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A Subthreshold Voltage Reference With Scalable
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Abstract—This paper presents a subthreshold voltage
reference in which the output voltage is scalable depending on
the number of stacked PMOS transistors. A key advantage is that
its output voltage can be higher than that obtained with conven-
tional low-power subthreshold voltage references. The proposed
reference uses native NMOS transistors as a current source and
develops a reference voltage by stacking one or more PMOS
transistors. The temperature coefficient of the reference voltage
is compensated by setting the size ratio of the native NMOS
and stacked pMOS transistors to cancel temperature dependence
of transistor threshold voltage and thermal voltage. Also, the
transistor size is determined considering the trade-off between
diode current between n-well and p-sub and process variation.
Prototype chips are fabricated in a 0.18-um CMOS process.
Measurement results from three wafers show 3¢ inaccuracy
of £1.0% from 0 °C to 100 °C after a single room-temperature
trim. The proposed voltage reference achieves a line sensitivity
of 0.31%/V and a power supply rejection of —41 dB while
consuming 35 pW from 1.4 V at room temperature.

Index Terms—Internet of (IoT),

subthreshold, voltage reference.

things low power,

I. INTRODUCTION

A low-power Internet-of-things (IoT) system requires low-
power building blocks to extend system lifetime or reduce
battery size. A voltage reference is typically always turned on
and contributes to standby power consumption. Thus, it should
be designed within stringent standby power constraints to
ensure a long system lifetime.

Bandgap voltage references [1]-[7] are the most com-
mon type of voltage reference, but they are not accept-
able in ultra-low-power sensing systems (e.g., 8-nW standby
power [8]) due to their high power consumption (3 nW [1],
29 nW [2], 32 nW [3]). In contrast, subthreshold voltage ref-
erences [9]-[17] have lower power consumption (2.6 nW [9],
2.2 pW [17]). The picowatt power consumption [17] is
achieved using the difference of two transistor threshold
voltages (Vi) [13]-[17]. However, their output voltages can
be quite low (e.g., ~0.2 V [17]). If this low voltage sets
the operating voltage of analog blocks, it can significantly
limit their dynamic range compared with the supply voltage
(e.g., 3.8 V for a lithium battery operating system). A higher
reference voltage (Vrgp) can be obtained with an analog
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voltage multiplier using an amplifier and resistors, but they can
dwarf the power of the voltage reference itself. Thus, a new
low-power voltage reference with a high VRgr is desirable for
battery-operated systems.

This paper proposes a subthreshold voltage reference in
which VRgr is similar to that of bandgap voltage references
(~1.2 V). This higher Vrgr than in conventional subthresh-
old voltage references is the result of stacking four PMOS
transistors and can be raised further by increasing the number
of stacked transistors. We discuss the proposed voltage refer-
ence [18] in detail in this paper, including measurement results
obtained using a newly fabricated design across multiple
wafers. The prototype voltage reference is implemented in a
standard 0.18-um CMOS process, and measurement results
show 3¢ inaccuracy of +£1.0% from 0 °C to 100 °C after a
single temperature trim while consuming 35 pW froma 1.4 V
supply at room temperature. The proposed subthreshold volt-
age reference shows limited noise performance (24.4 ¢V from
0.1 to 10 Hz) compared with conventional bandgap voltage
references (6.1 ¢V [4] and 9.1 uV [7] from 0.1 to 10 Hz).
Hence, such low-noise but high-power references might still
be required to perform noise-critical operations. However, the
proposed circuit can continually run and support other opera-
tions with less strict noise requirements without increasing the
total system power significantly in low-power IoT systems.

This paper is organized as follows: Section II presents the
proposed voltage reference, Section III discusses its circuit
design, and Section IV reports the test chip measurement
results. Finally, Section V concludes this paper.

II. PROPOSED VOLTAGE REFERENCE

Fig. 1 shows the proposed circuit with four stacked PMOS
transistors. It consists of top PMOS transistors (Mcx) with
high Vi (~0.7 V), zero-Vy NMOS transistors (Mnx), and
stacked high-Vy, PMOS transistors at the bottom (Mpx). The
zero-Vin, NMOS transistors are native NMOS devices that are
typically available in modern process technologies [19], [20].
Standard NMOS devices can be used, but the output voltage
is reduced due to a lower Vi, difference. Mnx serves as
the current provider and transistors Mcx function as digital
switches to control the amount of the current and trim the
reference temperature coefficient (TC). In different branches,
the size ratio between Mcx and Myx is maintained to obtain
the same leakage current through Mcx per unit transistor width
of Mnx.

Mnx and Mpx operate in the subthreshold region, and their
drain current can be expressed as follows [21]:

w Yes Vi _Yas
lg = uCoxf(m—l)VTze( ) (l—e VT) (1)
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Fig. 1. Circuit diagram of the proposed voltage reference.
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Fig. 2. Simulated TC, Iypp, and X Ipjox/Ivpp Wwith different gate

connection. (a) TC and Iypp. (b) X Ipjox/Ivpp With different temperatures.

where u is mobility, Cox is oxide capacitance, W and L
are transistor size, m is subthreshold slope factor, and Vr
is the thermal voltage. Since the same current flows through
turned-on Mnx and each Mpyx, the following equation can be
obtained assuming all of the Mpx transistors are identical:

_VREF/N_Vthl)
myvy

Wi
I = ﬂ1C0X1L—(m1—1)V726(
1

VREE/N—=Vinol
myVr

= ﬂzCoxzﬁ(mz—l)Vge( 2)
L,
Here N is the number of Mpx. W; is the sum of the
width of Mnx connected to supply voltage by Mcx. Li is
the length of Mnx. W» and L, are Mpx size. The factor
“l-exp(—Vgs/V7)” in (1) can be ignored since the error is
negligible for Vg3 >150 mV (0.3% error). Since the body of
Mnyx is connected to ground and its drain is connected to VRgr,
the body effect should be considered for Vi as follows [21]:

Vint = Vin1.0+y /20 r+VREF—7 /205 3)
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Fig. 3. Diodes between n-well and p-sub in the proposed voltage reference.
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Fig. 4. TC across Ly from 1 k-sample MC simulations.

Vin1.0, 7, and ¢ rare the threshold voltage without the body
effect, the body effect coefficient, and the difference between
the Fermi potential and the intrinsic potential, respectively. The
body effect shifts Vrgr by 12% by changing Vip; by 8.8 mV
in simulation.

From (2), VRgr can be obtained as follows:

Vino|—m2 'V,
Vegr — N{(mﬂ th2|—m2 thl)
mi+my

N (mlmzvr) n #1C0X1VLV—11(m1—1) _
mi-+ma p2Coxa ¥2 (ma—1)
To simplify the solution, Vi is first calculated using the target
value of Vrgr for computing and including the body effect.
A 100 mV estimation error of the body voltage results in
only a 1% difference in Vrgr by changing Vip; by 0.2 mV
in simulation.

Vin is complementary to absolute temperature [21]. How-
ever, the first term can be proportional or complementary
depending on m; and my. Also, V7 in the second term is
proportional to temperature. However, the temperature coef-
ficient of the second term can be also changed by transistor
sizing of (W(/L1)and (W>/L>) in the log function. To achieve
a low TC of VRrgr, the temperature coefficient of the first term
which is dictated by process technology can be cancelled by
the second term through proper transistor sizing. By setting
dVRgp/dT = 0, the optimal transistor size can be found to
minimize TC.

(Wl/Ll) _ m2Coxalma—1) g (5t 51 )
W2/L> J optimar~ #1Cox1(m1—1)

)
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where k is Boltzmann’s constant and g is the elementary
charge. The transistor size ratio is set to 0.52 based on
calculation and simulation, considering the second-order tem-
perature dependence of Vi, and the temperature dependence
of x4 and m. In measurement, the average TC of 22.5 ppm/°C
from 0 °C to 100 °C is achieved, which is comparable with
that of other state-of-the-art voltage references. In the voltage
reference with TC of 22.2 ppm/°C, the second-order effect
degrades the TC by 70.3% while deviation from the optimal
transistor sizing due to process variation contributes to the TC
with 29.7%.

III. CIRCUIT DESIGN

In Fig. 1, the bias current of Mpx (Iyvpp) mainly depends
on the gate voltage of Mnx. As shown in Fig. 2(a), when the
gate of Myx is connected to V3 we achieve an optimal TC
which is lower than 50 ppm/°C (which is a competitive value
with other state-of-the-art voltage references). It sets Iypp to
12 pA in simulation with transistor size requirement for TC
optimization. If the gate is connected to V», Vi, or ground,
Ivpp can be lowered, but it results in TC degradation. This
is because the ratio of current through diodes between n-well
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and p-sub (Ipjox in Fig. 3) to Ivpp becomes larger. As shown
in Fig. 2(a), compared with the gate connected to the other
nodes, the gate connected to V3 provides >12x larger Ivpp.
In Fig. 2(b), it keeps X Ipiox/Ivpp less than 3.2% and helps
achieve TC less than 50 ppm/°C. The constant 3.2% of
X Ipiox/Ivpp across temperatures results in TC of 1.2 ppm/°C
in simulation. It shows that the exponential increase of
Y Ipiox/Ivpp 1is the reason for the TC degradation.

Dyx (Fig. 3) pulls down relatively more current from the
internal node at higher temperature and worsens the curvature
of VRrer. The increased X Ipjox/Ivpp can be explained with
the diode current equation as follows [22]:

_'p Dp n? | D n?

ID[O =IS (l—e VT)%Is:qA —P;F —N—l O(I’ll2
7, Np T, Na

(6)

Vp is the voltage across the diode, A is the cross-sectional
area, Dp is the diffusion coefficient of holes, Dy is the
diffusion coefficient of electrons, Np is the n-well donor
concentrations, N4 is the p+ acceptor concentrations, n; is
the intrinsic carrier concentration, 7, is the carrier lifetimes
of holes, and 7, is the carrier lifetimes of electrons. Note
that the diodes are reversely biased. In Fig. 3, Vp across
D1 — D4 is larger than 250 mV, and the factor “l-exp(-
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Vp/Vr)” in (6) can be ignored since the error is negligible LI R | NSDOSO, .- B
for Vp > 150 mV (0.3% error). Thus, Ipjp is to the first
. ov 2> 1.4V
order independent of Vp and Ipijo = Ipioa = Ipioz =
Ipioo = Ipioi- The stronger temperature dependence of vV
DD

Ipio than Iypp comes from ni2 proportional to exp(—Eg/kT).
E, is the silicon bandgap. In simulation, X Ipjox is increased
by 5-22x more per 25 °C compared with Iypp [the subthresh-
old current in (2)].

Four high-Vy, PMOS transistors are used to match the Vo Vs ij-Min 0V >-0.3V
output voltage level to that of the bandgap voltage references V. T 7
(~1.2 V). Length of Mpx (L») is set to 0.6 um considering REF 10209V 1% Teete = 92.2ms

a trade-off between process variation and the size of diodes

shown in Fig. 4. W, is changed according to Ly to maintain I

W3/L,. Variation on Vi, of Mpx is inversely proportional to L B A L R L B L L T

W, x L, [23]. This variation causes the transistor size to hont s Teom

deviate from the optimal value. 2x shorter L, increases the

average TC from 19.7 to 44.5 ppm/°C. On the other hand, Fig- 11. Measured start-up waveform of Vg

larger Wy and L, increase the diode size of Dy (Fig. 3)

and degrades TC. As shown in Fig. 5, larger diodes increase

2 Ipiox/Ivpp and exacerbate TC. For TC less than 35 ppm/°C, and the reference achieves a TC of 2.0 ppm/°C (simulation)

L needs to be smaller than 1.04 xm. with the optimal W, (26.5 u, curve A). However, considering
As shown in Fig. 6, without considering Ipiox, L» can be  Ipjox, Vrer is reduced at higher temperatures, increasing

set to long value (e.g., 5 um) just for low-process variation, TC by 231x (curve B). By reducing the W, to 5.1 um,

in200us 5% Teette = 33.1mMs
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TC can be lowered to 153 ppm/°C (curve C). Here, the diode
size is equivalent to 18.5x the diode size in Fig. 5(a) and
Y Iptox/Ivpp is ~30% at 100 °C. Although TC is improved
by 3x with a narrower W5, it is 77 x worse than that achieved
without considering Ipjox. When 0.6 um is selected for Lj,
the difference in TCs is only 2.2x. The proposed circuit
achieves TC of 18.7 ppm/°C in simulation with the optimal
transistor length (L) chosen by understanding the trade-off
between process variation and TC.

Fig. 7 shows the scalable output voltage of the pro-
posed circuit. In simulation, VRgr can be varied from
0.32 to 2.11 V by stacking different number of Mpx while
maintaining TC < 20 ppm/°C. Due to the body effect, higher
VRer requires wider W; to maintain the supply current
(13.6 — 22.0 pA). Within W; of 59 um, the circuit can provide
seven different voltages up to half the level of thin-film
Li battery voltage (3.6—4.2V), typically the most important
reference voltage. VRgF is linearly increased with the number
of Mpx. The voltage step size has a mean (x) of 299 mV and
sigma over mean (o/u) of 2.3%.

IV. MEASUREMENT RESULTS

The proposed voltage reference is fabricated in a 180-nm
CMOS technology (Fig. 8). The area is 120 gm x 21 um
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including a 1.8 pF decoupling capacitor. A total of 60 volt-
age references (three different wafers) are packaged in
ceramic [24] and measured. Fig. 9 shows the measured VRgr
and TC distribution without trimming. The voltage references
achieve the average TC of 22.5 ppm/°C and 3¢ inaccuracy
of £2.47% from 0 °C to 100 °C. Fig. 10 shows the results
after room-temperature trimming to the average VRgp of
uncompensated voltage references. The 3¢ inaccuracy from
0 °C to 100 °C is £0.99%, and average TC is 30.9 ppm/°C.
Thus, inaccuracy is reduced by 2.5x at the expense of a 37%
TC increase. To trim VRgF to a different voltage, W can be
changed using transistors Mcx by sacrificing TC. In simula-
tion, VRer can be adjusted by 37 and 59 mV within TC of
50 and 100 ppm/°C, respectively.

Fig. 11 shows the measured start-up waveform of Vrgr and
1% settling time of 92.2 ms. Time taken from 0 to 0.9 V
is in 200 us since Vg5 of Mnx (Fig. 1) is near to Vi
initially. Fig. 12 shows line sensitivity (LS) of 0.31%/V across
1.4—3.6 V supplies and power supply rejection of ~—40 dB
from 10 Hz to 10 kHz at room temperature.

The voltage reference dissipates 35.0 pW on average over
60 measured voltage reference from three wafers with a sigma
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH OTHER WORKS.

Parameter This Work [1] 2] 3] 4] 5] [6] [9] [10] [11] [12] [17]
Technology (um) 0.18 0.18 035 013 0.16 0.18 0.13 0.18 0.11 0.18 0.18 0.13
Type CMOS BIT BIT BIT BIT BIT BIT CMOS | CMOS | CMOS CMOS CMOS
Supply Voltage (V) 14-36 [15-25|14-30| 05-15 | 16-20 | 12-18 | 075-16| 045-20 | 024-04 | 0.7-25 045-18 05-30
Average Vier (V) 125 1.19 1.18 050 1.09 1.09 026 026 020 044 0.12 0.18
Temp. Range (\C) 0—100 |-20—100| -10-110| 0—80 40—125 | 40-120 | 20-85 | 0-125 10-90 | 25-85 40—-125 20-80
30 Inaccuracy @ Entire A g
Temp. R %) 49720¢ NA NA NA 15,02 NA NA NA NA NA NA NA
3o Inaccuracy i 08! t 1 i t 05t q i r
@One Temp. (%) 247,08 04 06 20 NA 22 60',05 108 NA NA 116,19 26
B o | . T o | 9357 | 5818 | | 10-1200:32), :
TCEO | | koS |13 | 75-ns | s |t | o |0 | st o PR 1731
Current Consumption
@Room Temp. (A) 24p 20n 29n 64n S5p 83n 227n 58n 21p 27n 32n 44p
LS(%/V) 031 0062 020 111 002 647 002 044 409 0.13 101 003
PSR(B) 41 67 53 52 74 62 -86 45 42 05 4 53
@Iz |@1oH4 @bc | @bC | @bC | @100iz| @bc | @30z | @bc | @b | @iz |@100Hz
Noise (0.1Hz~10Hz) (1V) 244 NA NA NA 6.1 NA NA 220 NA NA NA NA
60 61 90,000 40 49
#Samples Gwafs) | 0 | 10 O | o) | 7 | Gwas)| Gwaky | 0 | X S0 wafirs)
Active Area (mny) 00025 0098 048 0026 0.12 0029 0070 0043 0070 0041 0012 00014

of 2.1 pW at 1.4 V supply voltage and room temperature.
As shown in Fig. 13, the circuit is not sensitive to the supply
voltage since Igs of Mnx is not sensitive to Vgs. However, the
subthreshold current is sensitive to temperature, and power
consumption increases by ~200x from 0 °C to 100 °C. The
operation of the proposed circuit is confirmed from —25 °C
to 175 °C in measurement as shown in Fig. 14. To improve
TC for a wide temperature range, Ivpp needs to be increased
with larger W1/L1 to reduce X Ipjox/Ivpp. Fig. 15 shows the
measured integrated noise of 24.4 uV from 0.1 to 10 Hz,
which is larger than that of conventional bandgap voltage
references (6.1 uV [4] and 9.1 'V [7] from 0.1 to 10 Hz)
mainly due to a trade-off between power consumption and
noise performance. More on-chip decoupling capacitor can
reduce noise, but it increases the initial settling time at startup
and area [5].

Table I summarizes the performance of this voltage ref-
erence and compares it with previous low-power voltage
references. Voltage references without a bipolar junction
transistor (BJT) [9]-[12], [17] and two bandgap voltage refer-
ences [3], [6] provide output voltages of less than 1 V. Com-
pared with the bandgap voltage references in [1], [2], and [5],
the proposed voltage reference achieves competitive perfor-
mance in terms of 3¢ inaccuracy, TC, LS, and active area
with >83x lower current consumption. The bandgap voltage
reference in [4] demonstrates superior performance in these
parameters; however, the current consumption (55 pA) is sim-
ilar to the active current consumption budget in microsystems
and therefore it cannot be used for the targeted IoT systems.

V. CONCLUSION

This paper proposes a subthreshold voltage reference with
stacked pMOS transistors. The stacked transistors elevate the
output voltage and help increase the dynamic range of analog
circuits in battery-operated systems. The prototype voltage

+: Untrimmed, §: 1-point trimmed

reference with four stacked pMOS transistors is fabricated in
a standard 0.18-ym CMOS process. The measurement results
from three different wafers show 3¢ inaccuracy of £1.0%
from 0 °C to 100 °C with a single room-temperature trim
with 35-pW power consumption at a 1.4 V supply and room
temperature.

REFERENCES

[1] Y. P. Chen, M. Fojtik, D. Blaauw, and D. Sylvester, “A 2.98nW bandgap
voltage reference using a self-tuning low leakage sample and hold,” in
IEEE Symp. VLSI Circuits Dig., Jun. 2012, pp. 200-201.

[2] J. M. Lee et al., “A 29nW bandgap reference circuit,” in IEEE Int. Solid-
State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2015, pp. 100-101.

[3] A. Shrivastava, K. Craig, N. E. Roberts, D. D. Wentzloff, and
B. H. Calhoun, “A 32nW bandgap reference voltage operational from
0.5V supply for ultra-low power systems,” in IEEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2015, pp. 94-95.

[4] G. Ge, C. Zhang, G. Hoogzaad, and K. A. A. Makinwa, “A single-trim
CMOS bandgap reference with a 3¢ inaccuracy of £0.15% from —40°C
to 125°C,” IEEE J. Solid-State Circuits, vol. 46, no. 11, pp. 2693-2701,
Nov. 2011.

[5] Y. Osaki, T. Hirose, N. Kuroki, and M. Numa, “1.2-V supply, 100-nW,
1.09-V bandgap and 0.7-V supply, 52.5-nW, 0.55-V subbandgap refer-
ence circuits for nanowatt CMOS LSIs,” IEEE J. Solid-State Circuits,
vol. 48, no. 6, pp. 1530-1538, Jun. 2013.

[6] V. Ivanov, R. Brederlow, and J. Gerber, “An ultra low power bandgap
operational at supply from 0.75 V,” IEEE J. Solid-State Circuits, vol. 47,
no. 7, pp. 1515-1523, Jul. 2012.

[71 R. T. Perry, S. H. Lewis, A. P. Brokaw, and T. R. Viswanathan,
“A 1.4 V supply CMOS fractional bandgap reference,” IEEE J. Solid-
State Circuits, vol. 42, no. 10, pp. 2180-2186, Oct. 2007.

[8] Y.-S. Kuo et al., “MBus: A 17.5 pl/bit/chip portable interconnect bus
for millimeter-scale sensor systems with 8 nW standby power,” in Proc.
IEEE Custom Integr. Circuits Conf., Sep. 2014, pp. 1-4.

[9]1 L. Magnelli, F. Crupi, P. Corsonello, C. Pace, and G. lannaccone,

“A 2.6 nW, 0.45 V temperature-compensated subthreshold CMOS volt-

age reference,” IEEE J. Solid-State Circuits, vol. 46, no. 2, pp. 465473,

Feb. 2011.

B.-D. Yang, “250-mV supply subthreshold CMOS voltage reference

using a low-voltage comparator and a charge-pump circuit,” IEEE Trans.

Circuits Syst. II, Express Briefs, vol. 61, no. 11, pp. 850-854, Nov. 2014.

H. Zhuang, Z. Zhu, and Y. Yang, “A 19-nW 0.7-V CMOS voltage

reference with no amplifiers and no clock circuits,” IEEE Trans. Circuits

Syst. I, Express Briefs, vol. 61, no. 11, pp. 830-834, Nov. 2014.

(10]

[11]



LEE et al.: SUBTHRESHOLD VOLTAGE REFERENCE WITH SCALABLE OUTPUT VOLTAGE FOR LOW-POWER IoT SYSTEMS

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Y. Wang, Z. Zhu, J. Yao, and Y. Yang, “A 0.45-V, 14.6-nW CMOS
subthreshold voltage reference with no resistors and no BJTs,” IEEE
Trans. Circuits Syst. 1I, Express Briefs, vol. 62, no. 7, pp. 621-625,
Jul. 2015.

M. Seok, G. Kim, D. Sylvester, and D. Blaauw, “A 0.5V 2.2pW
2-transistor voltage reference,” in Proc. IEEE Custom Integr. Circuits
Conf., Sep. 2009, pp. 577-580.

H. Watanabe, H. Aota, and H. Katoh, “0.55 V operation CMOS voltage
reference based on the work function difference of poly Si gates,” in
Proc. Int. Meeting Future Electron Devices, May 2010, pp. 42-43.

M. Seok, G. Kim, D. Blaauw, and D. Sylvester, “Variability analysis of
a digitally trimmable ultra-low power voltage reference,” in Proc. Eur.
Solid-State Circuits Conf., Sep. 2010, pp. 110-113.

H. Aota, “Reference voltage generator and voltage regulator incorporat-
ing same,” U.S. Patent 7,795,856 B2, Sep. 14, 2010.

M. Seok, G. Kim, D. Blaauw, and D. Sylvester, “A portable 2-transistor
picowatt temperature-compensated voltage reference operating at 0.5 V,”
IEEE J. Solid-State Circuits, vol. 47, no. 10, pp. 2534-2545, Oct. 2012.
I. Lee, Y. Lee, D. Sylvester, and D. Blaauw, “Low power battery
supervisory circuit with adaptive battery health monitor,” in IEEE Symp.
VLSI Circuits Dig., Jun. 2014, pp. 22-23.

M. H. Chang et al., “A highly manufacturable 0.25 xm multiple-Vt dual
gate oxide CMOS process for logic/embedded IC foundry technology,”
in IEEE Symp. VLSI Technol. Dig., Jun. 1998, pp. 150-151.

K.-K. Young et al., “A 0.13 um CMOS technology with 193 nm
lithography and Cu/low-k for high performance applications,” in Proc.
IEEE Int. Electron Devices Meeting, Dec. 2000, pp. 563-566.

Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices.
New York, NY, USA: Cambridge Univ. Press, 2009, ch. 3,
pp. 148-203.

F. W. Stephenson, I. A. Bhutta, G. S. Gildenblat, A. Elshabini-Riad,
M. Milkovic, and B. Gelmont, Electronics, Power Electronics, Opto-
electronics, Microwaves, Electromagnetics, and Radar. Boca Raton, FL,
USA: CRC Press, 2006, ch. 1, pp. 1-39.

M. J. M. Pelgrom, A. C.J. Duinmaijer, and A. P. G. Welbers, “Matching
properties of MOS transistors,” IEEE J. Solid-State Circuits, vol. 24,
no. 5, pp. 1433-1440, Oct. 1989.

F. Sebastiano, L. Breems, K. A. A. Makinwa, S. Drago, D. Leenaerts,
and B. Nauta, “Effects of packaging and process spread on a mobility-
based frequency reference in 0.16-um CMOS,” in Proc. Eur. Solid-State
Circuits Conf., Sep. 2011, pp. 511-554.

Inhee Lee (S’07-M’14) received the B.S. and M.S.
degrees in electrical and electronic engineering from
Yonsei University, Seoul, South Korea, in 2006
and 2008, respectively, and the Ph.D. degree from
the University of Michigan, Ann Arbor, MI, USA,
in 2014.

He is currently a Research Scientist with the
University of Michigan. His current research inter-
ests include energy harvesters, power management
circuits, battery monitoring circuits, and low-power
sensing systems for Internet-of-Things applications.

1449

Dennis Sylvester (8’95-M’00-SM’04-F’11)
received the Ph.D. degree in electrical engineering
from the University of California, Berkeley,
CA, USA, in 1999, where his dissertation was
recognized with the David J. Sakrison Memorial
Prize as the most outstanding research at the

Electrical Engineering and Computer Science
Department.
He is currently a Professor of Electrical

Engineering and Computer Science with the
University of Michigan, Ann Arbor, MI, USA,
and the Director of the Michigan Integrated Circuits Laboratory, a group
of ten faculty and 70+ graduate students. He held research staff positions
at the Advanced Technology Group of Synopsys, Mountain View, CA,
USA, and the Hewlett-Packard Laboratories, Palo Alto, CA, USA, and
visiting professorships at the National University of Singapore, Singapore,
and Nanyang Technological University, Singapore. He also serves as a
Consultant and the Technical Advisory Board Member of electronic design
automation and semiconductor firms in these areas. He co-founded Ambiq
Micro, Austin, TX, USA, a fabless semiconductor company developing
ultra-low-power mixed-signal solutions for compact wireless devices. He has
authored over 375 articles along with one book and several book chapters,
and holds 20 U.S. patents. His current research interests include the design
of millimeter-scale computing systems and energy efficient near-threshold
computing.

Dr. Sylvester was a recipient of the NSF CAREER Award, the Beatrice
Winner Award at ISSCC, the IBM Faculty Award, the SRC Inventor
Recognition Award, eight best paper awards and nominations, the ACM
SIGDA Outstanding New Faculty Award, and the University of Michigan
Henry Russel Award for distinguished scholarship. He serves on the
Technical Program Committee of the IEEE International Solid-State Circuits
Conference and served on the Executive Committee of the ACM/IEEE
Design Automation Conference. He served as an Associate Editor of the
IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN and the IEEE
TRANSACTIONS ON VERY LARGE SCALE INTEGRATION SYSTEMS, and a
Guest Editor of the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS II.

David Blaauw (M’94-SM’07-F’12) received the
B.S. degree in physics and computer science from
Duke University, Durham, NC, USA, in 1986,
and the Ph.D. degree in computer science from
the University of Illinois at Urbana—Champaign,
Champaign, IL, USA, in 1991.

He was with Motorola, Inc., Austin, TX, USA,
where he was the Manager of the High-Performance
Design Technology Group. Since 2001, he has been
a Faculty Member with the University of Michigan,
Ann Arbor, MI, USA, where he is currently a
Professor. He has authored over 450 papers and holds 40 patents. His current
research interests include very large scale integration design with a focus on
ultra-low-power and high-performance design.

Dr. Blaauw was a member of the ISSCC Technical Program Committee,
the Technical Program Chair, and the General Chair of the International
Symposium on Low-Power Electronic and Design, and the Technical Program
Co-Chair of the ACM/IEEE Design Automation Conference.



