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ABSTRACT

In this paper, I proposed a temperature- and supply variation robust 2nd-order sigma-delta
modulation circuit for capacitive sensing. Capacitive sensing by conventional circuits is ba-
sically supply sensitive. Capacitance is sensed by reading the charge that is equal to the dif-
ference between the capacitance value of the capacitor and the capacitor to be sensed. In this
method, the amount of charge is dependent on the supply, so it is insensitive to supply vari-
ation. In this paper, the capacitance is read by using the time determined by the discharge
characteristics when a capacitor called Tov meets the resistance component. The charge ac-
cumulated in the capacitor is certainly influenced by the supply value, but capacitive sensing
is performed using the characteristic that the time taken to discharge the charge to zero is
always constant. In the process, VCO (Voltage-Controlled-Oscillator) based ADC (Analog-
to-Digital Converter) was used to increase the resolution by utilizing the noise shaping effect
of sigma-delta ADC.

In the process, the resistor is switched to a switched capacitor to obtain robust characteris-
tics against temperature variations. Unlike resistance whose values change with temperature,
capacitance are relatively robust to temperature effects. By using the characteristics, a circuit

having robust characteristics in temperature variation as well as robust in supply variation.



Keywords : Capacitance to digital converter, VCO quantizer, Sigma-Delta modulation, Supply variation, tem-

perature variation
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I. INTRODUCTION

1.1 Motivation and Objective

The capacitive sensing method in the conventional capacitive sensing circuits using

sigma-delta modulation (SDM) is shown in Fig.1.

Phase 1 Phase 2
= Vob = Vop
T —o/o—
CSAMPLEI cSAMPLE

- —-

T N Crer T \
CSENJ- T > Csen J- T >—
Vrer ‘2' @REF
1 =
= Voo

Figure 1 Conventional capacitance sensing technique

As can be seen in Figure 1, when ¢1, the nodes above and below Csgns and Corr are located



at Vpp and GND, respectively. When @2, the upper node is switched from Vpp to GND, and

the lower node is switched from GND to Vpp, and finally the value of Csgns is determined

by using the amount of charge due to the difference between the capacitor values of Csens

and Corr. Depending on the digital output of the system, the Cpac is connected in parallel to

Csens or Corr to control the amount of charge in the integrator in the SDM method. Capaci-

tive sensing circuits implemented in this way is a structure sensitive to supply voltage varia-

tion because the amount of charge varies depending on the supply voltage value. Finally, the

output value of the entire system outputting the value of Csens depends on the state of the

supply voltage, so the final output is unreliable. Therefore, we propose a temperature and

supply variation robust 2"-order sigma-delta modulation circuits that sensing Csens value

differently than conventional method. In a circuit consisting of a resistor and a capacitor, first

apply a voltage of Vsens = -Vpp across the capacitor, and then discharge the capacitor. The

time at which the voltage across the capacitor crosses 0V during discharge is independent of

the supply value and is determined solely by the resistance value and the capacitor value. If

the value of the capacitor is fixed, a SDM method is used to implement a system in which

the average value of the Rpac's resistance is followed by a zero voltage across the capacitor.



Finally, the digital output of the capacitor value is the average value of Rpac and is robust to

supply voltage variation In addition, by replacing this Resistor DAC (Digital-to-Analog Con-

verter) with a switched capacitor DAC, the voltage sensing part will be robust to temperature

variation.

1.2 Thesis outline

In Chapter 2, we will talk about a 2nd-order sigma-delta modulation circuit that

is robust to supply variations based on resistor DACs. We will discuss the VCO-

based ADCs as well as the techniques that provide robust supply characteristics.

We will introduce the full architecture created using these techniques, and also the

schematic and layout. We will describe a circuit that can be robust to temperature

variations by adding one technique to the circuit in Chapter 3, chaper2. We will

examine the simulation and measurement results in Chapter 4. Finally, we will

conclude in chapter 5.



II. Supply- Variation Robust 2"-Order Sigma-Delta Modulation

2.1 Supply Independent Technique
The main difference between the existing sigma-delta modulation type capacitive sensing
circuit and the proposed circuit is robust to supply variation. This characteristic is realized by

using singularity of discharge time of capacitor.

Wiy RST SW
= B
Crer
= RST SW
Q

-VDD :
R k——¢
i RST Q
Phase Phase

Figure 2 Operation of capacitive detector

RST, Q, and SW signals are designed so that the switch assigned to each signal does not turn
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ON at the same time. First, -Vpp is applied across the Crer in the RST phase. This voltage is

then discharged in the Q phase. At this time, the voltage Vc(t) applied to Crer and the time

when this Vc(t) becomes 0V are as follows.

-t
Ve (t) = Vpp (1 — 2e2RRreFCREF)

Tov = 2In(2) RrprCrer

This Vc(t) can be obtained using the current Ic(t) flowing through Crgr.

dVe(t)  Vpp — Ve (1)

Ic(t) = Crer

ave(t) dt
VDD —V(t) 2CrprRgrer

—t
In(V.(¢t) =V, =—+4+D
n(Ve(t) bD) 2Conr Rrnr +

—t
Vc(t) = D'e2CrerFRRerF + Vop

Ve(0) = =Vpp =D"+ Vpp
- D’ S _ZVDD
-t -t
Vc(t) = Vpp — 2Vpp X D'e2CreFRREF = V), (1 - 2e2CREFRREF>
As can be seen from the above equation, Tov at which Crer becomes zero is independent
from the value of Vpp. If the discharge time Tov 'does not coincide with Tov, the value of V¢(t)

1s as follows.



< —(Tév—Tov)> :
Vc(t) =Vpp| 1 — e2RrRerCREF | = =V <1 - eZRREFCREF>

At, that is, the voltage determined by mismatch between Tov and the value of Tov' by the
actually defined Rrer value, goes to the input of the integrator, the next block when SW is
turned on. In the current proposed circuit, this Tov time is set in advance. Since this Tov is
related to the time to eventually discharge, the value of this Tov and the time of the Q phase are
related. That is, it is important to adjust the average value of the Rrer resistance so that the time
of the Q phase, which is the time of the phase for discharging the Crer, and the Tov determined
by the Crer and the Rrer which is determined by the Digital value and the sensor capacitance
value, are important.

One important consideration in design is the switch. The switch used here is a MOSFET
switch, not a mechanical switch. So ideally, the only resistor connected to Crer is Rrer, but not

only Rrgr but also the turn-on resistance of the MOSFET.



-LCREF d
— = « MOSFET switch == e aQ Turn on
| L | %;

— e |dE@l SWILCHh = —— l

I Turn on RRer Rper

I O—"o—0 =—f¢ O—0 I

I | Q Ron
C

REF
Ron

Reer

Figure 3 MOSFET switch's turn-on resistance

The MOSFET’s turn-on resistance Ron should be made smaller by increasing the switch
MOSFET's aspect ratio W/L. Because the resistance value seen when the actual Crgr is dis-

charging, not only the Rrer but also the Ron value is shown. The formula for defining this Ron

is as follows.
W -1
Ron = T.unCOX(VDD — Vin = Vrn)
The equation above shows that this Ron cannot be free from supply variation. This means
that Tov can also be affected by supply variation. In order to minimize the effect of the change
of Ron due to the Vpp change, the design was carried out by increasing the W / L of the switch

MOSFET to make the value of Ron smaller and thus lowering the amount of change of Ron

itself.



2.2 Injection Locking Current Controlled Oscillator

The reference Tov in the supply robust technique is very important. This technique is valid

if this Tov does not change during supply variation. We generate this Tov using an injection

locking current-control oscillator.

M.
(WL, S |1JrW»uz

Tl

Figure 4 Current controlled oscillator

The overall structure is taken in the form of a Current-Controlled Oscillator current con-

trolled oscillator. The reason for taking this form is that the free oscillation frequency of the

ring oscillator changes in the supply voltage when brought into the VCO. Since the time of

reference Tov must also be independent of the supply, take it in the form of current controlled

oscillator so that the effect of supply voltage is less affected by the free-running frequency of

the ring oscillator. Using a current source of 1 uA, it delivers a constant current to the ring

-8-



oscillator through a current mirror. The output of this current controlled oscillator passes con-
trol logic to generate various control signals including Tov. Here we use a technique called

injection locking to ensure a certain frequency.

vDD
(W), |’“'—*—’“2-||:J (Wi,

1u

N

-
ad

Y; Y Ys Ys Ys

Figure 5 Injection locking current controlled oscillator

Even if the free running frequency of the ring oscillator is made through the actual process

no matter how desired the frequency in the simulation, the desired frequency value may not



come out. Also, no matter how current controlled oscillator is implemented, we cannot guaran-

tee that the effects of supply changes will not affect the ring oscillator. This results in an injec-

tion locking technique to make Tov the most important reference constant under any circum-

stances. Injection locking is a technique that adjusts the frequency of the oscillator to the fre-

quency of the reference clock by putting a reference clock externally.

The injection clock enters the input of the MOSFET additionally connected to one phase of

the ring oscillator. When the injection clock is ON, the voltage of one phase of the ring oscil-

lator is forced to VSS. By injecting this process in the form of the desired frequency, the fre-

quency of the entire ring oscillator can be synchronized with the frequency of the injection

clock. By using this technique, the output frequency of the current controlled oscillator can be

locked to our desired frequency, 4 MHz.

Here, the swing range of the output of the injection locking current controlled oscillator is

set to within 1V. This is because the bias voltage of the ring oscillator does not exceed 1V

because the CCO structure is set to flow constant current. This may not be a big problem for a

-10-



nominal supply voltage of 1.4V, but a problem occurs for a supply with a large value such as

3V. If the supply of digital control logic is 3V, the threshold voltage that determines 0 and 1 in

the control logic is 1.5V with the value of Vpp / 2. Since the output of the current controlled

oscillator is swinging within 1V, it appears to be all zeros because the control logic reference

does not appear to exceed the threshold voltage. To solve this problem, we put a buffer with

two supplies at the output of the current controlled oscillator.

" -~ A T v
A ¢ B ] | [ T

c u oD

Figure 6 Buffer with two different supplies

First, make a square wave with 1V swing by passing the first inverter with 1V supply, and

then go through the inverter with the actual supply value. The size of the inverter is important

here. In the case of the first inverter, the swing of the output of the current controlled oscillator

has a range of 0 ~ 1V, so it is safe to take the size of PMOS and NMOS of general inverter. In

-11-



other words, the pull-up power and the pull-down power may be the same. However, the second

inverter must be designed so that the force to pull down the output is stronger. By increasing

the pull-down force, it is possible to generate an output swing that matches the input swing

even when the maximum value of the input swing is low.

-12-



2.3 VCO Based ADC

vCo

Pt

Analog Input 4®— D-FF
P

= =

Figure 7 VCO based ADC

This circuit utilizes a VCO-based ADC to convert capacitance to digital values. VCO based

ADC:s are basically ADCs in the time domain, not ADCs in the voltage domain. The output

frequency of the VCO depends on the analog input value. Detect the positive edge or negative

edge of the output frequency using the VCO quantizer on the back. The VCO quantizer consists

of two D-flipflops and one XOR. The two signals sampled by D-flipflop are compared using

the XOR gate. Since the two inputs must be different for XOR to be 1, the edge of the VCO

output can be detected through the output of the XOR. These blocks are assigned to different

phases of the VCO. The final value of Doy 1s added by adding the output of XOR from all

blocks. Detecting the edge of the VCO output is the same as detecting the phase of the VCO

output and outputting 1 to the output every .

Fs

-13-
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vco
m 5 2 Soit L o pigital Output
Analog Input @/ 7 D-FF D-FF Adder
PN PN
5 Phase Iﬁ_'
Fs X5
Analog —
input /
Fs |
Dour 1 2

VvCO
phase

Figure 8 Operation and waveform of VCO based ADC

Figure 8 is a timing diagram to explain the operation of the VCO based ADC. Depending on

the analog input, the output frequency of the VCO changes, which means that the amount of

phase increase in a sampling clock changes. The result is output to the digital output. It is not

just the amount of phase increase that affects the digital output. Residues in the previous sam-

pling clock will also be affected.

As mentioned earlier, detecting an edge is the same as detecting when the output phase of

-14-



the VCO is a multiple of ©. Within a sampling clock, the digital output changes depending on
how many times the phase passes multiples of @. The important point here is that the digital
output value is reset when the next sampling clock is reached, but the VCO output phase is not
reset so that residues up to the next © will affect the digital output at the next sampling clock.
Here, residue is expressed as ¢o[n], which is equivalent to quantization error. If the phase in-
crease by analog input is expressed as ¢[n], digital output is expressed by y[n], the digital
output can be expressed as
Digital output y[n] = ;(d)[n] + ¢oln — 1] — ¢glnl)
The above formula is transformed into z domain as follows.
Digital output Y[z] = g(d)[z] +(z7t = Dggln])

In the above equation, the quantization noise is multiplied by (z''-1), which has a high pass
filter in the z domain. In other words, “first order noise shaping” was made. The noise shaping
technique minimizes quantization noise in bandwidth. In other words, we can think of quanti-
zation noises as being "pushed" out of bandwidth. Currently, only the first order noise shaping
is seen when looking at VCO ADC, but the NTF of quantization noise can be found in the
entire block including the integrator.

-15-



2.4 Full Architecture

Cinr
1l
"
[
Rt
A
¥ [ Tpwmiae Y
i ANV L L
Rer : Fs X5
T : vco
. Quantizer

Differential integrator & LPF

*n

Dout

Lo

>Q
Injection Control —)gfvr
Clock Block ? Pe

4 MHz

Capacitive detector

Figure 9 Full architecture of supply variation robust circuit

This circuit is a 2nd-order modulation for capacitance sensing circuit that is robust to supply

variation designed by combining the aforementioned techniques. First, after -Vpp is charged to

Csen through RST phase and when Q phase, it is discharged by Rpac and Csen. Vep, which is

the remaining value, enters the integrator input. The reason for using the Integrator is to com-

pare Vcp with OV. Using a common comparator and a OV reference in the comparison may be

affected by ground noise by the ground used as the reference. Instead, by using a differential

integrator, the Vcp can be compared to OV using the inherently virtual short characteristics

-16-



exhibited by the differential structure, reducing the effects of ground noise. A chopping tech-

nique has been added to remove the integrator's offset and flicker noise. Noises moved to high

frequencies by the chopping technique are removed by an RC low-pass filter. The output goes

to the input of the VCO. The VCO frequency determined by this input converts the VCOQ into

a digital value, and the Dout value from the process adjusts the Rpac value to help the average

value of Tov 'approach the Tov value set as the reference. In the case of the Resistor DAC, five

Rpacs are connected in parallel, and the five Resistor DACs determine how many DACs are

turned on by the 5-bit Dour.

In the above process, Tov 'determined by Dour is somewhat different from Tov. If the Vcp

value is positive, Tov 'is smaller than Tov. On the contrary, negative value means that Tov' is

larger than Tov. It is the resistor DAC that can be controlled to bring Tov 'close to Tov. That is,

according to the value of the current Vcp value, the Resistor DAC should be controlled in a

direction that can compensate the error of the Vcp value is 0. In other words, the input of the

VCO, Vg, should be adjusted in such a way as to compensate for the corresponding error. The

integrator of the currently proposed circuit can perform this operation.

-17-



Tov 1 C Tov/5
HINT(S) = — (1 —e 5 ZRINTCSEN> SEN ~ — OV/
SCinT 2RinTCiny
As can be seen from the above equations, the integrator gain has a negative value. That is,
the difference between the values of OV and Vcp affects the output of the integrator in the
opposite polarity direction. The output frequency of the VCO also has a characteristic that is
proportional to the output of the integrator, so that in the end Dour is compensated to make the

average value of Tov 'close to Tov. In addition, since the integrator's output acts as a bias for

the VCO, the effect of supply is removed from the VCO's operation.

-18-



2.4.1 Control Block
The control block receives the output of the current controlled oscillator and generates con-

trol signals such as RST, SW, Q and Chopping control signals.

Y, !
Ys

1
4 MHz Y, et .
divider| ¥y} sw
Y2 Start up—y |
Ys | |
}
|
|
Ys ! CLK
TEST
|

1
ILO 1
1
| o |1 crop
: & b—p CHOPb
1 divider !
I e e e e e e e 1
Control
block
Figure 10 Control block of circuit
0 N L I
w_[ L L L L
o L L L L LT
'ﬂil | | | | | | |

RST U U
SW || |
e [ L[ LT
cior| [ [ |_
—

CHOPbI | | |

Figure 11 Input and output waveform of control block
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Four phases of the five phase inputs are used to generate the control signal, and one signal

is used as a test point to confirm the operation of the current controlled oscillator. The overall

frequency of the signal is 2 MHz, coming from the frequency divider to the output of the 4

MHz current controlled oscillator. The signal that made the frequency of Y1 halved becomes

Q, and the signals that are made by dividing the section in more detail based on this Q are RST

and SW. Since the period during which Q is turned on is set at Tov, Tov is set at 250 ns. In the

case of chopping signal, Y3 is generated through a divider.

Start-up ﬁ Normal operation
RST |_| |_|
I
sw | L L]
I
; LT
Start up I!

Figure 12 Start-up operation

In the case of the start-up signal, when the circuit is first driven, it is a signal to make the

value of VR, the input voltage of the VCO, high enough to enable the initial driving of the VCO.

When this start up signal is 0, RST is turned off and Q and SW are turned on to increase V.

-20-



2.4.2 Block Diagram

Vot Pnyco G
LPF veo vcoe
Toy/5 1 K,
1/Tov 1/2Tov - il {04 s2Tw Dout
SRintCint + 1 + sRrecCrec s + +
1
2RpjacIn(2)

1/Csen

Figure 13 Block diagram of circuit

The figure above shows a block diagram of the circuit to obtain the transfer function. Dom-
inant noises are represented by adding them to the back of the block that is the noise source.
Kcp is the gain of capacitive detector and its value is as follows.

Kcp = Ty * VDD * In(2)

Through the block diagram above, the transfer function from 1/Tov to Dout and Csgnto Dout

are as follows.

Dour Kcp X sampler X Int X LPF x VCO x VCOQ

1 1 1
_— 1 + K¢p X sampler X Int X LPF x VCO X X
Tov b P 2RpacIn(2) = Cspy

For convenience, the feedforward gain is set to A, and the feedback factor excluding Csgn is

marked as [3.

21-



vl

D Als C
OlUT = AB/ 1 ~ AB 1 = SEN = 2RDAcln(2)CSEN
T 1+ () x (—) X k
Tov S Csen S Csen
Doyr = 1 2Rpacin(2)

Csen B B X Toy Toy

The above equation shows the relationship between Csen and Dour. Since Tov is a constant

provided as a reference, the range that Csgx can theoretically change is determined by (Rpac /

Dour). The current circuit's Rpac is set to 50 kohm and Dour is 5bit, so the (Rpac / Dourt) can

vary from 50 kohm maximum to 10 kohm minimum. Since Tov is set to 250 ns through the

injection locking current controlled oscillator and control block, the following is the range to

detect Csen using this.

C _ Toy XDoyr 250 107 = 3.6 pF

SENMIN = oRpac Xx1In(2) ~ 2x50%x 103 xIn(2) P

Toy X Doyr 250 x 107

c _ _ =18 pF

SEN,MAX 2Rpac X 1n(2) 2 x10 x 103 x In(2) P

The transfer function of quantization noise can be obtained as follows.
Dour _ s2Tyy s2Toy ~_ 5%Cspy X 2Toy
0 AB, 1 ~<ﬁ)x1 B AB
1+) CsEn s Csen

The above equation shows that quantization noise is 2nd-order noise shaping.
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2.5 Schematic and Layout

Figure 14 Schematic of full architecture

The figure 14 is schematic designing the full architecture through cadence simulation pro-

gram. The upper oscillator block is the injection locking oscillator, and the large block below

is the entire circuit including the control block.
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Figure 15 Schematic of 5-phase injection locking current controlled oscillator

The figure 15 is the injection locking current controlled oscillator. Since the Sphase ring

oscillator is based, five inverters are configured in a ring shape, and there is a PMOS transistor
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that acts as a current mirror on the ring oscillator. On the far left, a MOSFET for injection

locking is attached to one phase of the ring oscillator. Each phase of the ring oscillator has a

buffer that enters the control block.

Figure 16 Schematic of control block

The figure 16 is a control block. This block produces basic RST, Q, SW and chopping signals.

The lower left buffers are the buffers for the input signal. When control signals generated

through the control block are output to the output, they are output after passing through the

buffer.
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Figure 17 Schematic of capacitive detector

The figure 17 is a capacitive detector. Five Resistor DACs are connected in parallel and each

DAC determines whether it is turned on or off by a switch controlled by Dourt. The one Rpac

value is 50 kohms.
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Figure 18 Schematic of differential integrator

The figure 18 is a differential amplifier. The two signals that enter the center of the differen-

tial opamp are CHOP and CHOPD, which control the chopper to remove the opamp's offset and

flicker noise. 100 kohm was used as the Rint and 1 pF was used as the Cinr.

27-



Figure 19 Schematic of VCO

The figure 19 is a schematic of a VCO. As it is a Sphase oscillator, five inverters are con-

nected in the form of rings. The output of each phase is equipped with a buffer. The supply of

this buffer is also composed of Vg, the bias of the VCO, so that the buffer is not affected by the

supply at all.
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Figure 20 Layout of full architecture

The figure 20 shows the layout of the core, excluding the PAD and input output buffer.

TSMC 180 nm process was used. At the top is the layout of the capacitive detector, underneath

the control logic. The bottom part is the layout of the rest of the block, such as the integrator.

-290-



III. Temperature- and Supply- Variation Robust 2"-Order Sigma-Delta
Modulation

The circuit implemented earlier is a circuit that is robust to supply. Here, the first part that

needs to be modified in order to have a temperature resistant characteristic is the capacitive

detector. In a capacitive detector, a constant Tov must be maintained even during supply or

temperature variations, which cannot be constant under the influence of temperature variation

in a circuit implemented earlier. This is because the resistance value of the Rpac varies with

the temperature according to the temperature coefficient of the Rpac. In the proposed circuit,

the Rpac is implemented using a switched capacitor rather than a resistor to produce a constant

Tov even during temperature variation.
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3.1 Switched Capacitor DAC

In order to obtain the robustness against temperature variation, we implemented the Rpac as
a switched capacitor DAC using a capacitor. Unlike resistors, capacitors are not sensitive to
temperature changes. This is used to replace the resistor with a switched capacitor using a ca-
pacitor. If you look at the operation of the switched capacitor, you can see the operation as if

the resistor is connected.

5 5 Ric
llf1 D—F"F’I/“_QVE V1G M ﬂllfz
i

I

Figure 21 Switched capacitor acting like resistor

Suppose that S1 and S2 do not turn on at the same time. When S is turned on, a charge with

CV1 accumulates in C. After that, when S is turned off and S> is turned on, the charge of CV>

must be accumulated in C. Therefore, the charge of C (V1-V2), which is a difference from the

existing CV1, moves toward the V, node. Moving the charge means creating a current. If the

cycle of turning on S; and S» is fsc, the following equation is established.
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1
C(V,—V,) =1x—
fsc

Vi —-Vy) 1
——RSC——
I C X fsc

The movement of charge from Vi to V2 can be seen as if current flows through the resistor.
It can be seen that the resistance value is determined by the combination of capacitor size and
fsc. That is, a combination of different capacitor sizes and switching frequencies can be used
to achieve the desired resistance.

The full architecture replaces the Rpac with this switched capacitor is:

Lo
Y; >
Injection Y| Y Control >RST
Clock 2 "™ Block [—3SW
Ys s
12 MHz
b1_pou Non-Overlap Clock Generator Y1
- & —Y;
$2 pow DAC Selection
T LT I T T T T p T T T T RS T
: Cinr

"

yg  RST l .
tvi 5
X D-FF m Dout
1= - L L

< RST .o : Fs X5 [
Q P 11 : vco
_______ 4 Clr:r : Quantizer
[1T-—=77 I Differential integrator & LPF

| In)
2
I‘ o
|
|
l
--l----.- =
o
vl
B
1S

W s 'C'ab:a'c}tl:v'e'd'éte'c't;); """"" Non-Overlap Clock Generator & DAC Selection

Figure 22 Full architecture of proposed circuit
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The basic operation is similar to the circuit using Rpac described above. The change there is
the addition of a capacitive detector and a non-overlap clock generator. First of all, the switched
capacitor is different from the one described above, but the operation is the same. This is be-

cause the amount of charge stored in Cpac is determined by the voltage facing the opposite

plate with a constant bias on one plate of the capacitor.

Voo
- Reset phase Discharging phase
“—Comc iy BT U SRS B wrrmrmrrn e L
| ] [ L.
Coac
s o I —

During _]_ o ' %C SEN

IC SEN
—y SEN . x :
Q phase < 5 E : I
boo : e {6
: P &

Figure 23 Capacitive detector operation using switched capacitor DAC

Switched capacitor DACs are important for operation in the Q period that discharges the

Csen. Assume that the phase in which the ¢ switch is turned on is the reset phase, and the
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phase in which the ¢ switch is turned on is the discharge phase. In the reset phase, the charges

of the two Cpacs are zero. The charge in the Csen then moves to both Cpacs in the discharge

phase and the Csgn is discharged. During this process, the voltage of Csen changes as follows.

TIZ v

-VDD

o)
RST Q
Phase Phase

Figure 24 Waveform of capacitive detector

2CsenVe(n— 1) + CpacVpp 2Cspn CsenVpp
- Ve(n— 1) + —3EN'DD
Cpac + 2Csgn Cpac + 2Csgn Cpac + 2Csgy

Ve(n) =

As the two phases alternate, VC continues to increase and then passes through 0V at Tov. It

is not a Continuous operation like when using Resistor DAC, but it basically has a characteristic

of Tov, so it is still strong in supply variation.

There are two important considerations for switching capacitor operation. The first is that
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basically two switches should not be turned on at the same time. This is because it is a technique

that takes advantage of the fact that a constant charge is delivered at both ends of voltage dif-

ference and capacitor size. If two switches are turned on at the same time, some of the charge

will move directly without passing through C, so it will not return to the desired state. To pre-

vent this, there must be additional clock generator for switch. The second is the switching fre-

quency. As mentioned earlier, RSC is determined by the capacitance of the switched capacitor

DAC and the switching frequency. For smooth operation in the process, several switching must

occur within the Q period. In other words, since the switching must occur several times within

250 ns set to Tov, the switching frequency must be at least 4 MHz to repeat the two phases once.

However, as can be seen from the figure above, the switched capacitor DAC must be switched

several times in the Q period to become continuous. To make this high frequency clock, it need

to make a clock that generates higher frequency than the clock used in existing Resistor DAC.
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3.2 Switched Capacitor Clock Generator

i

o Tl L

ks
Y VY
Yy

Figure 25 3 phase injection locking current controlled oscillator for switched capacitor

A high frequency injection locking current controlled oscillator was used to create the
switching frequency of the switched capacitor. The free running frequency of the ring oscillator
is 12 MHz, locking the 12 MHz with injection locking. The output buffer is made from a series
connection of inverters with two different supplies as used in the injection locking current con-

trolled oscillator used in the resistor DAC. The ring oscillator uses only 3 phases because it is
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no longer necessary to use multi phases to create a control signal. This is explained in section

One of the three phase outputs enters the input of the control block to produce a control

signal, and the other two phases are used by a non-overlap clock generator to be used for

switched capacitor operation. Non overlap clock generator is composed as follows.

 —

Y, —d &1_pout
Dnut

Y, —d _Dout

3

Figure 26 Non-overlap clock generator with DAC selection

Using the phase difference between the two phases, we create two non overlap clocks with

a frequency of 12 MHz. The reason DOUT is included is to put two clocks only in the DAC

that is turned on by Dout. Because it is a high frequency clock, it is efficient in terms of power

consumption when there is no clock going to DAC when it is not turned on. Use Dour to per-

form the operation.
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3.3 Control Block

As mentioned in Section 3.2, the control block used in a switched capacitor DAC-based
circuit requires only one clock input. If the Resistor DAC-based circuit generates a control
signal using multiple phases, this circuit generates a control signal using the frequencies gen-

erated by dividing a high frequency clock several times.

Start up
Y, ::. ~ Que : ~ Q Qe
Qs
QlB_' }SW
Qog—
L Ir} Ql Qi — QEB Q
p— Q18 Qe Start up
Qae RST
— (12 Qe
— 2

pT— Q28 Start up
O 2 l——CHOP
Iy b——CHOPb
— 112
Q3p

Figure 27 Control block of proposed circuit

As you can see, a clock of 6 MHz, 3 MHz, and 1.5 MHz is generated using a high frequency

of 12M and a divider. The frequency of the overall control signals is set to 1.5M. That is, the

period of 1.5 MHz is divided into two, four, and eight times frequencies of 1.5 MHz. The output

control signals are the same as the control signals used in the Resistor DAC circuit.
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3.4 Schematic

Proposed circuit is basically a circuit based on the circuit using Resistor DAC. Since the big

frame hasn't changed, only the blocks that make the biggest difference in Schematic are intro-

duced.

Figure 28 Schematic of capacitive detector using switched capacitor DAC

The figure 28 shows a capacitive detector using a switched capacitor DAC. The capacitor

and the switch are located where the Rpac was. The MOSFET between the two switches exists
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to hold charge injection with a dummy switch. The top left digital blocks are non-overlap clock

generators.

Figure 29 Schematic of 3 phase injection locking current controlled oscillator

The figure 29 is an injection locking current controlled oscillator. Since it has 3 phases, 3

inverters are connected in ring form. At the far left is a MOSFET for injection locking. The

output of each phase has a buffer through which it is output.
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Figure 30 Schematic of control block of proposed circuit

The figure 30 is a schematic of the control block. The three dividers are arranged vertically

on the far left. Using the high frequencies created for the switched capacitor operation, the

digital blocks produce a control signal using multiple frequencies from this divider.
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IV. Simulation and Measurement Result

4.1 Resistor DAC Circuit

4.1.1 Measurement Result

@ 1.4V 10pF

® Capacitive Detector  ® Integrator & Digital = ILO

Figure 31 Power consumption distribution of Resistor DAC circuit

This figure 31 is the Power consumption distribution. The total power was 97.6 uW, and the
block that consumes the most power is the capacitive detector. This block consumes a lot of
power because of RST and Q operation. In each loop, a lot of charge goes through Csen and
power is consumed. Except for the capacitive detector, the power consumption is roughly sim-

ilar.
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Figure 32 Measured Dout versus capacitance

The figure 32 is the change of Dour value according to supply variation. This is the result of

changing the supply while measuring several capacitances. You can see that it changes linearly

as the capacitance value changes. The rate of change of Dout according to supply variation

also converges to within 0.6%.
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Figure 33 Power spectral density(PSD) of circuit

The figure 33 is a measured PSD. Thermal noise is spread around -120dB and then we can

see 40dB/decade noise shaping start from bandwidth of 10 KHz.



4.2 Switched Capacitor DAC Circuit

4.2.1 Simulation Result

Power Consumption

5.7 UA_\ 2.7 UA

&

m Capcitance Detector = Digital = Integrator = ILO

@ 1.4V, 20pF

Figure 34 Power Consumption distribution of switched capacitor DAC

Power consumption distribution. The total current is 151.6 uW, and the block that consumes

the most power is the same capacitive detector as the resistor DAC circuit. The increase in

current draw compared to conventional resistor DAC-based circuits is due to the current used

in the switched capacitors. Unlike resistor DACs, switched capacitor DACs must switch at a

high rate of 12 MHz. In this process, switching power loss is caused by the switch MOSFET.
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This power loss is caused by the MOSFET's channel formation, which is proportional to the

MOSFET's size. In the case of the capacitive detector, the size of the capacitive detector has to

be large in order to lower the turn-on resistance of the MOSFET, and thus trade-off occurs. In

the case of digital blocks, power loss is increased due to the addition of blocks operating at a

high frequency of 12 MHz, such as a non-overlap clock generator.

Digital output

-40 -30 -20 -10 0 10 20 30 40 50 &0 70 BD

o

Temperature [

Figure 35 Measured Dout versus temperature

The figure 35 shows the digital output measured by the temperature variation of the circuit.

20pF was used as the capacitance. As you can see from the results, the variation of the digital

output from -40°C to 80°C is within 1%. Capacitance, unlike resistance, can be obtained be-

cause it is not sensitive to temperature change.
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c

14 18 2 22 24 26 3

Supply voltage [V]

Figure 36 Measured Dout versus supply variation

The figure 36 is the change of digital output according to supply variation. The variation

appears to be getting lower and lower. In the capacitive detector, it seems to be caused by the

difference in the discharge form of the sensor capacitor. Unlike resistor DAC, in which charge

is discharged continuously, switched capacitor DAC discharges charge discretely. For this rea-

son, it is analyzed that the supply variation is sensitive to the change in the low interval. To

reduce this variation, it can be improved by increasing the switching frequency of the switched

capacitor to make it more like a resistor. However, in the process, power consumption will

increase, so appropriate adjustment is necessary.

-47-



Digital Output
© 2 o © © o © ©°o o
S N S - - R - B

o

6p 7o 8p Sp 10p 11p 12p 13p 14p 15p 1lep 17p 18p 19 20p 21p 22p 23p

Sensor Capacitance

Figure 37 Measured Dout versus sensor capacitance

The figure 37 is the change of digital output according to sensor capacitance. As the sensor

capacitance increases, the digital output value increases almost linearly.

-100.0 o

(dB)

-125.0 o

-150,0 o

750

Figure 38 Power Spectral Density of proposed circuit

The figure 38 is the PSD of the proposed circuit. Since it is a 2nd-order sigma delta based
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circuit, we can see that it has 40dB of noise shaping. Since the thermal spectral density is not

considered, it can be seen that there is no noise in the shape of white noise

Table 1 Comparison with Sate-of-the-Art

ISSCC 12 VLSI 16 VLSI 18
RDAC SCDAC
(S.Xia) (Omran) (Arup)
Process 350 nm 180 nm 180 nm 180 nm 180 nm
Conversion
SDM(3™) SAR SB-PM SDM(2") SDM(2")
method
Supply voltage 33 0.8 1 1.3~3.3 1.4~3
Temperature N/A N/A -40~125 27 -40~80
Power 14.9 mW 7.35uW 140 uW 97.6 uW 153 uW
Measurement
20 us 16 us 29.3 ms 50 us 250 us
time
Cap range [pF] 8.4~11.6 0~12.66 0~40000 5~15 6~23
Cap resolution 65 aF 1.1 {fF 114 aF 360 aF 853 aF
SNR 84.8 dB 64.2 dB N/A 78.5 dB 78 dB
FoM [pl/c-s] 20.9 0.035 4.04 0.708 5.9

Table 1 compares state-of-the-art and proposed circuits. RDAC is a resistor DAC based cir-

cuit and SCDAC is a switched capacitor DAC based circuit. The biggest advantage over other

circuits is their robustness to supply variation and temperature variation.
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V. Conclusion

In this paper, I proposed a temperature- and supply variation robust 2nd-order sigma-delta

modulation circuit for capacitive sensing. By using the Tov parameter, which is a capacitor and

resistor parameter that is not affected by the supply, it is robust even in supply variation. The

above characteristics are shown through the discharge time of the capacitor and resistance.

Here, the resistor is replaced with a switched capacitor so that it can have robust characteristics

against temperature variation. Unlike resistance, which changes in value due to temperature

change, capacitance has a relatively strong characteristic against temperature variation. Com-

bining these characteristics makes it possible to create a circuit with robustness to supply and

temperature variation.

In addition, we used a differential integrator rather than a comparator that affected the accu-

racy of the reference. By taking advantage of the fact that the two inputs of the differential

opamp are inherently virtual short, the output voltage of the capacitance detector can be com-

pared to OV. Differential opamp offset and flicker noise were removed using chopping tech-

nique. Corresponding noises raised by high frequency by chopping are removed by RC LPF.

VR, the voltage output through this process, acts as a bias of the VCO, and the VCO also moves

-50-



away from the effect of supply. The ADC used a VCO based ADC. The noise shaping effect is

used to push quantization noise out of the bandwidth.

The robustness to supply and temperature variations pursued by this circuit could be used in

many applications. For example, applications that need to be implanted should deliver power

wirelessly. In the process, supply variation will greatly affect the circuit. Even under these cir-

cumstances, the ability to stably extract capacitance values is sufficient for many applications.
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