 fF

for matching performance with a first estimation based on

[22]. Figure 4 shows the metal-to-metal structure of the

unit capacitor used in the design together with the partial

layout of one side of the differential capacitor array. The

capacitor uses minimum metal width (0.1 lm) and mini-

mum metal spacing (0.1 lm). To achieve a good matching

at layout level, the 512 unit capacitor elements are split into

two equal parts and placed back-to-back in two common-

centroid arrays, as shown in Fig. 4. One side of the

capacitors is connected together to Vdac, while the other

side is driven by switches controlled by the corresponding

bits (b1/b1
0, b2/b2

0, b3/b3
0, b4/b4

0 …). The vertical wires are

kept away with a certain distance from the capacitors to

avoid coupling effects. Dummy capacitors are placed at

two sides of the capacitor array to alleviate the side vari-

ance. The split structure avoids the long layout shape of a

single-row 10-bit DAC. Table 1 shows the capacitor values

extracted when the whole ADC layout and top level are

complete, so that the coupling effects from the surrounding

circuits are included. Proper binary-weighted capacitor

values and their split parts are achieved with small devia-

tion at layout level.

Another concern of the small-value capacitors is that the

parasitic capacitance (Cp) caused by the metal routing of

Vdac becomes comparable to the total capacitance Cdac, and

doesn’t scale down with the unit capacitors. Cp reduces the

DAC output swing by a ratio of Cdac

CdacþCp
, which modifies the

effective differential input range of the ADC with the ratio.

The reduced input range requires a lower noise level to keep

the signal-to-noise ratio, which limits the minimum unit

capacitor value. In this design, Cp equals 55.68 fF, resulting

in an effective input range of 82 % of the full scale.

3.2 Sampling circuit

To achieve sufficient linearity for a 10 bit ADC, boot-

strapped switches are used, as shown in Fig. 5 [25]. Before

the sampling switch turns on, the capacitor C0 is charged

by Vdd. Next, the switch turns on and the voltage across C0

creates a constant voltage difference between the gate and

source terminals. The on resistance of the switch, which is

characterized by Vgs, becomes signal-independent. Also

the NMOS switch M0 can conduct the input signals within

the full supply voltage range.

Fig. 3 The split monotonic switching. a The switching of the split capacitor b1. b The switching of the non-split capacitor b9
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3.3 Dynamic digital control logic

Figure 6 shows the dynamic digital logic for one single bit

slice used in this work. Ten such slices compose the

asynchronous SAR control logic for the monotonic

switching scheme. The logic includes two parts, the left

part to store the bit outputs and the right part to activate the

next bit slice. Figure 7 shows the timing diagram. During

the reset phase, the acknowledge signal (act) goes low to

charge the bit outputs (bp, bn) to Vdd. The high bp, bn then

reset the acknowledge signal of the next control unit

(act_next) to gnd. During the bit cycling phase, act goes

high to turn on a low-impedance path to pull one of the bit

outputs (bp, bn) to ground depending on the comparison

result (out1, out2). Then the low bit output cuts off the path

Fig. 4 The unit capacitor and partial layout of one-side capacitor

array

Table 1 Extracted capacitors

and normalized values
Capacitor Value (fF) Normalized value The other split part Value (fF) Normalized value

C1 63.3532 128 C1
0 63.3726 128.0392

C2 31.6811 64.0091 C2
0 31.6829 64.0127

C3 15.8128 31.9485 C3
0 15.8137 31.9503

C4 7.8902 15.9414 C4
0 7.8907 15.9426

C5 3.9528 7.9864 C5
0 3.9531 7.9869

C6 1.9806 4.0017 C6
0 1.9809 4.0023

C7 1.9768 3.9940 Non-split

C8 0.9903 2.0007 Non-split

C9 0.4939 0.9978 Non-split

Total Cdac 255.6004

Fig. 5 Bootstrapped switch

Fig. 6 The control unit of one single bit slice
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of the other bit output by transistor M1 or M2. Before act is

reset to gnd again for the next sample, bp and bn only

change in one direction, avoiding the effect of the fol-

lowing slices. The bit outputs are stored in the nodes par-

asitic capacitors. In the activation circuit (right), a modified

NAND gate raises act_next to trigger the next logic slice,

when both bp (or bn) and the comparator clock (ckcmp)

ckcmp) go low. The inserted ckcmp is to make sure that the

next logic slice is activated after the previous bit outputs

have been well stored. The same operation proceeds till the

last bit.

The dynamic digital logic simplifies circuits and mini-

mizes switching activities. The comparator outputs (out1,

out2) have been merged directly into each control unit,

enabling faster storage of the comparison results. Dynamic

power is only consumed during the reset phase and the bit

storage.

3.4 Self-clocked dynamic comparator

Figure 8 shows the one-stage dynamic comparator used in

the design [26]. When the comparator clock (Clk) is high,

the outputs (out1, out2) are reset to ground. The tail PMOS

transistor is cut off, so no static power is consumed. The

nodes (d1, d2) are also reset to ground to avoid any

memory from previous comparison. The falling edge of Clk

starts the comparison. The current charges the two outputs

up until one of the NMOS transistors turns on depending on

the current difference in the differential branches generated

by the inputs (in1, in2). The positive feedback created by

the latch pulls one output to vdd, and the other to ground.

Figure 9 shows the self-clock logic and its timing dia-

gram. It is implemented by two OR gates. The external

clock (ck_ex) triggers the first comparison. A ready signal

(rdy) is generated when the comparison is finished. The

comparator clock (ckcmp) is then generated by rdy. When

all the bit cycles are finished, the last acknowledge signal

(act_last) disables the comparator clock, and puts the

comparator in the reset phase.

4 Chip implementation and measurement results

Figure 10 shows the die photo of the implemented 10-bit

SAR ADC. It was designed and fabricated in a 65 nm

technology. The core circuit occupies 85 lm 9 187 lm,

equal to 0.016 mm2. The two differential capacitor arrays

are centrally symmetrical. The other circuits, such as the

switches, the comparator and the digital logic are located

under the capacitor arrays in the middle. The capacitors

occupy two narrow areas inside the whole capacitor array.

Fig. 7 Timing diagram
Fig. 8 Dynamic comparator

Fig. 9 a Self-clock logic. b Time diagram of the self-clock logic
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However, the interconnection wirings require some dis-

tance between each other to avoid coupling effects, taking

most of the area. The rest of the area around the core circuit

is used for supply decoupling capacitors.

The ADC was measured at 1 V supply and a sampling

frequency of 30 MHz. The input signal is 1.6 V differential

peak-to-peak. Figure 11 shows the measured output spec-

trum at an input frequency of 4.083 and 14.8 MHz

respectively. The ADC achieves an SNDR of 52.2 dB,

which equals to an ENOB of 8.4 bits. Figure 12 shows the

ENOB as a function of the input frequency. The ENOB

remains around 8.35 bits up to Nyquist, and decreases after

15 MHz. The ERBW with 7.9 bits is 30.26 MHz.

Figure 13 shows the measured INL and DNL. The peak

INL is -1.79/1.63 LSB, and the peak DNL is -0.8/2.13

LSB. It can be seen that INL/DNL have a large error at the

middle code transition. Firstly, to investigate the effect of

the INL/DNL deviation, the measured INL error is loaded

to an ideal ADC model in Matlab to obtain the output

spectrum as shown in Fig. 14, and the SNDR is 52.93 dB.

This shows that the nonlinearity of the DAC capacitors

dominates the SNDR degradation of the ADC.

Secondly, five chip samples have been measured and the

same patterns of INL and DNL appear, indicating a sys-

tematic mismatch error. There are two parts of causes for

the mismatch. One is the random mismatch between each

group of codes, which is mainly caused by the line-edge

roughness (LER) on the sidewalls of the two finger metals

facing each other to compose the intended capacitance [22]

in metal-to-metal capacitors. The LER is generated during

the manufacturing process. This type of layout can be

improved by departing the fingers to alleviate the effect of

the side fluctuation by scarifying the capacitor density and

array area. Second is the systematic error at the middle code

transaction. To avoid the side coupling effect of the small-

capacitor array, dummy capacitors have been added on two

sides of the capacitor array, as shown in Fig. 15(a), which is

one part of Fig. 4. One side of the dummy capacitors is

connected to Vdac, while the other side is floating. Coupling

Fig. 10 Die photo

Fig. 11 Measured output spectrum at an input frequency of

a 4.083 MHz and b 14.8 MHz

Fig. 12 ENOB versus input frequency at 30 MS/s
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capacitors (Cf1, Cf2, Cf3…) are composed between the

floating node and the driven nodes (n1, n2, n3…) of the

DAC capacitors (Fig. 15(b)). Since the capacitance coupled

to the node n1 (Cf1) is the largest due to the closest distance,

it corresponds to adding an error value to the MSB capac-

itance, causing the big gap deviation for the middle code

transition. This deviation can be alleviated by carefully

laying the driven node and the floating node apart. It can

also be removed by connecting the floating node to ground.

Then the dummy capacitance to ground will be added to the

interconnection parasitic capacitance (Cp), reducing the

DAC output swing but not causing any more distortion. In

this design, the extracted Cf1 equals to a summation of four

capacitors at two sides of a split capacitor array, which are

0.351, 0.376, 0.349, and 0.378 fF respectively, and Cf2 and

Cf3 become smaller and less critical. A Matlab simulation

models the coupling effect together with a mismatch 3 %,

as shown in Fig. 16. The same signature is displayed as the

measured result, confirming that the floating dummies are

responsible for the measured systematic non-linearity. An

Fig. 13 Measured INL and DNL at 30 MS/s

Fig. 14 Output spectrum for modeled ADC with measured INL

Fig. 15 Partial capacitor array with dummy capacitors and floating

nodes. a Layout. b Schematic

Fig. 16 Modeled INL and DNL at 30 MHz
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improved version based on the above analysis has been

demonstrated in [26].

The ADC consumes 61.3 lW totally, in which the

digital circuits consume 30.8 lW, the DAC array con-

sumes 20.5 lW, and the other circuits consume 10 lW.

Using Walden’s FoM as

FoM ¼ Power

2ENOB �min fs; 2� ERBWf g

the ADC achieves 6.2 fJ/conv.-step.

To clarify the area efficiency, the FoM_area is defined

by including the core area [26] as

FoM area ¼ Power � Area

2ENOB �min fs; 2� ERBWf g

the ADC achieves 0.1 mm2 fJ/conversion step. Table 2

gives a measured performance summary of this work, and

Table 3 compares this work with other state-of-art ADCs

with similar sampling frequency and resolution. As can be

seen, this work achieves good area efficiency and power

efficiency, which enable the digitalization of an in-probe

3D ultrasound imaging system.

5 Conclusion

The presented 10-bit 30 MS/s SAR ADC occupies

0.016 mm2 and consumes 61.3 lW, and achieved an area

efficiency of 0.1 mm2 fJ/conversion-step and an energy

efficiency of 6.2 fJ/conversion-step. These are achieved by

applying customized small-value capacitors in an MSB-

capacitor-split switching scheme, simplified dynamic dig-

ital logic and a self-clocked dynamic comparator. The

ADC achieves an SNDR of 52.2 dB and an ENOB of 8.4

bits. The good area efficiency and power efficiency enable

the digitalization of in-probe 3D ultrasound imaging

systems.
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