TFIRE L TIAY TR

oL % o

£ lﬂﬁ])‘ o e i‘d’i\‘%
rTERRALIEE R &-i?BB 2 R

Design of High-Voltage Generator with Low
Supply Peak Current for Biomedical Applications

Moy oA Rz s (Wan-Hsueh Cheng)
dh FE5cd P 3 & (Prof. Ming-Dou Ker)

PEX K- o £



Design of High-Voltage Generator with Low Supply Peak

Current for Biomedical Applications

Boyo4 i imxg Student: Wan-Hsueh Cheng

IERE P RR Advisor: Prof. Ming-Dou Ker

A Thesis
Submitted to Department of Electronics Engineering and
Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master of Science
in
Electronics Engineering
October 2015

Hsinchu, Taiwan

PEX - or £ LY



&4 3R

st
4%
=%
¥k
e
3
=
T
e
VR

* &

FE Ko d 0 FPFELEMT T hP@ B T (e ?ﬁiéﬁﬂg?%
d R URIEL T oA SRR DR R B A Gl N R A T S B R
afy DRI o d A Pl R g o T B R e G R
TR EAIFRYIFRAL - FLRETAFRLANE -

41 (charge pump) 453 I % 47 o KT BAL D B RE G AR
hwmr RN -ERIRTFFFE-LRRIFFF D MR

TR iR W iR 3k (gate-reliability issue) skt 3L > RBP4 W T A 2
10.8V £-10.3V & & B> T & * w i néﬁiﬂﬂ:%‘i i’ﬁx%?ﬁﬁlﬂi&SmA?
e BT F A # 33V LR AR mE R R 0 2 e

7 AR 2 g dRELE R0l R §1iF 2 A 7w (return-back leakage current) i’ 5



~F



Design of High-Voltage Generator with Low
Supply Peak Current for Biomedical Applications

Student: Wan-Hsueh Cheng Advisor: Prof. Ming-Dou Ker

Department of Electronics Engineering & Institute of Electronics

National Chiao-Tung University

Abstract

Nowadays, due to the development of biomedical science and electronics,
electrical stimulation had been proven can recover some physical functions of patients
by current stimulation such as retinal stimulation, cochlear implant and suppression of
epileptic seizure. Because the impedance of tissues is large, the voltage between tissues
would be high when the stimulator driver deliver stimulus current. Therefore, we need
to generate high voltage and high voltage tolerant stimulus drivers.

Charge pump can generate high positive voltage or high negative voltage from low
voltage by different charge pump circuit. A positive charge pump and a negative charge
pump has been designed to generate high voltage and negative without gate-reliability



issues in low voltage CMOS process. By measurement, the charge pumps can output
regulated voltage about 10.8V and maximum current 3.5mA. The output voltage is
regulated by PFM control feedback. The maximum output current is 3.5mA. The clock
of each charge pump stage has phase shift different from each other, which can reduce
the maximum peak current from 3.3V supply. The charge pump also adopt 4-phase
clock scheme, which can reduce the return-back leakage and increase the charge pump’s
efficiency. The charge pump circuit is fully on chip and had been fabricated in TSMC

0.18um 1.8-V/3.3-V CMOS process.
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Chapter 1

Introduction

1.1 Motivation

As bioelectronics developed, many stimulators have been investigated and
demonstrated. For biomedical stimulation circuit, we need to generate a high voltage to
drive stimulator and the stimulus chip need to be small for implantation. So, the
stimulus circuits are designed fully on-chip. However, the on-chip inductor is about
~nH, which is difficult to be used in boost conyerter.

Charge pump circuit use capacitors and-switches to pump charge and can generate
high voltage which is higher_than the supply voltage from low voltage. Moreover,
charge pump can generate high voltage by high.switching frequency with capacitors
fully on-chip. So, it is suitable formplantation.circuit in low voltage process.

Some problems of conventional charge pump circuit had been studied, such as
body effect, gate-reliability issues, threshold voltage drop, and return-back leakage
current.

In this work, by adopting 4-pahse charge pump and PFM feedback, we designed a
positive charge pump and a negative charge pump can output regulated voltage without
the problems of conventional charge pump circuit. Moreover, we apply phase shift
clock control scheme. The control clock of each charge pump stage has phase shift
different from each other, which can decrease the peak input current from supply and

can enhance the transient response of the front dc-dc converter.



1.2 Thesis Organization

This thesis is organized into five chapters and this introduction is the first one.
Chapter 2 introduces the applications and the prior arts of charge pump circuits. In
chapter 3, a charge pump circuit which can generate 11V is presented, and the
measurement results are also shown in this chapter. In chapter 4, a new cross-couple
negative charge pump circuit without the gate-oxide reliability issues and reducing the
return-back leakage current is presented, and the measurement results are also shown
in this chapter. Chapter 5 is the conclusions of this thesis and the future works of

charge pump circuits.



Chapter 2
Prior Arts of Charge pump Circuits

2.1 Applications of Charge Pump Circuits for Biomedical Implants
Nowadays, biphasic stimulators are generally used for retinal, cochlear, and neural
[1]~[3]. The biphasic stimulators can output anodic and cathodic stimulus current.
Because tissue has high impedance, the supply voltage of stimulators need to be high.
Some biphasic stimulators use both high positive voltage and high negative voltage for
stimulus drivers [1]. For biomedical implants, the area of implanted chip should be
small and the use of off-chip elementsshould be decreased, so CMOS technologies are
suitable to realize the system-on a chip (SoC). Therefore, the charge pump circuits
should be realized in low-voltage CMOS processes and better be fully on-chip. Fig.2.1
depicts the architecture of epileptic_stimulation SoC: It use wireless power to supply
the implant part. The high voltage generator is integrated with other circuits in single

chip.

Power svstem \

clkr :
Power High Voltage .
Amplifier - | Rectifier » LDO |—3 Generatorwith ;
feedback control ;

“;RT L‘u’{l’_

Tx/Rx ! |
T/Rx = BSP | pac || Driver
Command/ T l
Jnabrustion ADC fef Amp |cfelectrodes
< Implant

Neural Activity \ /\

Waveform(for
monitoring)

Fig. 2.1 Architecture of epileptic stimulation SoC.



2.2 Positive Charge Pump Circuit
2.2.1 Dickson Charge Pump

Fig. 2.2 depicts the Dickson charge pump [4], which consists of diodes and pumping
capacitor (C). Cp is parasitic capacitor and Co is output capacitor. When clk is logic
high (clkb is logic low), the even stage diodes are turn on, the odd stage diodes are turn
off. Also, when clk is logic low (clkb is logic high), the even stage diodes are turn off,
the odd stage diodes are turn on. The charge can be delivered from front stage to the
next stage. Due to the parasitic capacitor (Cp), the voltage swing of each node is the
clock swing (V) divided by capacitance divider. Since the total charge pumped by
diode during each clock cycle is output loading current (licad) multiply by the clock
period (1/f), the voltage drop of each stage can be shown as (2.1). Also, each stage has
the diode forward voltage drop (Vp), the voltage fluctuation of each stage can be shown

as (2.2). For N stage Dickson charge pump, the output voltage is shown as (2.3).

i Iload
AVdrop 1 f(C+Cp) (2.1)

C Iioad _
AV = VCIkXc+cp f(C+Cp) Vb (2.2)

_ C _ lioad _ _
Vo =N (VC“‘ X C+Cr  HC+Cp) VD) Vb (2:3)

VDD N N Vo

AT R T 3

I clk 1 clkb l clk l kb <

Fig. 2.2 Dickson charge pump with diode.

Fig. 2.3 is the Dickson charge pump with NMOS [5], which consists of diode
connected NMOS, pumping capacitor and output capacitor. The same as the
conventional charge pump, each stage has the voltage drop of MOS threshold voltage
(V). In this circuit, if the MOS body don’t connect with MOS source, it has body effect,

4



which may increase conduction loss of MOS switch. Therefore, the efficiency of this
circuit is decreased as the stage increases. Besides, the maximum voltage difference
between MOS source and drain is 2Vck-Vt. In low voltage process, the MOS may have
gate-reliability issues.

1 [ [ [ [_1
vDD - 11T 11T 11

_L/—I—C _L —C _l’_/—I—C _LJ//—I—C =—Co
Cpl ;l;Cpl clkbcpl ;!;Cpl c—II|<_b A%

Fig. 2.3 Dickson charge pump with NMOS.

2.2.2 Charge Transfer Switches Charge Pump

Fig. 2.4 depicts the charge transfer switches (CTS’s) charge pump [6], which
consists of diode connected MOS (MD1~MD6), charge transfer switch (MS1~MS4),
pass transistors (MN1~MN4 and MP1~MP4), pumping capacitor (C) and high-voltage
(HV) clock generator. The CTS’s in.this circuit can be turned off completely and each
stage doesn’t have forward voltage drop and threshold voltage drop as the conventional
Dickson charge pump.

When clk is logic low (clkb is logic high), MP1 is turned on and then MS1 is
turned on to transfer Vpp to node 1 without threshold voltage drop. At the same time,
MN2 is turned on to cut off MS2 for reducing leakage from node 2 to node 1. Similarly,
when clk is logic high (clkb is logic low), the voltage of node 1 is 2Vpp. MP2 is turned
on and then MS2 is turned on to transfer 2Vpp to node 2 without threshold voltage drop.
At the same time, MNL1 is turned on to cut off MS1 for reducing leakage from node 1
to Vpp.

Following this operation, the voltage can be pumped high with high efficiency, but
there is a threshold voltage drop (V) at the last stage (MD5). In order to generate control
waveform to control MS4, MD6 and Cry are added. Besides, the HV clock generator
is added to let MS4 can turn on in low supply voltage operation. The HV clock
generator can generate 0~2Vpp clock and the circuit is shown as Fig. 2.5.

This charge pump circuit utilizes charge transfer switches to transfer charge

without threshold voltage drop, but it still has the threshold voltage drop at the last stage.
5



Besides, the maximum voltage difference across MOS is 2Vpp, which cause gate-
reliability issues. Due to the parasitic capacitor (Cp) and loading current (licad), the

output voltage is shown as (2.4).

v, =N(v x——L)—V 2.4
Y ck ® cycp  f(C+Cp) t (2.4)
(1) (2) (3) 4)
L MD1 [ —L-MD2 [ —L_MD3 [ MD4 [ \yps Vo
VDD _'_‘i b—«—d b—<—|i b—<—|i [L_}—<
MS1 MS2 MS3 MS4 Co
l MDB l
L‘ ¢ |—|_: 1
MNT  MP1 MN2  MP2 MN3  MP3 MN4  MP4
L I CH‘V
P gl P —1_ .y
I TC TC q TC TC I T [AV clock

Cp clk Cpl clkb Cp=F clk Cp‘L clkb Cp “—genelrator
I I l clkb

Fig. 2.4 Circuit of charge transfer switches (CTS’s) charge pump.
VDD

I Ty

A — I

A4
Fig. 2.5 High voltage (HV) clock generator.

2.2.3 Cross-Couple Charge Pump

Some modified charge pump circuits based on Dickson charge pump were
invented to overcome threshold voltage drop and to improve pumping gain and
efficiency. However, those charge pump circuits have gate-oxide reliability issues
because of the gate-source voltages and gate-drain voltages exceed normal operating
voltage of MOS. In order to overcome gate-oxide reliability issues, some charge pump

circuits were proposed. Fig 2.6 depicts the cross-couple charge pump [7], which was



designed without overstress voltage across MOS and realized in low voltage CMOS
process.

When clk is logic low (clkb is logic high), the voltage of node 1 become Vpp and
the voltage of node 2 become 2Vpp due to clkb. At the same time, Mn1 is turned on
and Mp1 is turned off. Mn2 is turned off and Mp2 is turned on. The voltage of node 4
become 2Vpp.

Similarly, when clk is logic high (clkb is logic low), the voltage of node 2 become
Vop and the voltage of node 1 become 2Vpp due to clk. At the same time, Mn2 is turned
on and Mp2 is turned off. Mn1 is turned off and Mpl is turned on. The voltage of node
3 become 2Vpp. By these operations, the voltage can be pumped high without gate-
oxide reliability issues. Moreover, this circuit doesn’t have threshold voltage drop by
using MOS switches to transfercharge. Besides, this-circuit used two branches, which

can have less output voltage ripple at the output.

clk clkb

VDD —

clkb

Fig. 2.6 The cross-couple charge pump.

2.3 Negative Charge Pump Circuit
2.3.1 4-phase Negative Charge Pump with PMOS Charge Transfer Switches
Fig.2.7 depicts the negative charge pump [8], which consists of PMOS transfer

switches and pumping capacitors. The last stage used diode connected PMOS to prevent



leakage current. This charge pump use 4-phase clock scheme to control PMOS transfer
switches, the 4-phase clock is shown as Fig.2.8.

Here, we separate 4-phase clock to eight intervals. At the interval ti, the voltage of
node 1 is GND and the voltage of node 2 is -Vpp, where Vpp is the voltage swing of
clock. The voltage of node 3 is -2Vpp and the voltage of node 4 is —Vpp. Mpl and Mb1l
are turned off, and Mb1 and Mp2 are turned on to transfer charge.

At the interval t2, the voltage of F4 is rose to high (Vop). The voltage of node 3 is
rose to -Vpp to cut off Mp2. The voltage of node 1, node 2 and node 4 are the same as
the voltage at interval t;. Mpl and Mp2 keep being turned off and Mb1l keep being
turned on.

At the interval ts, the voltage of F1 is.dropped to low (GND). The voltage of node
4 is dropped to -2Vpp. The voltage of node 1, node 2 and node 3 are the same as the
voltage at time interval t>. Mp2 keep being turned off to prevent leakage current from
node 2 to node 4 and Mb2 is turned on by the voltage drop of node 4. Mp1 keep being
turned off, and Mb1 keep being turned.on.

At the interval t4, the voltage of F3 is rose to high (Vop). The voltage of node 2 is
rose to GND to cut off Mb1 and the voltage of node 3 is charged to GND to keep cut
off Mp2. The voltage of node 1 and node 4 are the same as the voltage at time interval
t3. Mp1l keep being turned off and Mb2 keep being turned on to transfer charge from
node 2 to node 3.

At the interval ts, the voltage of F2 is dropped to low (GND). The voltage of node
1 is dropped to -Vpp to turn on Mp1l and the voltage of node 2 become GND. The
voltage of node 3 and node 4 are the same as the voltage at time interval ta. Mp2 keep
being turned off and Mb2 keep being turned on.

At the interval ts, the voltage of F2 is rose to high (Vop). The voltage of node 1 is

rose to GND to turn off Mpl. The voltage of node2, node 3 and node 4 are the same as
8



the voltage at time interval ts. Mp2 and Mb1 keep being turned off and Mb2 keep being
turned on.

At the interval t7, the voltage of F3 is dropped to low (GND). The voltage of node
2 is dropped to -Vpp and the voltage of node 3 is dropped to -Vpp as well. The voltage
of node 1 and node 4 are the same as the voltage at time interval ts. Mp1, Mb1 and Mp2
keep being turned off and Mb2 keep being turned on.

At the interval ts, the voltage of F1 is rose to high (Vop). The voltage of node 4 is
rose to -Vpp to turn off Mb2. The voltage of nodel, node 2 and node 3 are the same as
the voltage at time interval t7. Mb1, Mpl and Mp2 keep being turned off.

By these operations, the voltage of output can pumped to negative high voltage. The
advantage of this pump is no leakage current by 4-phase clock scheme. However, the
maximum voltage stress on PMOS is as high as-2vDD, which may cause gate-

reliability issues in low voltage CMOS process.

F2 F4 F2 F4
_Q
Mb4
. Vnep
Mp4 Mp5

n
—

F3 F1 F3

Fig. 2.7 The negative charge pump with PMOS switches.
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Fig. 2.8 The 4-phase clock scheme of the negative charge pump with PMOS
switches.

2.3.2 Cross-Couple Negative Charge Pump

Fig.2.9 is cross-couple negative charge pump [9], which consist of NMOS and
PMOS charge transfer switches and pumping capacitor. This charge pump use two
non-overlap clock to operate this circuit.

When clk is logic low (clkb is logic high), the voltage of node 1 is dropped to -
Vop and the voltage of node 2 is rose to GND, where Vpp is the voltage swing of clock.
Then, Mn1 is turned on to transfer charge and Mp1 is turned off. Mn2 is turned off and
Mp?2 is turned on. The voltage of output become -Vpp, which is the same as node 1.

Similarly, when clk is logic high (clkb is logic low), the voltage of node 1 is rose
to GND and the voltage of node 2 is dropped to -Vpp. Then, Mn1 is turned off to and
Mpl is turned on transfer charge. Mn2 is turned on and Mp2 is turned off. The voltage
of output become -Vpp, which is the same as node 2.

By this operation, the voltage can be pumped to negative high. Moreover, the
maximum voltage stress of MOS switches is VDD, which may not cause gate-oxide
reliability issues in low voltage CMOS process.
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Fig.2.10 is adopted from [9]. In this work, it use three stage charge pump. If the
deep N-wells connect to source of PMOS, there is some P-N junctions which shown as
Fig.2.10 (a). These junctions may have leakage during circuit operation, which may
degrade the efficiency of charge pump or may cause latch-up issues. So, the deep N-
wells are connect to ground to prevent this, which depicts as Fig.2.10 (b). However, the
PMOS switches may have body effect, which may increase the conduction loss of

charge pump.

clk

Lec

Mp2 | Mn2
- C A4

clkb

Fig. 2.9 Cross-couple negative charge pump.
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Fig. 2.10 (a) The deep N-well tied to-source of PMQOS. (b) The deep N-well tied to
ground. [9]

2.3.3 4-phase Negative Charge Pump with NMQOS Charge Transfer Switches

In triple well process, the PMOS switches of negative charge pump may have body
effect, to prevent this, the circuit which depict as Fig.2.11 had been proposed [10]. The
charge pump circuit consists of NMOS transfer switches and pumping capacitors. The
bulk of NMOS switches can be tied to source without leakage of P-N junctions and
latch up issues. Compare to the all PMOS negative charge pump, the last stage doesn’t
use diode connected MOS, which may not cause forward voltage drop. The clock
control scheme is similar to all PMOS negative charge pump. This charge pump use 4-
phase clock scheme to control NMOS transfer switches, the 4-phase clock is shown as
Fig.2.12.

Here, we separate 4-phase clock to eight intervals. At the interval ti, the voltage of

node 1 is GND and the voltage of node 2 is -2Vpp, where Vpp is the voltage swing of
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clock. The voltage of node 3 is Vpp and the voltage of node 4 is —2Vpp. Mn1 and Mb2
are turned on, and Mb1 and Mn2 are turned off.

At the interval t2, the voltage of clkl is dropped to low (GND). The voltage of
node 3 is dropped to GND to cut off Mn1. The voltage of node 1, node 2 and node 4 are
the same as the voltage at interval t;. Mb1l and Mn2 keep being turned off and Mb1l
keep being turned on.

At the interval t3, the voltage of clk2 is rose to high (Vpp) to turn on Mbl. The
voltage of node 2 is rose to -Vpp and the voltage of node 4 is rose to -Vpp as well. The
voltage of node 1 and node 3 are the same as the voltage at time interval t.. Mn1 and
Mn2 keep being turned off to prevent leakage current from the front stage and Mb2
keep being turned on.

At the interval ts, the voltage of clk3 is.dropped to low (GND). The voltage of node
1 is dropped to -Vpp to cut off Mb2 and the voltage of node 3 is dropped to -Vop as
well. The voltage of node 2 and node 4 are the same as the voltage at time interval ts.
Mn1 and Mn2 keep being turned off and Mb1 keep being turn on to cut off Mn1.

At the interval ts, the voltage of clk4 is rose to high (Vpp). The voltage of node 4 is
rose to GND to turn on Mn2, and the voltage of node 1 and node 2 become -Vpp. The
voltage of node 3 keep -Vpp. Mn1 and Mb2 keep being turned off and Mb1 keep being
turn on to cut off Mnl.

At the interval te, the voltage of clk4 is dropped to low (GND). The voltage of node
4 is dropped to -VDD to cut off Mn1. The voltage of nodel, node 2 and node 3 are the
same as the voltage at time interval ts. Mn1 and Mb2 keep being turned off and Mb1
keep being turn on to cut off Mn1.

At the interval t7, the voltage of clk3 is rose to high (Vbp). The voltage of node 1 is

rose to GND to turn on Mb2 and the voltage of node 3 is rose to GND as well. The

13



voltage of node 2 and node 4 are the same as the voltage at time interval ts. Mn1 and
Mn2 keep being turned off and Mb1 keep being turned on.

At the interval ts, the voltage of clk2 is dropped to low (GND) to turn off Mb1. The
voltage of node 2 and node 4 are dropped to -2Vpp. The voltage of nodel and node 3
are the same as the voltage at time interval t7. Mn1 and Mn2 keep being turned off to
prevent leakage and Mb1 keep being turned on.

By these operations, the output voltage can be pumped to negative high voltage
without body effect. The advantage of this pump is no leakage current by 4-phase
scheme. However, the maximum voltage stress on NMOS is as high as 2VDD, which

may cause gate-reliability issues in low voltage CMOS process.

clk3 clk2 clk3 clk2 clk3 clk2
J: —t J: J: J: pr— V
M 2 L
Mn1 Mn2 (2 Mn3 Mn4 Mn5 Mn6 Tri N
clk2 Mb1 Mb2 Mb3 Mb4 Mb5 ;{—{ E{Abﬁ —i E{Ab?
@) @)
T r
T T T T T T T
clk1 clk4 clk1 clk4 clk1 clk4 clk1
Fig. 2.11 Negative charge pump-with NMOS switches.
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Fig. 2.12 4-phase clock control scheme of the negative charge pump with NMOS
switches.
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Chapter 3
Design of Positive Charge Pump Regulator with

Low Input Peak Current

3.1 Design of Positive Charge Pump Regulator
3.1.1 Circuit Block Diagram of Proposed Positive Charge Pump Regulator

The proposed charge pump regulator consists of error amplifier, phase shift clock
generator, level shifter, 4-phase clock generator and 3-stage charge pump, as shown in
Fig. 3.1. For the charge pump, the higher.output voltage is, the higher clock frequency
should be. Therefore, the proposed charge pump used the PFM feedback to generate
regulated output voltage Vcc [11]=[12]. The PEM feedback consist of voltage divider,
error amplifier and voltage control escillator (\VCQO). The PFM feedback consists of
voltage divider, error amplifier and-voltage .control oscillator (VCO). The output
voltage (V) of amplifier is adjusted by the voltage difference between Vrg and Vrer.
The clock frequency of clkl is controlled by Vem. When Vcc is lower than 11V,
controlled voltage (V) become higher and the frequency of clkl arise until Vcc = 11V.
In contrast, when Vcc is higher than 11V, controlled voltage (Vct1) become lower and
the frequency of clkl become slower until Vcc = 11V. The 4-phase clock generator
provides the charge pump with the adaptive control signals. The phase shift clock
generator can generate clkd_1, clkd_2 and clkd_3. When control signal Vcip is logic
low, the clock waveforms of clkd_1, clkd_2 and clkd_3 depict as Fig. 3.2 (a). Otherwise,
when control signal Vep is logic high, the clock waveforms of clkd_1, clkd_2 and
clkd_3 depict as Fig. 3.2 (b). The peak current from Vppn can be reduced by the three

phase shift clock waveforms. Lower peak current from Vppn may improve transient
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response of the dc regulator which provide Vppnx to charge pump, and can inject less

noise into other circuit in biomedical SoC [13].

charge pump charge pump charge pump Ve
VoDH— 1 stage 2" stage 3 stage
- v — ol N o ™
| o = [ ol o] 2
3 o 3| 2 o o
2| 3| g2 2| 3| 2|2 3l £l e
S| 5| °f° S| T °|° S| °|°
Voon—| 4 phase clock |\, | 4 phase clock |\, | 4 phase clock
generator generator generator
lkd_1
= clkd_2 .
VooL
Voon—  phase shift |
Vool clock generator | €Ikl vCo
Vetrip— & level shifter T
EN
v
GND

Fig. 3.1 The proposed charge pump regulator consists of error amplifier, phase shift
clock generator, level shifter, 4 phase clock generator, and 3 stage charge

pump.
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Fig. 3.2 (a) The clock waveform of clkd_1, clkd_2, and clkd_3 when Vuip is logic
high. (b) The clock waveform of clkd_1, clkd_2, and clkd_3 when Vi is
logic low.
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Fig. 3.3 depicts a 4-phase cross couple charge pump. It shows the current flow
from Vppn when clock signal clkbub is high. Fig. 3.4 (a) depicts the waveform of
current flow when control signal Veip is low. Because MOS like resistance when it is
in triode region, the waveform of current flow likes RC discharge circuit. Fig. 3.4 (b)
depicts the waveform of current flow when control signal Vip is high. The peak current

in Fig. 3.4 (b) is lower than the peak current in Fig. 3.4 (a).

clkbub_2
|

e

clksb_2
VDDH [

clks_2
|_

==
FJ <

| I I
VooH Iclkbub_1 Voor |t:Ikbu_2 clkbub_3
|
|
|

|
|
|
MOS off

LI MOSon
-1

Fig. 3.3 Current flow when clkbub is VppH.
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IvooH

(b)
Fig. 3.4 (a) Current flow fromVpon When Veuip logiclow. (b) Current flow from Vppr
when Vcp 1S logic high.

3.1.2 Charge Pump Circuit and 4-phase Clock Generator

Fig. 3.5 shows the 3-stage charge pump. It can output high voltage level without
the issues of electrical overstress and gate-oxide reliability [14]. Compare to
conventional two phase cross-couple charge pump, this 4-phase cross-couple charge
pump can reduce the return-back leakage current. Therefore, this pump has higher
efficiency and higher pumping gain than conventional charge pump. Fig. 3.6 shows the

4-phase clock waveforms and Fig. 3.7 shows the circuit of 4-phase clock generator.
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Fig. 3.5 The circuit of 3-stage charge pump.

Fig. 3.6 4-phase clock waveforms which is generated from 4-phase clock generator.

=

Fig. 3.7 4-phase clock generator.
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3.1.3 Bandgap Reference, Error Amplifier, VCO and Phase Shift Clock Generator
Fig. 3.8 shows the bandgap reference [15], which generate reference voltage Vrer

to error amplifier. Fig. 3.9 shows the error amplifier [16]. Fig. 3.10 shows the current

starve voltage control ring oscillator. The first stage of VCO is nand gate which provide

the initial condition for VCO.

VooL

j p—1— [ ﬁ 0.9V

VREF
-+
—\trim1
L Vtrim2
L Vtrim3
r
GND

Fig. 3.8 Circuit diagram of bandgap reference.
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Fig. 3.9 Circuit diagram of error amplifier.
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Fig. 3.10 Circuit diagram of current starve voltage control ring oscillator.
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Fig. 3.11 shows the circuit.diagram of phase shift clock generator and level shifter.
The level shifter can transfer-1.8V clock signal to 3.3V clock signal. When control
signal Vep =1, the output clock signal (clkd_1, clkd 2 and clkd_3) have phase shift
like Fig. 3.2. When control signal Vcip=0, the output clock signal (clkd_1, clkd_2 and
clkd_3) don’t have phase shift. It means that the waveform of clkd_1, clkd_2 and clkd_3

are the same.
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Fig. 3.11 Circuit diagram of phase-shift clock generator and level shifter.

3.2 Simulation Results

This work have been simulated in- HSPICE with TSMC 0.18-um 1.8-V/3.3-V
CMOS process. Fig. 3.12 (a) depicts the simulation result of charge pump when Vcrip=0
and li0as=3.5mA. The clock signals (clkbu_1, clkbu_2, and clkbu_3) charge pump don’t
have phase shift. The pumping frequency is 65.28MHz. The input peak current
(IvooHmax)) is 70mA and the average output voltage (Vcc) is about 11.054V. The
efficiency of charge pump is 61.5%.

Fig. 3.12 (b) depicts the simulation result of charge pump when Vcp=1 and
libaa=3.5MA. The clock signals (clkbu_1, clkbu_2, and clkbu_3) charge pump have
phase shift. The pumping frequency is 50.43MHz. The input peak current (lvbpH(max))
IS 46mA and the average output voltage (Vcc) is about 11.063V. The efficiency of
charge pump is 65.68%. As the simulation result, we can reduce the input peak current

with phase shift clock control.
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Fig. 3.12 Simulation results of charge pump when (a)Vetrip=0 and lioas=3.5mA
(b)VctrIp:1 and lipag=3.5mA.
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3.3 Measurement Results

This work have been fabricated in TSMC 0.18-um 1.8-V/3.3-V CMOS process.
The charge pump aims to output voltage 11V and maximum current 3.5mA. The
pumping capacitors (Cp) of charge pump are 50pF and the output capacitor (Co) is
100pF. All capacitors of the positive charge pump are fully on-chip. Fig. 3.13 depicts
the die photo of test chip, which includes the 3-stage charge pump and 4-phase clock
generator (A), output capacitor of charge pump (B), and bandgap reference, VCO, error

amplifier and phase shift clock generator (C). The test chip area is 1.87 x 1.48mm?,

O ‘MJG’MCMT

Hﬂﬁﬂ—nﬁﬁﬂﬂﬁrﬂﬂﬂ

Ty .y yrrILTeas"
FEFEREEREDRDRLASS

Fig. 3.13 Die photograph with A: 3-stage charge pump and 4-phase clock generator, B:
output capacitor of charge pump, and C: bandgap reference, VCO, error
amplifier and phase shift clock generator.
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Fig. 3.14 (a) shows the measurement setup. Agilent B2902A is used to provide
voltage 1.8V VppL and 3.25V VppH, which is also used to measurement power
consumption of the charge pump. Tektronix MSO 5104 is used to observe the

waveforms of the charge pump. Fig. 3.14 (b) shows the measurement environment.

Power supply Voou=1.8V
Agilent B2902A Voow=3.25V

Mixed Signal Oscilloscope
Tektronix MSO 5104

(b)
Fig. 3.14 (a) Measurement setup of power supply, oscilloscope and test chip. (b)
Measurement environment.
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Fig. 3.15 depicts the measurement result of power on time at licad is 3.5mA and
Verp is logic 1, which is about 532nsec. Fig. 3.16 depicts the waveforms to check the
phase shift clock generator function. Vcip=0 means the clock signal of each stage
doesn’t have phase shift. Verip=1 means the clock signals of each stage has phase shift.
The signals OT1, OT2 and OT3 are generated by clkd_1, clkd_2 and clkd_3 via some
buffers respectively. As the measurement result, the function of phase shift clock

generator is working.
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Fig. 3.15 The measurement result of power on time.
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Fig. 3.16 Waveforms of OT1, OT2 and OT3 when ljpad is 0.5mA.
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Fig. 3.17 depicts the measurement result of Vcc when ligad is 3.5mA. The

efficiency is calculated by Eq. (3.1), where Pvcc is the power of Vcc.

Efficiency = ——¥<¢ (3.1)

Pyppu+PvbpDL

When Vuip is logic low (VopL), the average voltage of Vcc is 10.753V. The
efficiency of charge pump is 64.32%. The ripple of Vcc is about 191.027mV.

When Ve is logic high (VooL), the average voltage of Vcc is 10.812V. The
efficiency of charge pump is 67.84% when licad is 3.5mA. The ripple of Vcc is about
192.54mV.

Fig. 3.18 shows the measurement result of output voltage (Vcc) versus different
loading current (lioad). Fig. 3.19 shows the measurement result of efficiency versus
different loading current (lioag). Fig. 3:20 shows the measurement result of output ripple

versus different loading current (load)-

Wee ripple=191.027mV Vee nipple=192.45mV
ERTAARA WA A Voo
Offset: 10V Offset: 10V
200mV/div 200mVidiv
It 40ns/div. ¥ 40ns/div
Vctrlp=0 Vctrip=1
Vic(avg=10.753 Vec(avg=10.812V
Efficiency=64.32% Efficiency=67.84%

Fig. 3.17 The measurement result of output voltage (Vcc) when ligad is 3.5mA
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Fig. 3.18 The measurement result of output veltage (Vcc) versus different loading
current (lioag).
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Fig. 3.19 The measurement result of efficiency versus different loading current (licad).
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Fig. 3.20 The measurement result of output ripple versus different loading current (licad).

In order to measurement input.peak current (lvppHmax)) from Vppx, we add a 52
resistance between node Vppr2 and Vppr and measure the voltage difference between
VopH2 and Vppr. Fig 3.21 shows the measurement setup. Fig. 3.22 depicts the
measurement result of input current (Ivoor) from Vppn when ligad is 1.5mA. When Vwip
is logic low (GND), the maximum input peak current (lvoprmax) is 57.7mA. When
Vewip is logic high (VppL), the maximum input peak current (lvobpH(max)) is 36.8mA.

Fig. 3.23 depicts the measurement result of input current (Ivoor) from Vppw when
licad 1S 3.5mA. When Vcuip is logic low (GND), the maximum input peak current
(IvpbpHmax) is 60.7mA. When Ve is logic high (VooL), the maximum input peak current
(IvopHmax) is 31.2mA. Fig 3.24 shows the measurement result of lvopH(max) Versus
different loading current in three different chips. In the measurement result, the
maximum input peak current can be reduced by applying phase shift clock (clkd 1,

29



clkd_2 and clkd_3) to the charge pump. Table 3.1 is the comparison of post-simulation

and measurement.

VDDH2 VDDH

50
Power \l”\/\[\,> Whole charge
supply lvDDH pump circuit [~Vee

VobL
Fig. 3.21 The measurement setup for measuring lvopH.
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Fig. 3.22 The measurement result of input current (lvopn) from Vppn when ligag is

1.5mA.
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Fig. 3.23 The measurement result of input current (lvopn) from Vppn when liad is
3.5mA.

30



65 I I | | | I |

60 |- —
55 | —
50 | —
45 | -
<EE 40 |- -
g 35| -
I
830} -
— —m—chip1 (V,=1)
25 - —@—chip1 (V,,,=0) ]
20 L —A—ch?p2 (Vmpi‘l)
—w—chip2 (Vmp—O)
15 —&—chip3 (V, =1) |
—&—chip3 (V,;, =0)
10 1 | | | | | |
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
IIoacl (mA)

Fig. 3.24 The measurement result of lvopHmax in three different chip.

Table. 3.1 Comparison of post-simulation and measurement.

Post-layout simulation (TT) Measurement
Power supply 1.8V/3.25V 1.8V/3.25V
Vool / Voou
lyppHmax @ lioag = 3.5mA 70.11mA / 46.5mA 60.74mA / 31.25mA
Vl:trlp =0/ Vc(rlp =1
0.5mA 11.098V / 66.283% 10.878V / 63.778%
1mA 11.089V / 68.578% 10.861V / 67.131%
Voo | 1.5mA 11.085V / 69.175% 10.846V / 68.246%
cc
Efficiency 2mA 11.081V / 69.161% 10.842V / 69.04%
(Verp=1)
e 2.5mA 11.076V / 68.683% 10.844V | 69.245%
3mA 11.069V / 67.703% 10.809V / 68.904%
3.5mA 11.067V / 65.688% 10.812V / 67.847%
Process TSMC 0.18um 1.8V/3.3V CMOS Process
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3.4 Application on Biomedical Stimulation Circuit

In this work, we had used charge pump circuit on cochlear stimulation circuit. Fig.
3.25 depicts the circuit block diagram of cochlear stimulation circuit. All chips had been
fabricated in TSMC 0.18-um 1.8-V/3.3V CMOS process. The charge pump is used in
implanted part to generate high voltage to provide stimulator. By measurement, the
charge pump can regulate at high voltage and the stimulator can work successfully. The
die photo of implanted part is shown as Fig. 3.26, which include A: stimulator driver,
B: DSP, C: positive charge pump circuit, D: demodulator and back telemetry, and E:
rectifier and regulator. Fig. 3.27 is the measurement result of stimulator and charge

pump in cochlear SoC.

Sub-Project 2

Power]| 5 Fomplanieil Part

" I“l-f\“‘l 9 Bexficr/ iSuIJ-Project 3 Sub-Project 1
- '.:""'"*"""'} :"""'+"""“"'""*"""':
)))) (] ' '

Demodulator/ ._i.;. Data Electrode é

External Part

Sub-Project 2 Sub-Project 3

........................................

4+ Stimulator [

Back | Decoder | i1 Array
| (( | Telemetry |1 :i

Fig. 3.25 Block diagram of cochlear SoC.
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Fig. 3.26 Die photograph with A: stimulator driver, B: DSP, C: positive charge pump
circuit, D: demodulator and back telemetry, and E: rectifier and regulator.
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Fig. 3.27 Measurement result of stimulator and charge pump in cochlear SoC.
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3.5 Summary

Design of a positive charge pump regulator for biomedical implant is investigated
and verified in this chapter. The circuit design have been fabricated in TSMC 0.18-pum
1.8-V/3.3V CMOS process. The proposed design can output 10.8V high voltage and
maximum output current 3.5mA without the issues of electrical overstress and gate-
oxide reliability. The 4-phase cross couple positive charge pump is used for reducing
the return-back leakage current. Each stage of charge pump has its own clock signal
which has phase shift different from each other. By the measurement, the clock control
scheme can reduce the maximum peak current which flow from power supply Vop.
The function of this charge pump design have been success fully verified in silicon chip,

which can successfully provide high voltage to the output load.
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Chapter 4
Design of Negative Charge Pump Regulator with

Low Input Peak Current

4.1 Design of Negative Charge Pump Regulator
4.1.1 Circuit Block Diagram of Proposed Charge Pump Regulator

The proposed negative charge pump regulator is composed of error amplifier,
bandgap reference circuit, voltage-controlled oscillator (VCO), phase shift clock
generator, level shifter, 4-phase clock generator and 4-stage negative charge pump, as
shown in Fig. 4.1. For the charge pump, when output-current become higher, the clock
frequency should be higher to keep the voltage level of output voltage. Therefore, the
proposed charge pump used the PFM feedback to.generate regulated output voltage V..
The PFM feedback consist of voltage divider, error amplifier and voltage control
oscillator (VCQO). When the control signal EN of VCO is logic high, VCO start working
and charge pump generate negative high voltage V... When the control signal EN of
VCO is logic low, VCO do not work and the output voltage V. of charge pump is zero.
The output voltage (Vi) of amplifier is adjusted by the voltage difference between Veg
and Vrer. The clock frequency of clkl is controlled by Vcri. When Vi is higher than -
10V, controlled voltage (Vi) become higher and the frequency of clkl arise until V.
= -10V. In contrast, when V. is lower than -10V, controlled voltage (V) become
lower and the frequency of clkl become slower until V. = -10V. The 4-phase clock
generator provides the charge pump with the adaptive control signal. The phase shift
clock generator can generate clkd 1, clkd 2, clkd_3 and clkd_4. When control signal

Verp 1S logic 0, the clock waveforms of clkd_1, clkd_2, clkd_3 and clkd_4 depict as
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Fig. 4.2 (a). Otherwise, when control signal Vcip is logic 1, the clock waveforms of
clkd_1, clkd 2, clkd_3 and clkd_4 depict as Fig. 4.2 (b). The same as the positive
charge pump in chapter 3, the peak current from Vppn can be reduced by the three phase
shift clock waveform. Lower peak current from Vppx may improve transient response

of the dc regulator which provide Vppn to charge pump.

negative negative negative negative
GND—] charge pump charge pump charge pump charge pump Vi
1% stage 2" stage 3" stage 4™ stage
N ™
NI I I B e I i I I Il T I st
| ¢ 23 22l S22 = 222
©o| O] ©|© o| ©o| ©o|l©© o ©o| © o| o] ofl©
Voou —| 4 Phase clock |vppy, | 4 phase clock |y, | 4 phase clock |y, . | 4 phase clock
generator generator generator generator
VEB
clkd_1 | clk d_ZT a3
= clkd_4
| VooL VooL VobL T
VDbbH—phase shift clock L /l/+
VDDL—p generator & clkd veo vetrl Voo
Vctrlp—  level shifter r _ | Vrer
EN

Fig. 4.1 Block diagram of negative.charge pump.
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clkl

()

(a)
Fig. 4.2 (a)The clock waveform of clkd 1, clkd_2; clkd_3 and clkd_4 when Veuip is

low (0). (b) The clock waveform.of-clkd 1, clkd_2, clkd_3 and clkd_4 when

Vctrlp is hlgh (l)

4.1.2 Negative Charge Pump and 4-phase Clock Generator

Fig. 4.3 shows the 4-phase cross couple negative charge pump circuit which is

modified from [17]. The 4-phase cross-couple negative charge pump can reduce the

output ripple and has no gate-oxide reliability issues. The negative charge pump

consists of NMOS switches with deep N-Well which can isolate P-well of each NMOS

from P-substrate. The bulk of each NMOS switch is connected to the source of NMOS.

In this way, the NMOS switches don’t have body effect and substrate leakage. All

NMOS are 3.3V 10 devices in 0.18-um 1.8-V/3.3-V CMOS process. Fig. 4.4 shows the

37



4-phase clock waveform (clkl, clk2, clk3 and clk4) and Fig. 4.5 shows the circuit of 4-
phase clock generator.

Here, we separate 4-phase clock to eight intervals. At the interval t, the voltage of
node 1 is GND and the voltage of node 2 is -Vpp. The voltage of node 3 is Vpp-V: and
the voltage of node 4 is -Vpp, where Vpp is the voltage swing of clock and V is the
threshold voltage of NMOS. Mb1, Mn2 and Mn3 are turned off and Mn1, Mb2 and
Mn4 are turned on. The voltage of Vo become -Vpp through Mn4.

At the interval tp, the voltage of clk4 is dropped to low (GND). The voltage of
node 3 is dropped to -V to cut off Mn1. The voltage of nodel, node 2 and node 4 are
the same as the voltage at interval t;. At the same time, Mb1, Mn2 and Mn3 keep being
turned off and Mb2 and Mn4 keep being turned on.

At the interval t3, the voltage of clk2 s dropped to low (GND). The voltage of
node 1 is dropped to —Vpp to turn-on Mb1 andto turn off Mn4, and the voltage of node
3 is dropped to —Vpp through Mb1. The voltage of node 2 and node 4 keep the same as
the voltage at interval to. At the same-time, Mnl, Mn2 and Mn3 keep being turned off
and Mb2 keeps being turned on.

At the interval ts4, the voltage of clkl is rose to high (Vbp). The voltage of node 2 is
rose to GND to turn on Mn2 and to cut off Mb2, and the voltage of node 4 is rose to -
V¢ as the voltage of node 2 was rose. The voltage of Vo become -Vpp through Mn2,
and the voltage of node 1 and node 3 are the same as the voltage at time interval t3. Mn1
and Mn2 keep being turned off and Mb1 keep being turned on to cut off Mn1.

At the interval ts, the voltage of clk3 is rose to high (Vop). The voltage of node 4 is
rose to Vpp-Vt to turn on Mn3, and the voltage of node 2 is the same as GND. The
voltage of node 1 and node 3 keep -Vpp. Mn1, Mb2 and Mn4 keep being turned off and

Mb1 and Mn2 keep being turned on.
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At the interval ts, the voltage of clk3 is dropped to low (GND). The voltage of node
4 is dropped to -V to cut off Mn3. The voltage of nodel, node 2 and node 3 are the
same as the voltage at time interval ts. Mn1, Mb2 and Mn4 keep being turned off and
Mb1 and Mn2 keep being turned on.

At the interval t7, the voltage of clkl is dropped to low (GND). The voltage of node
2 is dropped to —Vpp to cut off Mn2 and to turn on Mb1, and the voltage of node 3 is
dropped to -Vpp as well. The voltage of node 2 and node 4 are the same as the voltage
at time interval ts. Mn1, Mn3 and Mn4 keep being turned off and Mb2 keep being
turned on.

At the interval tg, the voltage of clk2 is rose to high (Vop) to turn on Mn4 and Mb1
is turned off at the same time. The voltage of node 3 is rose to -V:. The voltage of Vo
become -Vpp through Mn4, and-the voltage of node2 and node 3 are the same as the
voltage at time interval t7. Mnl, Mn2 and Mn3 keep being turned off and Mb2 keep
being turned on.

By these operations, the output voltage can be pumped to negative high voltage
without body effect. Because the NMOS switches have been cut off before the voltage
of node is changed, there is no return-back leakage current. Moreover, this negative

charge pump can operate without gate-oxide reliability issues.
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Fig. 4.3 One stage of proposed negative charge pump.

tittaty
Fig. 4.4 4-phase clock waveforms of clkl, clk2
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clk3 and clk4.

clk3
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o

clk2

clkd — >>.>.: E

Fig. 4.5 4-phase clock generator.
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Fig. 4.6 depicts the 4-stage cross-couple negative charge pump with some diodes
which is used for start-up protection. When start-up, if both clk1_2 and clk3_2 are high,
MN1 will be turned on and the voltage of node 2 will be equal to the voltage of Vo:.

If the voltage of node 4 (V4) is much higher the voltage of node 2 (V2) which is express
as Eq. (4-1), Mb2 will not be turned on all the time.
Vi —Vpp =V > Vi (4-1)

In this condition, the voltage of node 2 will be much lower and the voltage of node
4 will keep high after some clock cycles, which may cause overstress between node 2
and node 4 and damage the gate oxide of NMOS. So, we add some diode to discharge
the node voltage during start-up. Fig. 4.7 depicts the connection of deep N-well in the

charge pump circuit.

clkz_1 clk2_2 clkz_3 clkz_d4

5
y

yé o
]
rian
E‘?

ks I‘ J X- ofials EIJ Ik_:|i_ E
‘ I I_[_r_ Ib_ —J [ [ T — I Lr— — I L T ~J ] I T
11 1

clk—|: l w cllns—‘||—_2 I clki_3 I cII(—'I—_d

Fig. 4.6 4-stage cross couple negative charge pump.
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Fig. 4.7 Connection of deep N-well-in.the charge pump circuit.

4.1.3 Error Amplifier, VCO and Phase Shift Clock Generator

The error amplifier and VCO are.the same-as that are used in chapter 3. Fig. 4.8
shows the circuit diagram of phase shift clock generator, which consists of frequency
divider, double edge trigger D flip-flop (DETFF), level shifter and some transmission
gates. The frequency divider can divide frequency of clk by 4 and output clock to
DETDFF. The transmission gates are used to control if the phase of clkd 1, clkd_2,
clkd_3 and clkd_4 has phase shift different from each other. The level shifter can
transfer 1.8V clock signal to 3.3V clock signal. When control signal Vi is logic O, the
output clock signals (clkd_1, clkd_2, clkd_3 and clkd_4) are the same phase like Fig.

4.2 (a). When control signal Veip is logic 1, the output clock signals (clkd_1, clkd_2,

clkd_3 and clkd_4) have phase shift like Fig. 4.2 (b).
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Fig. 4.8 Circuit of phase shift clock generator.

4.2 Simulation Results

This work have been simulated in HSPICE with TSMC 0.18-um 1.8-V/3.3-V
CMOS process. Fig. 4.9 (a) depicts the simulation result of charge pump when Vctip=0
and li0ags=3.5mA. The clock signals (clk_1; clk_2, clkl 3, and clkl_4) charge pump
don’t have phase shift. The pumping frequency.is 53MHz. The input peak current
(IvopH(max) is 101.83mA and the average output voltage (Vcc) is about -10.253V. The
efficiency of charge pump is 53.31%.

Fig. 4.9 (b) depicts the simulation result of charge pump when Vcwp=1 and
lbad=3.5mA. The clock signals (clk_1, clk_2, clkl_3, and clk1_4) charge pump have
phase shift. The pumping frequency is 41.9MHz. The input peak current (lvopHmax)) iS
46mA and the average output voltage (Vcc) is about -10.263V. The efficiency of charge
pump is 54.15%. As the simulation result, we can reduce the input peak current with

phase shift clock control.
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4.3 Measurement Results

This work have been simulated by HSPICE and have been fabricated in TSMC
0.18-pum 1.8-V/3.3-V CMOS process. The charge pump aims to output voltage about -
10V and maximum current 3.5mA. The pumping capacitors of charge pump are 50pF
and the output capacitor is 100pF. All capacitors of the negative charge pump are fully
on-chip. Fig. 4.10 depicts the die photo of test chip, which includes the 4-stage charge

pump and 4-phase clock generator (A), output capacitor of charge pump (B), and VCO,

error amplifier and phase shift clock generator (C). The test chip area is 2.45 x 1.48mm?.

Fig. 4.10 Die photograph with A: 4-stage charge pump and 4-phase clock generator, B:
output capacitor of charge pump, and C: VCO, error amplifier and phase shift
clock generator.

Fig. 4.11 depicts the measurement setup of test chip. The same as the measurement
setup of the positive charge pump, Agilent B2902A is used to provide voltage 1.8V

VoL and 3.25V VppHw, Which is also used to measurement power consumption of the
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charge pump. Tektronix MSO 5104 is used to observe the waveforms of the charge

pump.

Power supply Voo.=1.8V
Agilent B2902A Voor=3.25V

Mixed Signal Oscilloscope
Tektronix MSO 5104

Fig. 4.11 Measurement setup of test chip.

Fig. 4.12 depicts the measurement result of power-on time at lioad is 3.5mA and
Verip i logic 1, which is about 962nsec. Fig. 4.13 depicts the waveforms to check the
phase shift clock generator function. Vcwp =0 means the clock signal of each stage
doesn’t have phase shift. Vcwrip =1 means the clock signals of each stage has phase
shift. The signals OT1, OT2, OT3 and OT4 are generated by clkd_1, clkd_2, clkd_3
and clkd_4 via some buffers respectively. As the measurement result, the function of

phase shift clock generator is working.
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Fig. 4.13 Measurement of phase shift clock generator.

Fig. 4.14 depicts the measurement result of V. when liag Is 3.5mA. The efficiency

is calculated by Eq. (4.2), where Py is the power of V.

Efficiency = —— ¥t (4.2)

vbbH+PvDDL

When Vcip is logic low (GND), the average voltage of Vi is -9.745V, the ripple
of VL is 141.87mV, and the efficiency is 50.64%. When Veup is logic high (VopL), the
average voltage of V. is -10.272V, the ripple of V. is 141.87mV, and the efficiency

is 46.82%. Fig. 4.15 show the measurement result of output voltage (VL) versus
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different loading current (licad). Fig. 4.16 show the measurement result of efficiency
versus different loading current (licad). Fig. 4.17 show the measurement result of output

ripple versus different loading current (licad).

>
V,, ripple=212.314mV Vi ripple=1f171ri87mV”
T » | | Vi
7 / i 7 Wl b T e o T e e - O U
& Offset: -10V Offset: -10V
100mV/div 100mV/div
20ns/div 20ns/div
Vctrlp=0 Vctrlp=1
ViLiavg=-9.745V Vi Liavg=-10.272V
Efficiency=50.64% Efficiency=46.82%
Fig. 4.14 Measurement of VL when Tiaq is 3.5mA.
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Fig. 4.15 Measurement of output voltage (VL) versus different loading current (lioad).
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In order to measurement input peak current (lvppHmax)) from Vppx, we add a 52
resistance between node Vppr2 and Vppr and measure the voltage difference between
VopH2 and Vpphu. Fig 4.18 shows the measurement setup. Fig. 4.19 depicts the
measurement result of input current (lvoor) from Voon when lioad is 1.5mA. When Verip
is logic low (GND), the maximum input peak current (lvpbbHmax) IS 59.25mA. When
Vewrlp is logic high (VopL), the maximum input peak current (lvopr(max) is 29.3mA.

Fig. 4.20 depicts the measurement result of input current (lvopn) from Vopn when
licad 1S 3.2MA. When Vcup is logic low (GND), the maximum input peak current
(IvopH(max) 1S 44.28mA. When Ve is logic high (VopL), the maximum input peak
current (lvoprmax) is 39.23mA. Fig. 4.21 shows the measurement result of lvppH(max)
versus different loading current in three. different chip. In the measurement result, the
maximum input peak current can be reduce by applying phase shift clock (clkd 1,
clkd_2, clkd_3 and clkd_4) to the charge pump. Table 4.1 is the comparison of post-

simulation and measurement.

VbpH2 VboH
L s |
Power —=VW—5—|Whole charge

supply lvooH pump circuit Vi
VDDL

Fig. 4.18 The measurement setup for measuring lvopH.
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51



Table. 4.1 Comparison of post-simulation and measurement.

Post-layout simulation (TT) Measurement
Power supply 1.8V /3.25V 1.8V 13.25V
VDDL I VDDH
T 101.83mA / 46maA (I,.,,=3.5mA) 44.28mA | 30.23mA (I,,,,=3.2mA)
Verp =0/ Vegp =1
0.5mA 1031V | 57.208% 10.363V 1 50.27%
1mA -10.297V / 59.45% -10.348V / 53.9%
v 1.5mA -10.293V / 60.06% -10.341V | 55.54%
cC
Efficiency 2mA -10.283V / 60.05% -10.33V / 55.27%
Verip=1)
e 2.5mA -10.278V / 59.56% -10.31V / 53.39%
3mA -10.272V / 58.68% -10.287V 1 50.75%
3.5mA -10.263V / 57.15% 10.272V | 46.82%
Process TSMC 0.18um 1.8V/3.3V CMOS Process

Fig. 4.22 depicts the transient response of a regulator. Theoretically, the lower peak
loading current, the better transient response the regulator has. In this work, in order to
observe the influence of lower peak current, we use a commercial dc-dc converter
LM317 instead of power supply to supply 3.25V. (Vppr). The measurement setup is
shown as Fig. 4.23. We use LM317 to generate Vpor (3.25V) instead of using power
supply. Fig. 4.24 depicts the measurement environment. Fig. 4.25 depicts the circuit
diagram of LM317. The charge pump and LM317 are on the same PCB broad, and we

probe the output voltage (Vppn) of LM317 to observe the waveform.

A
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undershoot

Iload{max)
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Fig. 4.22 Transient response of regulator.

52



va17] L
__I‘;DE’;*. Whole char
ge |
5VT pump circuit Vu
Power
supply Voo

Fig. 4.23 The measurement setup to observe the influence of lower peak current.

Fig. 4.24 The measurement environment to observe output voltage of LM317.
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Fig. 4.25 The circuit diagram of LM317.
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Fig. 4.26 depicts the waveform of Vppn which is generated by LM317 when
charge pump is turned off. The average voltage is 3.246V. Fig. 4.27 depicts the
waveforms of Vppn in different control voltage. When Veip is logic low (GND), the
overshoot voltage of Vppn is 3.337V and the undershoot voltage of Vpph is 3.151V.
When Vup is logic high (VpoL), the overshoot voltage of Vppn is 3.271V and the
undershoot voltage of VppH is 3.222V. By the measurement result, we can observe that

the lower input current of Vppn can enhance the transient response of LM317.
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Fig. 4.26 The waveform of Vpopn when charge pump is turned off.
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Fig. 4.27 The waveform of Vppw in different control voltage (Vetrip).
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Moreover, we measure the leakage current of MIM capacitor in TSMC 0.18um
1.8-V/3.3-V CMOS process by Agilent B1505A. Fig.4.28 depicts the measurement
result. The capacitor is 25pF and the effective area is 22500um?. When the voltage
difference across MIM capacitor reach about 31V, the leakage current is 1nA. In this
work, the maximum voltage difference across MIM capacitor is about 10V~12V, and
the leakage current is about 100pA. By this measurement, the MIM capacitor would

not breakdown during circuit operation of charge pumps.
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Fig. 4.28 The measurement result of MIM capacitor.
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4.4 Summary

Design of a negative charge pump regulator for biomedical implant is investigated
and verified in this chapter. The circuit design have been fabricated in TSMC 0.18-pum
1.8-V/3.3V CMOS process. The proposed design can output about -10.3V high voltage
and maximum output current 3.5mA without the issues of electrical overstress and gate-
oxide reliability. The 4-phase cross-couple negative charge pump is used. Each stage of
charge pump has its own clock signal which has phase shift different from each other.
By the measurement, the clock control scheme can reduce the maximum peak current
which flow from power supply VopH, and we also used a dc-dc converter LM317 to

test this function.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions
5.1.1 Positive Charge Pump

The positive charge pump can generate high voltage which is about 10.8V, and
can output 3.5mA maximum loading current without gate-oxide reliability issues. By
the phase shift clock control scheme, this circuit can reduce the maximum peak input
current. This circuit is fabricated in TSMC 0.18um 1.8-V/3.3-V CMOS process and die
area is 1.87 x 1.48mm? All charge pump circuit are realized fully on chip. The charge
pump also had been fabricated in SoC. for cochlear stimulation and could generate high

voltage to stimulus driver.

5.1.2 Negative Cross-Couple Charge Pump

A negative cross-couple charge pump has been proposed and fabricated in TSMC
0.18um 1.8-V/3.3-V CMOS process. All circuit are realize fully on chip, and die area
is 2.45 x 1.48mm?. The proposed design can generate negative high which is about -
10.3V, and can output 3.5mA maximum loading current. This circuit can operate
without gate-oxide reliability issues and return-back leakage current. We also used
LM317 to observe the effect of peak loading current, and the transient response can be
enhance by the lower peak loading current. Moreover, we measure the leakage of MIM
capacitor to check the reliability of this charge pump circuit.

5.2 Future Works
5.2.1 Charge Sharing

Some methods to enhance the efficiency of charge had been proposed, such as
charge sharing concept [18]~[21]. By recycling wasted charges in clock buffers of
charge pump, the power consumption of charge pump can be reduce. Fig. 5.1 depicts

the charge sharing concept. In Fig 5.1 (a), the charges on parasitic capacitance Cpgg are
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dumped to ground and wasted. In charge sharing clock scheme, there is an intermediate
voltage level before clock buffer outputs, some charges on Cpgg can be stored on Cpga
before the charges on Cpgg are dumped as shown in Fig. 5.1 (b). Then, the voltage on
Crealis charged to Vpp and the voltage on Cesg is discharged to GND as shown in Fig.
5.1 (c). By this method, the voltage swing of the buffer output which is charge by the

current from the power supply become half, and can reduce the loss of charge pump.
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Fig. 5.1 The charge sharing concept [20].

5.2.2 Negative Charge Pump

Fig. 5.2 depicts the circuit of negative charge pump. As the circuit operation in
charter 4, the maximum voltage of node 3 and node 4 are Vppx-Vt, Where the voltage
drop (V) is cause by Mbl and Mb2. When Mnl1 or Mn3 is tuned on, the Vgs of the
MOS switch is Vppr-2Vt. This would cause more conduction loss on MOS switches

and degrade the efficiency of charge pump. This problem need to be solve in the future.
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Fig. 5.2 The circuit of negative charge pump.
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