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OVERVIEW

& The charge pump: a ubiquitous block in modern
applications

& The specific case of CP for single PV-cell: conventional
schemes and the proposed one

& The specific case of CP for TEGs: drawbacks and a
solution to alleviate them
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Charge pump: an ubiquitous block in modern applications

KA

Applications such as self-powered ICs and energy-autonomous nodes work in duty-cycled mode and
require high efficient Power Management Unit to gather the highest possible energy.
In these, a reduction of the minimum input voltage for the wakeup and the operations of the converter

allow to work also with stringent conditions, improving the whole chip performances.
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Conventional output voltage regulation schemes
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Conventional output voltage regulation schemes
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Conventional output voltage regulation scheme vs. proposed one

* We introduce a novel current-based regulation (parallel regulator) that exploits the bulk terminal of PMOS
devices of the CP without entailing the clock/phase generator (conventional scheme).

* This strategy allows the reduction of the circuit complexity and of the minimum supply voltage while
maintaining high power conversion efficiency.
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The proposed scheme
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Remarks on transistor level implementation

The triad PMOS-source/nwell/ substrate shapes parasitic

junctions that, inevitably, are turned on.

This aspect, which is detrimental for many applications, is

instead a strong advantage for the proposed solution.
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If the parasitic transistor is turned on, the actual current sunk s |
from the capacitor is amplified by a factor (B + 1), where B is -
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the common-emitter current gain of the transistor. From the

point of view of the regulation loop, such amplifying factor

contributes to increase the loop gain and, therefore, the
accuracy of the regulated output voltage.
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Simulation and measurement results

Simulated transient behaviour
. with only capacitive load
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Simulation and measurement results

Output voltage: measured steady-state behaviour
COMPARISON BETWEEN THE REGULATION SCHEMES LI LI BRI NN LI BRI, LI N L L LI BRI B
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Simulation and measurement results
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Measured power conversion efficiency as function of
the current load for different values of the input voltage
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Comparison with the State-of-the-Art

EXPERIMENTAL DATA SUMMARY AND COMPARISON WITH THE STATE-OF-THE-ART

[17] [16] [9] [8] This Work
Technology 0.18pm CMOS 0.18pm CMOS 0.18um CMOS | 0.18pm CMOS 0.13pm CMOS
Output regulation yes yes no yes yes
Min.-Max. Input voltage (V) 0.2-0.45 0.15-0.5 0.25-0.65 0.45-3 0.4-0.6
Output voltage (V) 1.3 (Unreg. 3.3) | 0.85 (Unreg. 1.01) 38 -4 3.3 (Unreg. NR) | L1.25 (Unreg. 2.45)
Maximum voltage gain (V / V) 4 3 3l 8 4.89
Pourr range (W) 0.1-10 NR 0-06 3.8-305 0-3
Peak efficiency (%) (Unreg.) 56 @ 2.41pW 67 @ 1.27pW 50 @ 8nW 72 @ 30uW 70 @ 3.75pW
Area (mm-) 0.575 0.24 272 0.552 0.03
Power density (uW / mm-) 4.19 529 0.0029 54.35 83.33

[E] Ehf [iw. L. Huang_ K. Ravichandran. and E. Sidnchez-Sinencio. “A [16] Z. Chen, M.-K. Law, P-I. Mak, and RE. F. Martins, “A single-chip solar

highly efficient reconfigurable charge pump energy harvester with wide energy harvesting ic using integrated photodiodes for biomedical implant
harvesting range and two-dimensional mppt for internet of things.” IEEE applications,” [EEE Transactions on Biomedical Circuits and Systems,
F i SR B LI vol. 11, no. 1, pp. 44-53, 2017.

oy 200l o Sl S G ol 51 w0 5, IS1812 30161y Bk W s i, . s Ve, VM e
Fy - P PR - N = & " - " O o - - &g, i - TR . Yy -
D. Blaauw, “A 20-pw Qism?lntirfl:mus switchcd-{':lpa{'il[}r_cm:rg}' h“nﬁ_t” p.m-u .Witﬁn::i}fti :t:lm-u.p at:ll:'jur;:gulnrifi] Itfulﬁzfrw';m;%} ft:ﬂttfﬁrid?;u]
I'm] 5;113“ S‘THW agg;“—‘;;‘imi-{“*;EEE Journal of Solid-Stare Circuits, applications,” JEEE Transactions on Circuits and Systems I: Regular
vol. 52, no. 4, pp. 972-984, 2017

Fapers, vol. 67, no. 4, pp. 1103-1114, 2020.

KA Wy

EnerHarv ps M n Ct 2_@?—?:5:‘.2 §LE1‘I’RICA. 5
2024 ALL INFORMATION SHALL BE CONSIDERED SPEAKER PROPERTY UNLESS OTHERWISE SUPERSEDED BY ANOTHER DOCUMENT. E INFORMATICA



Drawbacks in typically used topology
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The proposed solution

We introduce a fully-integrated
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Simulation results

Simulated transient
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Simulation results
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Voltage and Power Conversion
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Simulation results

Voltage Conversion Efficiency vs. input voltage

Settling time vs. input voltage
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THE PROPOSED SOLUTION IS MORE VOLTAGE EFFICIENT AND
FASTER THAN THE CONVENTIONAL SOLUTIONS FOR LOWER
INPUT VOLTAGES
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Comparison with the State-of-the-Art

Ref. Proposed " [26] [27] [43] 145] [47] 120] (53] [43] H. Fuketa, S.-1. O’uchi, and T. Matsukawa, “Fully integrated, 100-mV
Hybrid Cross- Cross- Cross- Cross- . minimum input voltage converter with gate-boosted charge pump kick-
Topology cf)r:’;lse’d c‘;‘;ﬁp”&;ﬁ‘w coupled | BOOBTP | coupleq | Bootsmap | oqupieq | Adaptive started by LC oscillator for energy harvesting,” IEEE Trans. Circuits
Technology (nm) 28 130 65 65 180 130 180 65 Syst. [I, Exp. Briefs, vol. 64, no. 4, pp.392-396, Apr. 2017, doi:
No. of stages 2 24 3 10 6 3 2x6 10 10.1109/TCSII.2016.2573382.
Clock Start. Clock Clock Backward Clock
Auxiliary circuits buus(t)ch 2 C;Cl‘l?tp booster booster control -- booster -

— - - Té’e Té’a “TI%’(%“ Ten 2"‘ TEG [45] H.Peng, N.Tang, Y. Yang, and D. Heo, “CMOS startup charge pump with
Application TEG TEG solar cell | solarcell | solarcell | solar cell TEG solar cell body bias and backward control for energy harvesting step-up converters,”
gi"‘f}'m Suppb’&nl\;)) 510 0'2’}30 11553 1103) Si[; %73 05025 1f0 IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 61, no. 6, pp. 1618-1628,

ock frequency z . . . . . . . 29 )
Total pumping cap. (pF) 120 46.08 215 ~1000 288 150 ~1000 286 Jun. 2014, doi: 10.1109/TCSI.2013.2290823.
Load capacitance (pF) 180 10000 * 30 100 50.7 500 350 --
Settling time ( s) 127 1.510° 40 - 100 -- 13510° - [47] Y.-C. Shih and B. P. Otis, “An inductorless DC-DC converter for
f’;"";‘ "“('Iﬂ;“)’l’””"” (W) g‘-;g ;g 3‘8-58 63;’ = 578 Dé{;s 3838 energy harvesting with a 1.2-uW bandgap-referenced output controller,”
eak n (%o . . . L ) N T
Peak VCE () 30 ) 50 70 50 35 53 35 IEEE Trans. Qrtmr‘s Svst. II, Exp. Briefs, vol. 58, no. 12, pp. 832-836,
Area (mm) 0.0116 0.6 0.032 1.32 137 0.42 0.96 0.78 Dec. 2011, doi: 10.1109/TCSIL.2011.2173967.
[20] S. Bose, T. Anand, and M. L. Johnston, “Integrated cold start of a boost
[26] 1. Goeppert and Y. Manoli, “Fully integrated startup at 70 mV converter at 57 mV using cross-coupled complementary charge pumps and

of boost converters for thermoelectric energy harvesting.” [EEE J. ultra-low-voltage ring oscillator,” IEEE J. Solid-State Circuits, vol. 54,

Solid-State Circuits, vol. 51, no. 7, pp.1716-1726, Jul. 2016, doi: no. 10, pp. 2867-2878, Oct. 2019, doi: 10.1109/JSSC.2019.2930011.

10.1109/JSSC.2016.2563782. N

[27] H. Yi, J. Yin, P-I. Mak, and R. P. Martins, “A 0.032-mm~ 0.15-V three- [53] P-H. Chen, K. Ishida, X. Zhang, Y. Okuma, Y. Ryu, M. Takamiya, and

stage charge-pump scheme using a differential bootstrapped ring-VCO
for energy-harvesting applications,” IEEE Trans. Circuits Syst. I, Exp.
Briefs, vol. 65, no. 2, pp. 146-150, Feb. 2018, doi: 10.1109/TCSIL2017.
2676159.

T. Sakurai, “A 120-mV input, fully integrated dual-mode charge pump
in 65-nm CMOS for thermoelectric energy harvester,” in Proc. 17th
Asia South Pacific Design Autom. Conf., Jan. 2012, pp. 460-470, doi:
10.1109/ASPDAC.2012.6164994.

THE PROPOSED SOLUTION IS COMPACT AND FASTER AS
ri COMPARED WITH PRIORART. |
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