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SUMMARY In this paper, a novel switched-capacitor DC-DC con-
verter with pulse density and width modulation (PDWM) is proposed with
reduced output ripple at variable output voltages. While performing pulse
density modulation (PDM), the proposed PDWM modulates the pulse
width at the same time to reduce the output ripple with high power effi-
ciency. The prototype chip was implemented using 65 nm CMOS process.
The switched-capacitor DC-DC converter has 0.2-V to 0.47-V output volt-
age and delivers 0.25-mA to 10-mA output current from a 1-V input sup-
ply with a peak efficiency of 87%. Compared with the conventional PDM
scheme, the proposed switched-capacitor DC-DC converter with PDWM
reduces the output ripple by 57% in the low output voltage region with the
efficiency penalty of 2%.

key words: DC-DC converter, low ripple, low voltage, pulse density mod-
ulation, pulse width modulation, switched-capacitor

1. Introduction

For emerging ultra-low power SoCs which utilize near-
threshold or sub-threshold supply voltages and draw less
than 10 mA of current [1], [2], a switched-capacitor (SC)
DC-DC converter is a viable choice for its tunable out-
put voltage and the probability of on-chip full integration
[3]. However, the previously reported SC DC-DC convert-
ers [3]-[8] often overlook the effect of output ripple on the
sub-threshold digital circuits.

With the trend of the power supply voltage (Vpp) scal-
ing, power supply ripple is extremely detrimental to their
digital building blocks. This is because the delay of logic
circuits is influenced by Vpp in an exponential way in the
sub-threshold region. The net result is that a very small
amount of injected ripple can cause a very large delay uncer-
tainty. Figure 1 clearly shows such impact of power supply
ripples (VRipple) ON the frequency of an FO4-per-stage ring
oscillator. The central frequency fcener is Obtained at Vpp =
200 mV. The upper and lower bounds of the frequency, i.e.,
fmax and fiiy, are obtained at Vpp = 200mV + Vgjpple/2 and
Vpp =200mV — Vgippie/2, respectively. Note that in Fig. 1,
fmax and fi, are normalized to feper. AS seen, an 80 mV
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Fig.1 Normalized ring oscillator frequency at different power supply
ripples and the target of this work.

ripple can result in a more than 200% delay uncertainty.

In the super-threshold region, the ripple of the DC-
DC converter and ground-bounce noise (also referred to as
Ldi/dt noise) are two major sources of power supply noise
at digital blocks. As Vpp scales to the sub-threshold region,
the transient current of digital blocks also scales rapidly, in
this way mitigating the ground-bounce noise. However, the
problem of the ripple of the DC-DC converter remains and
it even goes severer with the decreasing output voltage.

Motivated by the above concerns, it is of great impor-
tance to look for solutions which can reduce the output rip-
ple of switched-capacitor DC-DC converter which supplies
variable output voltages to the sub-threshold digital circuits.
Interleaving techniques can also be employed for lower rip-
ples [9], however, this method comes with the cost of in-
creased component count and complicated timing control.
Therefore, exploring a more effective control scheme [10]
to reduce output ripple of switched-capacitor DC-DC con-
verter with the variable output voltages for sub-threshold
digital circuits is the focus of this paper.

2. Proposed PDWM Control Scheme of SC DC-DC
Converter

Conventional SC DC-DC converters employ pulse density
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Fig.2  Schematic of conventional SC DC-DC converter with only PDM.

modulation (PDM) for feedback control [2]-[4], as shown
in Fig. 2. The core of the system is a switch matrix which in-
cludes the charge-transfer capacitors and the charge-transfer
switches. In this paper, the switching topology of half Viy
generator is employed. A PDM based control scheme is
used to regulate the output voltage to the desired value with
a suitable clock density. The PDM works as follows: a com-
parator clocked by the clock (CK) is used to compare Voyr
and Vrgr. When the output voltage Vouyr is above Vggr,
the output of comparator, CKpye is set to 0, which means
switching signals ¢cx and ¢cgp are paused. When Voyr
falls below Vgrgr, the comparator triggers a pulse on CKpyige,
which will be transported to ¢cx and ¢cgp, thus charges up
the output load capacitor (Coyr). The non-overlap clock
generator is used to eliminate any overlap between ¢¢cx and
¢ckp, thus prevent the power loss while switching. The
clock buffers are employed to provide drive ability to the
power switches in the switch matrix.

With the above PDM control scheme, pulse densities
of ¢ck and ¢ckp are effectively adjusted. The switches are
switched less frequently as Iyt decreases, thereby reducing
the switching losses and the power consumed by control cir-
cuit. With the PDM control scheme, this converter is able to
achieve a high power efficiency with a wide output current
range.

Howeyver, the conventional PDM architecture suffers
from the problem of large ripple at low output voltage re-
gion. Combining the switch matrix shown in Fig.2 with a
linear regulator may solve the problem of large ripple. How-
ever, the additional power MOSFET and opamp required for
the linear regulator will consume large chip area, which is
uneconomic in advanced technologies.

A novel scheme which employs both PDM and pulse
width modulation (PWM) in the feed back control block is
proposed to cope with this kind of problem. In the proposed
scheme [10] shown in Fig. 3, a pulse width control block and
a look up table (LUT) are introduced to perform pulse width
modulation. Only one of the switches connected to Vyy is
necessary to be controlled by a modulated pulse signal ¢py,
because by controlling the pulse width of this switch, the
power transferred from Vi to the capacitors at every circle
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Fig.3  Schematic of proposed SC DC-DC converter with PDWM.
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Fig.4  Waveforms of conventional and proposed method. (a) conven-
tional PDM with high Vour, (b) proposed PDWM with high Vour, (¢)
conventional PDM with low Vour, (d) proposed PDWM with low Vour.

can be precisely controlled. While applying the proposed
PDWM to other switch matrix, any switches connected to
Vin should be selected for ¢py, in order to modulate the
power transferred from Viy. The pulse width of ¢py is con-
trolled by the pulse width control block. A 4-bit control
signal is read from a LUT to determine the pulse width for
¢pw, according to different Ioyt and Vour.

The function of proposed PDWM is analyzed in Fig. 4.
Figures 4(a) and (b) show the waveform of conventional
method with different Vggp’s, and Figs. 4(c) and (d) show
proposed method. By comparing Figs. 4(a) and (b), it is ob-
served that lower Vggp causes bigger ripple, because Vouyr
is charged to a Vn/2 at every pulse of CKpyiee, because ex-
cessive power is transferred by the switch matrix. This im-
plies that the ripple problem goes severer with the decreas-
ing Vger. On the other hand, as shown Figs. 4(c) and (d),
proposed PDWM has a much lower ripple due to the PWM
control. Because variable pulse width can be applied to
drive ¢py, according to different Vgrgg’s, shown in Fig. 3,
the power transferred from Vyy is thereby under control.
Therefore, Vour is now charged to a lower value than in
the conventional scheme shown in Figs. 4(a) and (b). Thus
a significant reduction of output ripple is obtained.

Figure 5 shows the pulse width control circuit of the
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proposed DC-DC converter. A delay generator is employed
for controllable timing delay with a 4-bit digital input signal.
The input clock signal (IN) is delayed by the delay genera-
tor and then reversed by inverters. Then the reversed signal
and original signal are connected to a nand gate. In this way
the output signal (OUT) with controlled pulse width is ob-
tained. Post-layout simulation results show that the pulse
width control circuit generates an output with pulse width
from 2.7ns to 32.8 ns, with 2.1-ns step. Good linearity is
observed, as shown in Fig. 6.

3. Measurement Results and Discussion

The proposed SC DC-DC converter is fabricated with 65 nm
CMOS process, except for the LUT as shown in Fig.3.
Capacitors C;, Cp, and Coyr shown in Fig.3 are imple-
mented using off-chip ceramic capacitors with values of
4.70F, 4.7nF, and 47 nF, respectively. Figure 7 shows the
chip micro-photograph and the layout. Multiple bonding
wires are applied for power lines for less parasitic resistance.
The active area of the DC-DC converter is 0.074 mm?.

Figure 8 shows the measured dependence of the power
efficiency on the output current at 0.47-V output voltage.
The DC-DC converter delivers 0.25mA to 10mA output
current from a 1V input supply, with an efficiency higher
than 82%, and a peak value of 87%.

Figure 9 shows the measured transient waveform of
Vour of both conventional and proposed DC-DC convert-
ers with 0.2-V output voltage and 1-mA output current. The
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V) =1.0V.

: ._1_80mv |

Vioy=0.2V { 100mv
Pulse width=33.33ns N "
2us
[2.00us S00MS/s T |
@ 100mv_ & JlE+¥52.0000ns 10k points 28 may 2010)

W
k4

(a) Conventional (PDM)

U

_l_34mV '

V) =1.0V

s

-

[ Vour=0.2V . ‘I 100mV
Pulsg width=2.73ns “ous .
J2.00ps S00MS/S n.

100my &

Jli++52.0000ns 10k points

Ti 1
)28 may 2010)

(b) Proposed (PDWM)

Fig.9 Measured transient waveform of Voyt of conventional DC-DC
converter and proposed DC-DC converter.



956
100
Vi =1.0V, lg,;=1mA, f=15MHz VOUT=
80 - ——0.2V
; 57% reduction ——0.25V
3 60 --0.3V
%_ -e—0.35V
o Ay w % 0.45V
20 T ~_  Conv. PDM
v (50% duty cycle
Proposed PDWM of 15MHz clock)
0 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

Pulse width of ¢py (ns)

Fig.10  Measured ripple vs. pulse width with various Vour.

pulse width of conventional DC-DC converter is 33.33 ns, as
clock frequency is 15 MHz. While in the proposed DC-DC
converter, the pulse width is chosen to be 2.73 ns with the
same clock frequency. As analyzed in Fig. 4, in the conven-
tional DC-DC converter, Voyr is charged much higher than
the object voltage: 0.2V, because excessive power is trans-
ferred by the switch matrix at every clock cycle. Therefore,
an output ripple of 80 mV is observed, as shown in Fig. 9(a).
In the proposed DC-DC converter, the power transferred
from Vin by the switch matrix is under control, because
pulse width is controlled by the proposed PDWM. There-
fore, Vour is now charged to a lower value than in the con-
ventional scheme. Thus a low output ripple of 34mV is
obtained, as shown in Fig. 9(b).

Figure 10 shows the measured output ripple with dif-
ferent pulse width and different Vour. Vour is controlled
by changing Vggr. The conventional PDM with a 15 MHz
clock (equals to 33.3 ns pulse width) is shown in the right of
the graph. As seen, compared with the conventional PDM,
the proposed PDWM greatly suppresses the output ripple,
especially with low output voltages, because the pulse width
of PDM is too wide for transferring required power from the
switch matrix to the output. A maximum reduction of 57%
on output ripple is obtained. When Vv changes, for exam-
ple, to 1.2V or 0.8 V, same tendency of ripple with different
pulse width will be observed. The conventional PDM will
have the biggest ripple and the ripple will decrease with the
decreasing pulse width.

Figure 11 shows the measured efficiency with differ-
ent pulse width. As seen, for each output voltage, the ef-
ficiency degrades a little with narrower pulse width. The
reason is when narrow pulse width is applied, little power
is transferred by the switch matrix at each clock cycle, then
the pulse density will increase for transferring the required
power, in this case more power is consumed by the clock
driver and the switch matrix, therefore the power efficiency
decreases. On the other hand, the efficiency degrades greatly
with lower output voltage. That is due to the series resis-
tance of output switches, which can be alleviated by sizing
the output switches at different output voltage.
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Fig.11  Measured efficiency vs. pulse width with various Vour.

When Viy changes, for example, to 1.2V or 0.8V,
same tendency of efficiency with different pulse width will
be observed. When pulse width is decreasing, efficiency
decreases gradually. The conventional PDM will have the
highest efficiency because no PWM is performed.

By combining Fig. 10 and Fig. 11, the dependence of
output ripple on power efficiency with different output cur-
rent is shown in Fig.12. As observed, the ripple is re-
duced by narrowing the pulse width, at the cost of slightly
degraded power efficiency. That is because narrowing the
pulse width also increases the pulse density, as discussed
above, thus increases the power consumption. Therefore, a
group of practical optimum choice on pulse width for differ-
ent Ioyt and Voyr was defined by allowing a 2% degrada-
tion on power efficiency, as shown in Fig. 12.

The measured optimum pulse width for different Iouyt
and Voyr is shown in Fig. 13. The center of each rectangle
represents a measured point. As observed, 6 different opti-
mum pulse widths are selected for different Iyt and Voyr.
The optimum pulse width tends to increase with increasing
Iout and Voyur, because there is a larger need of power to
be transferred by the switch matrix, thus there is a demand
for wider pulse on the switch. The selected pulse width
information is then stored in the LUT. Therefore, users of
the proposed SC DC-DC converter can choose the optimum
pulse width based on Fig. 13 for the required Ioyt and Voyr.
For example, with the required Ipyr of 5.5mA and Voyr
of 0.41V, a pulse width of 9.2ns is the optimum solution.
For the required Ipyt and Voyr which lie on the crossings
of the squares shown in Fig. 13, any value of neighbored
square could be applied for the optimum solution. In this
way, the SC DC-DC converter will be configured to the op-
timum pulse width for the optimum output ripple and power
efficiency.

Further measurement would be carried out to expand
the contour shown in Fig. 13. For example, in the current
contour, the optimum pulse width does not change when
Iour is larger than 1.5 mA. If more measurement as shown in
Fig. 12 would be carried out for Ioyr larger than 10 mA, the
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Table1  Performance summary of the proposed PDWM SC DC-DC
converter.
Process 1.2V 65-nm CMOS
Active area 0.074 mm?
Clock frequency 15MHz
Input voltage 1.0V
Output voltage 0.2~0.48V
Output current 0.25~10mA
Max efficiency 87%
Min output ripple 23mV

range of Y-axis of Fig. 13 will be extend and dependence of
optimum pulse width on Ioyt will be observed. In addition,
if more measurement as shown in Fig. 12 would be carried
out for more different Vour’s, the resolution of X-axis of
Fig. 13 will increase.

In the future, the current sensor [11] and the LUT
would be integrated with the proposed PDWM DC-DC con-
verter, and then the optimum pulse width will be automat-
ically selected according to different Ioyr and Voyr. The
switch matrix shown in Fig. 3 would be improved to include
other topologies like 1/3, 2/3, etc., to further improve the
power efficiency of the proposed PDWM DC-DC converter
at different output voltage.

Figure 14 shows the measured output ripple of conven-
tional and proposed PDWM DC-DC converters with regard-
ing to Ipyr and Voyr. Significant reduction of the output
ripple is observed in the whole range of Ipyr and Vour.
Moreover, the output ripple is more effectively reduced in
low output voltage region (to a peak of 57%). Recall that
ripple has a larger impact on digital circuits at a lower volt-
age, the proposed DC-DC converter provides a promising
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solution for sub-threshold digital circuits. The performance
the proposed PDWM SC DC-DC converter is summarized
in Table 1.

4. Conclusion

A switched-capacitor (SC) DC-DC converter with novel
PDWM control scheme for high power efficiency and low
output ripple is proposed. Compared with the conventional
PDM, significant reduction of the output ripple is achieved
by the proposed SC DC-DC converter with PDWM in the
whole range of Ipyt and Voyr. A maximum reduction of
57% on the output ripple is observed with 0.2-V output
voltage. The proposed converter is fabricated using 65 nm
CMOS process with an active area of 0.074 mm?. A control
scheme using both PDM and PWM is introduced to enable
a high efficiency with wide output current range, and mean-
while suppress the output ripple with low output voltage.
The proposed SC DC-DC converter works on a 1-V input
supply, and generates 0.2-V to 0.47-V output voltage. It
achieves an efficiency above 82% in output current range of
0.25-mA to 10-mA, with a peak value of 87%. With the low
ripple, high efficiency and low output voltage, the proposed
PDWM SC DC-DC converter shows a promising solution
for sub-threshold digital circuits.

Acknowledgments

This work was carried out as a part of the Extremely Low
Power (ELP) project supported by the Ministry of Economy,
Trade and Industry (METI) and the New Energy and Indus-
trial Technology Development Organization (NEDO).

References

[1] Y.K. Ramadass and A.P. Chandrakasan, “Minimum energy tracking
loop with embedded DC-DC converter enabling ultra-low-voltage
operation down to 250 mV in 65nm CMOS,” IEEE J. Solid-State
Circuits, vol.43, no.1, pp.256-265, Jan. 2008.

[2] J. Kwong, Y.K. Ramadass, N. Verma, and A.P. Chandrakasan, “A
65 nm Sub-Vt microcontroller with integrated SRAM and switched
capacitor DC-DC converter,” IEEE J. Solid-State Circuits, vol.44,
no.l1, pp.115-126, Jan. 2009.

[3] Y. Ramadass, A. Fayed, B. Haroun, and A. Chandrakasan, “A
0.16 mm? completely on-chip switched-capacitor DC-DC converter
using digital capacitance modulation for LDO replacement in
45.nm CMOS,” IEEE International Solid-State Circuits Conference
(ISSCC), pp.208-209, Feb. 2010.

[4] C.Tseng, S. Chen, T.K. Shia, and P. Huang, “An integrated 1.2 V-to-
6V CMOS charge-pump for electret earphone,” IEEE Symposium
on VLSI Circuits, pp.102-103, June 2007.

[5] D. Ma and F. Luo, “Robust multiple-phase switched-capacitor DC—
DC power converter with digital interleaving regulation scheme,”
IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol.16, no.6,
pp.611-619, June 2008.

[6] L. Su, D. Ma, and A.P. Brokaw, “A monolithic step-down SC
power converter with frequency-programmable subthreshold z-
domain DPWM control for ultra-low power microsystems,” Euro-
pean Solid-State Circuits Conference (ESSCIRC), pp.58-61, Sept.
2008.

[7] H.Le, M. Seeman, S. Sanders, V. Sathe, S. Naffziger, and E. Alon,

IEICE TRANS. ELECTRON., VOL.E94-C, NO.6 JUNE 2011

“A 32nm fully integrated reconfigurable switched- capacitor DC-
DC converter delivering 0.55 W/mm? at 81% efficiency,” IEEE In-
ternational Solid-State Circuits Conference (ISSCC), pp.210-211,
Feb. 2010.

[8] L. Chang, R. Montoye, B. Ji, A. Weger, K. Stawiasz, and R.
Dennard, “A fully-integrated switched-capacitor 2:1 voltage con-
verter with regulation capability and 90% efficiency at 2.3 A/mm?2,”
IEEE Symposium on VLSI Circuits, pp.55-56, June 2010.

[9] D.J. Perreault and J.G. Kassakian, “Distributed interleaving of par-
alleled power converters,” IEEE Trans. Circuit Syst., vol.44, no.8,
pp.728-734, Aug. 1997.

[10] X. Zhang, Y. Pu, K. Ishida, Y. Ryu, Y. Okuma, P. Chen, K.
Watanabe, T. Sakurai, and M. Takamiya, “A 1-V Input, 0.2-V to
0.47-V output switched-capacitor DC-DC converter with pulse den-
sity and width modulation (PDWM) for 57% ripple reduction,” IEEE
Asian Solid-State Circuits Conference (A-SSCC), pp.61-64, Nov.
2010.

[11] M. Du and H. Lee, “A 5-MHz 91% peak-power-efficiency buck reg-
ulator with auto-selectable peak- and valley-current control,” IEEE
Custom Integrated Circuits Conference (CICC), pp.311-314, Sept.
2010.

Xin Zhang received the B.S. degree in elec-
tronics engineering from Xi’an Jiaotong Univer-
sity, Xi’an, China in 2003, the Ph.D. degree in
microelectronics from Peking University, Bei-
jing, China in 2008. Since 2008, he has been a
project researcher with the Institute of Industrial
Science, the University of Tokyo, Japan. His
current research interests include low-voltage
low-power analog circuit and power supply cir-
cuit.

Yu Pu received the BS degree (cum laude)
in Electrical Engineering from Zhejiang Univer-
sity, Hangzhou, China, in 2004. In 2009, he
obtained Ph.D. degree in Electrical Engineering
from the Eindhoven University of Technology,
the Netherlands, in association with the National
University of Singapore. From November 2006
to February 2009, he was with the Mixed-Signal
Circuit and System Group in NXP Research
Eindhoven. From March 2009 to September
2009 he was a research scientist in the Ultra
Low-Power DSP Processor Group of the IMEC, the Netherlands. He is
now with the Sakurai Lab, University of Tokyo, Japan. His research inter-
ests focus on ultra low energy digital circuit design and EDA methodolo-
gies.



ZHANG et al.: A VARIABLE OUTPUT VOLTAGE SWITCHED-CAPACITOR DC-DC CONVERTER

Koichi Ishida received the B.S. degree
in electronics engineering from the University
of Electro-Communications, Tokyo, Japan, in
1998, and received the M.S. and Ph.D. degrees
in electronics engineering from the University
of Tokyo, Tokyo, Japan, in 2002 and 2005, re-
spectively. He joined Nippon Avionics Co., Ltd.
Yokohama, Japan in 1989, where he developed
high-reliability hybrid microcircuits applied to
aerospace programs. Since July 2007, he has
been working at Institute of Industrial Science,
the University of Tokyo as a research associate. His research inter-
ests include low-voltage low-power CMOS analog circuits, RF wireless-
communication circuits, and on-chip power supplies. He is a member of
IEEE.

Yoshikatsu Ryu graduated from Kobe City
College of Technology in 1992. In 1992, he
joined SHARP Corporation, Nara, Japan. From
1992 to 2001 he was involved in the develop-
ment of semiconductor processing technology,
and from 2001 to 2009 he was engaged in the
circuit design of analog LSIs. Currently, he
is visiting researcher at Extremely Low Power
LSI Laboratory, Institute of Industrial Science,
the University of Tokyo from 2009. His cur-
rent interests are low-voltage low-power CMOS

. o

=
d:-h

charge pump circuits.

Yasuyuki Okuma received the B.S. and
M.S. degrees in electrical engineering from To-
kyo University of Science, Japan in 1997 and
1999, respectively. In 1999, he joined Cen-
tral Research Laboratory, Hitachi, Ltd., Japan,
where he has engaged in the research and devel-
opment of low power analog circuit techniques
for HDD driver and RF-IC. From 2003 through
2006, he was a visiting researcher at YRP Ubiq-
uitous Networking Laboratory, doing research
in the field of low-power circuits and systems
for ubiquitous computing. Currently, he is visiting researcher at Extremely
Low Power LSI Laboratory, Institute of Industrial Science, the University
of Tokyo from 2009. He is interested in power supply circuits for extremely
low power LSI circuits and systems.

Po-Hung Chen received the B.S. degree
in electrical engineering from National Sun Yat-
sen University, Kaohsiung, Taiwan, R.O.C., in
2005 and the M.S. degrees in electronics en-
gineering from National Chiao Tung Univer-
sity, Hsinchu, Taiwan, R.O.C., in 2007. He is
currently working toward the Ph.D. degree in
electronic engineering at the University of To-
kyo, Tokyo, Japan. His current research in-
terests focus on millimeter-wave circuits, low-
voltage low-power CMOS analog circuits and
low-voltage CMOS DC/DC converters.

959

Takayasu Sakurai received the Ph.D. de-
gree in EE from the University of Tokyo in 1981.
In 1981 he joined Toshiba Corporation, where
he designed CMOS DRAM, SRAM, RISC pro-
cessors, DSPs, and SoC Solutions. He has
worked extensively on interconnect delay and
capacitance modeling known as Sakurai model
and alpha power-law MOS model. From 1988
through 1990, he was a visiting researcher at
the University of California Berkeley, where he
conducted research in the field of VLSI CAD.
From 1996, he has been a professor at the University of Tokyo, working
on low-power high-speed VLSI, memory design, interconnects, ubiquitous
electronics, organic IC’s and large-area electronics. He has published more
than 400 technical publications including 100 invited presentations and sev-
eral books and filed more than 200 patents. He will be an executive com-
mittee chair for VLSI Symposia and a steering committee chair for IEEE
A-SSCC from 2010. He served as a conference chair for the Symp. on
VLSI Circuits, and ICICDT, a vice chair for ASPDAC, a TPC chair for the
A-SSCC, and VLSI symp., an executive committee member for ISLPED
and a program committee member for ISSCC, CICC, A-SSCC, DAC, ES-
SCIRC, ICCAD, ISLPED, and other international conferences. He is a
recipient of 2010 IEEE Donald O. Pederson Award in Solid-State Circuits,
2010 IEEE Paul Rappaport award, 2010 IEICE Electronics Society award,
2009 achievement award of IEICE, 2005 IEEE ICICDT award, 2004 IEEE
Takuo Sugano award and 2005 P&I patent of the year award and four prod-
uct awards. He gave keynote speech at more than 50 conferences including
ISSCC, ESSCIRC and ISLPED. He was an elected AdCom member for
the IEEE Solid-State Circuits Society and an IEEE CAS and SSCS distin-
guished lecturer. He is a STARC Fellow and IEEE Fellow.

Makoto Takamiya received the B.S., M.S.,
and Ph.D. degrees in electronic engineering
from the University of Tokyo, Japan, in 1995,
1997, and 2000, respectively. In 2000, he joined
NEC Corporation, Japan, where he was engaged
in the circuit design of high speed digital LSIs.
In 2005, he joined University of Tokyo, Japan,
where he is an associate professor of VLSI De-
sign and Education Center. His research inter-
ests include the circuit design of the low-power
RF circuits, the ultra low-voltage digital circuits,
and the large area electronics with organic transistors. He is a member of
the technical program committee for IEEE Symposium on VLSI Circuits
and IEEE Custom Integrated Circuits Conference (CICC).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


