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(57) Abstract: Thermoelectric energy harvesting systems in accordance with embodiments of the invention enable energy harvest-
ing. One embodiment includes a thermoelectric energy harvesting (TEH) system comprising a TEH comprising a thin-film ar-
ray-based TEH source; start-up mode circuitry comprising: an upper branch comprising: a mode switch configured to allow selection
of the upper branch; an inductive-load ring oscillator (ILRO); a charge pump configured to receive an input from the ILRO and out -
put current, where output current is utilized to charge an upper branch capacitor; a lower branch comprising: an inductor; an active
diode configured to transfer energy stored in the inductor to an output capacitor; maximum-power-point tracking (MPPT) mode cir-
cuitry, where the MPPT loop comprises: a mode control unit; a gate controller; a clock generator configured to generate at least one
control signal; an analog-domain MPPT unit configured to receive the at least one generated control signal.
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AUTONOMOUS THERMOELECTRIC ENERGY HARVESTING PLATFORM FOR BIOMEDICAL
SENSORS

FIELD OF THE INVENTION
[0001] The present invention generally relates to energy harvesting and more
specifically to autonomous thermoelectric energy harvesting platforms for biomedical

SENSOors.

BACKGROUND

[0002] A so-called thermoelectric effect describes energy conversion from a thermal
gradient to electrical energy, where a temperature difference (i.e. thermal gradient)
between one or more conducting materials results in heat flow and the diffusion of
charge carriers. Typically, the flow of charge carriers between two regions of differing
temperatures can create a voltage difference that allows for energy harvesting.

[0003] Prior systems have focused on improving converter efficiency and migrating
from mechanical to electrical start-up circuits. However, harvesting energy in natural
environments such as in biomedical applications can be challenging due to limited (<2K)
thermal gradients. Further, in biomedical implants and wearable electronics, it is
typically difficult to achieve sufficient gradient from the harvesting interface and also
include a highly-efficient power management system.

SUMMARY OF THE INVENTION

[0004] Thermoelectric energy harvesting systems in accordance with embodiments of
the invention enable energy harvesting. One embodiment includes a thermoelectric
energy harvesting system comprising a thermoelectric energy harvester (TEH)
comprising a thin-film array-based TEH source and a heat sink; start-up mode circuitry
connected to the TEH comprising: an upper branch comprising: a mode switch
configured to allow selection of the upper branch; an inductive-load ring oscillator
(ILRO) comprising a cross-coupled pair, where the ILRO is configured to operate in
weak inversion conditions; a charge pump configured to receive an input from the ILRO

-
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and output a current, where the output current is utilized to charge an upper branch
capacitor; a lower branch comprising: an inductor; an active diode configured to transfer
energy stored in the inductor to an output capacitor; maximum-power-point tracking
(MPPT) mode circuitry comprising an MPPT controller configured to activate an MPPT
loop, where the MPPT loop comprises: a mode control unit; a gate controller; a clock
generator configured to generate at least one control signal; an analog-domain MPPT
unit configured to receive the at least one generated control signal.

[0005] In a further embodiment, the mode switch includes a native-NMOS that is
initially set as ON.

[0006] In another embodiment, the cross-coupled pair utilizes analog transistors.
[0007] In further embodiment again, the charge pump is an eight stage dynamic
change-transfer-switch charge pump.

[0008] In still another embodiment, the mode control unit comprises a negative voltage
generator, mode sensing circuitry, and reference circuitry.

[0009] In a yet further embodiment, the negative voltage generator is configured to
shut down the mode switch and the start-up circuitry.

[0010] In yet another embodiment, the analog-domain MPPT unit comprises a voltage
sensor, output regulator, a pulse width modulation driver, and an inversion matrix unit.
[0011] In further embodiment again, the inductor is off- chip.

[0012] In another embodiment again, the output capacitor is off-chip.

[0013] In further additional embodiment, the start-up mode stays active until the output
capacitor has a value of 0.8V.

[0014] In a still yet further embodiment, the thermoelectric energy harvesting system
further comprising a load powered by the output capacitor.

[0015] In still yet another embodiment, the load is a neural recording system.

[0016] In another additional embodiment, the upper branch periodically turns ON to
boost the energy stored in the output capacitor.

[0017] In still yet further embodiment again, the MPPT mode stay active until Cyy is

charged to a predetermined value based upon the at least one generated control signal.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 illustrates a thermoelectric energy harvesting system implanted on a test
subject in accordance with an embodiment of the invention.

[0019] FIG. 2 is a schematic of a thermoelectric energy harvesting system in
accordance with an embodiment of the invention.

[0020] FIGS. 3A — 3F are schematics and relevant time waveforms illustrating a start-
up mode in accordance with an embodiment of the invention.

[0021] FIGS. 4A — 4H are schematics and relevant time waveforms illustrating a
maximum-power-point tracking (MPPT) mode in accordance with an embodiment of the
invention.

[0022] FIGS. 5A — 5D are schematics of various components of a thermoelectric
energy harvesting system in accordance with an embodiment of the invention.

[0023] FIG. 6 illustrates a fabricated compound thermoelectric energy harvester (TEH)
in accordance with an embodiment of the invention.

[0024] FIG. 7 is a graph illustrating results obtained in accordance with an
embodiment of the invention.

[0025] FIG. 8 is a chart that illustrates comparisons between a thermoelectric energy
harvesting system with various prior works in accordance with an embodiment of the
invention.

[0026] FIG. 9 illustrates a chip micrograph in accordance with an embodiment of the
invention.

[0027] FIG. 10 is a graph illustrating measured end-to-end efficiency in comparison to
previous works in accordance with an embodiment of the invention.

[0028] FIG. 11 is a graph illustrating measured converter efficiency as a function of an
output load current, and measured output power as a function of a source voltage in
accordance with an embodiment of the invention.

[0029] FIG. 12 is a chart illustrating drawbacks of previous works in accordance with

an embodiment of the invention.
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DETAILED DESCRIPTION OF THE DRAWINGS

[0030] Turning now to the drawings, an autonomous thermoelectric energy harvesting
platform for biomedical sensors in accordance with embodiments of the invention are
illustrated. In many embodiments, the thermoelectric energy harvesting system includes
a thermoelectric energy harvester (TEH) having a thin-film array-based TEH source and
an associated heat sink. Typically, current generated by the TEH flows from the TEH to
a start-up branch comprising various circuit components as further described below. In
several embodiments, the TEH can be connected to a start-up branch having an upper
branch and a lower branch, where the system utilizes a particular branch as further
described below. In various embodiments, the system can also include a maximum-
power-point tracking (MPPT) mode that can include an MPPT controller and an MPPT
loop having a mode control unit, a gate controller, a clock generator and an analog-
domain MPPT unit as further discussed below. In many embodiments, the MPPT
circuitry allows for charging an output capacitor to a desired value to power various
biosensor functionalities including (but not limited to) powering a neural recording
interface.

[0031] Autonomous thermoelectric energy harvesting systems in accordance with
embodiments of the invention can be optimized for energy and conversion efficiencies.
In a variety of embodiments, a TEH source integrated with a heat-sink can be
implemented in a variety of spaces including (but not limited to) a space of 0.83cm?.
Further, the MPPT mode can be realized in an analog domain for high efficiency and
fast (<20ms) tracking time. In various embodiments, power can be managed utilizing
one off-chip inductor. In many embodiments, systems in accordance with embodiments
of the invention can have 68% end-to-end peak efficiency (92% converter efficiency), at
4K. As illustrated further below, a 645uW regulated output power can be harvested from
the head of a rat (effective 3.5K) implanted with TEH, demonstrating true energy
autonomy in a real environment.

[0032] Although discussed in the context of biomedical sensors, the proposed systems
and methods can be utilized with a variety of implementations for thermoelectric energy
harvesting such as (but not limited to) wearable electronics and thus are not limited to
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biomedical sensors. Autonomous thermoelectric energy-harvesting systems in

accordance with embodiments of the invention are further discussed below.

THEROELECTRIC ENERGY HARVESTING SYSTEM ARCHITECTURES
[0033] A TEH system implanted in a test subject in accordance with an embodiment of

the invention is shown in FIG. 1. The system 100 can include a harvester 102 which can
be mounted on the head of a rat 104. The harvester, which will be described in greater
detail below, can be a thermoelectric energy harvester (TEH) which harvests energy by
taking advantage of a temperature difference between two surfaces. In various
embodiments, the harvester 102 can connect to a power management circuit 106. The
power management circuit 106, which will be described in greater detail below, can
control various functionalities of the harvester 102. In some embodiments, the power
management circuit can store harvested energy. In many embodiments, a connector
108 can transfer the harvested energy from the subject to the power management
circuit 106. Although more readily illustrated as a wired connector, the connection can
be a wireless connection such as (but not limited to) an inductive connection. In various
embodiments, the harvester 102 can be integrated directly into the power management
circuit 106.

[0034] One of ordinarily skill in the art would appreciate that a TEH system is not
specifically limited to integration with any particular subject or body part of the subject,
but any living subject and/or body part can be utilized. Although specific power
harvesting systems are discussed above with respect to FIG. 1, any of a variety of
systems that harvest energy with TEHs as appropriate to the requirements of a specific
application can be utilized in accordance with embodiments of the invention. Power
management circuits for TEH systems in accordance with embodiments of the invention

are discussed further below.

TEH POWER MANAGEMENT CIRCUITS

[0035] A power management circuit can be integrated with a TEH for implementation

in biomedical sensors. A block diagram of a power management circuit integrated with a

-5-
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compound TEH in accordance with an embodiment of the invention is shown in FIG. 2.
In many embodiments, the power management circuit 200 utilizes a dual-mode boost
converter to generate greater voltages using voltages generated based on the thermal
gradient. In many embodiments, the power management circuit can operate in a start-
up mode and a maximum-power-point-tracking (MPPT) mode. Typically, the start-up
mode configures the power management circuit to harvest energy to initially charge the
circuitry, and in various embodiments can do so by periodically alternating use of an
upper and lower branch of the circuit as further discussed below. In various
embodiments, the power management circuit can switch to a MPPT mode once a
predetermined amount of energy has been harvested using the TEH, for example (but
not limited to) when a certain voltage has been reached. In several embodiments,
MPPT mode configures the power management circuit to maximize voltage generation
in the TEH system as further discussed below.

[0036] In various embodiments, the dual-mode boost converter can utilize a shared
single inductor to minimize area. Further, any intermediate boosting steps (as used in
prior systems) can be eliminated by using power-efficient start-up modes as further
described below.

[0037] In several embodiments, the circuit can include a start-up mode having a so-
called “upper” and “lower” branch for improved efficiency. In many embodiments, the
upper branch can be an on-chip circuitry, comprising a mode switch Ms 202 and
inductive-load ring oscillator (ILRO) 204. In various embodiments, the ILRO 204 has low
minimum operating voltage and low overall costs. Large-area off-chip inductors, that
would additionally load the ILRO output and increase the start-up time and voltage, are
generally avoided in many embodiments of the invention.

[0038] Typically, there is no initial energy in the circuit and the current generated from
the TEH can flow through one of the start-up branches. Further, the mode switch 202
can be utilized to switch between the start-up mode and MPPT mode as further
discussed below. In various embodiments, the mode switch can be realized as a native-
NMOS (initially ON) that has a large negative V1, while a cross-coupled pair M., can
utilize high-performance ultralow-Vt analog transistors. With a high current-drive of M2

6-
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and sufficient voltage gain at very low supplies, the ILRO 204 can operate in weak
inversion. Given Gp, n, gmd and @; to model the inductor loss, the sub-threshold slope
factor, My transconductance and thermal voltage, respectively, the minimum Vsiar.yp to
start-up the oscillator is Vstart-up(min)=@; In(1+ nGp/gma))-

[0039] In many embodiments, the TEH system can achieve Qro=10.5 @ 300MHz
and a low Vsartup. The Vgiarup(min) model correlates well with simulated (60mV) and
measured (65mV) data. Although specific power management circuits integrated with
TEHs are discussed above with respect to FIG. 2, any of a variety of power
management circuits for integration with TEHs as appropriate to the requirement of a
specific application can be utilized in accordance with embodiments of the invention.
Start-up modes for TEH systems in accordance with embodiments of the invention are

discussed further below.

START-UP MODES
[0040] A TEH system can utilize various start-up modes for the charging phase of the

system. A start-up mode with relevant time waveforms in accordance with an
embodiment of the invention is illustrated in FIGS. 3A — 3F. In many embodiments,
during the charging phase the lower branch 300 is utilized as illustrated in FIG. 3A.
When Vg=high, the current chooses the path of lower resistance 302 (Z2), and the upper
branch (comprising an ILRO and change pump illustrated in FIG. 3B) is not utilized. In
many embodiments, this path of lower resistance, or the lower branch of the circuit, can
include an inductor Lo 304. The current from the TEH 306 flows into inductor Ly 304 and
is stored.

[0041] In several embodiments, when Vg=low the upper branch 350 is utilized as
illustrated in FIG. 3B, and the lower branch comprising an inductor Lo 304 and active
diode 308 (AD) can be active. The energy stored in inductor Lo 304 transfers through
the AD 308 to an output capacitor Cout 310. In several embodiments, the current from
the TEH 306 flows into the ILRO 312 of the upper branch, which starts to oscillate and
additionally refill a capacitor Cpp 314 through the charge pump 316. In several

embodiments, circuitry supplied from Cpp 314 draws only 80nA over one period.

7-
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[0042] Periodically, the upper branch turns ON and keeps boosting the output voltage
Vce 318. In a variety of embodiments, when Vcc 318 reaches 0.8V, the MPPT controller
320 can become active as further discussed below.

[0043] Waveforms corresponding to voltages throughout the system during start-up
mode are illustrated in FIGS. 3C — 3F. A voltage measure Vcc 322 as a function of time
is illustrated in FIG. 3C. A voltage measure Vg 324 as a measure of time is further
illustrated in FIG. 3D. FIG. 3E illustrates a voltage measure Vosc 326 as a function of
time. Additionally, FIG. 3F illustrates a voltage measure Vpp 328 as a function of time.
[0044] Although a specific start-up mode of TEH systems are discussed above with
respect to FIGS. 3A — 3F, any of a variety of start-up modes for use in TEH systems as
appropriate to the requirements of a specific application can be utilized in accordance
with embodiments of the invention. Maximum-power-point tracking (MPPT) modes for
TEH systems in accordance with embodiments of the invention are discussed further
below.

MAXIMUM-POWER-POINT TRACKING MODES
[0045] A TEH system can utilize a so-called MPPT mode using an MPPT controller

and MPPT loop. An MPPT loop architecture and relevant waveforms in accordance with
an embodiment of the invention are shown in FIGS. 4A — 4H. In many embodiments,
after an MPPT controller 400 as illustrated in FIG. 4A becomes active
(SET_MPPT=high), a negative voltage generator 402 can output -0.4V to shut down the
mode switch and the start-up circuitry as described above. In various embodiments, a
clock generator provides inputs S and S at a 600us period and 7/8 duty ratio.

[0046] In several embodiments, when the input S=low, the voltage sensor typically
senses the open-circuit voltage Vren, while the pulse width modulator (PWM) and GC
blocks hold Vpwm 404 and Vg 406 at zero, respectively. During this period, the AD 408
blocks the reverse current from Co,: 410.

[0047] In various embodiments, when the input S=high, a capacitive divider outputs
V1en/2. In many embodiments, a comparator in the impedance-matching adapter CMP3
416 as illustrated in FIG. 4B dynamically matches Vi, 418 and V1en/2 420, by adjusting

8-
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the pulse width of Vg through the PWM and GC blocks. In various embodiments, a fast
voltage sensing (Cq12=50pF) and CMP3 416 can enable the TEH system to find the
maximum-point-point in a very short time (<20ms for complete MPPT regulation). In
many embodiments, a voltage ripple at Vi, due to the fast feedback-loop response can
be mitigated with a small (2nF) input capacitance Ci» which can typically be found off
chip and a short settling time (3us) can be achieved. In several embodiments, a
feedback loop can rapidly capture the fluctuations (up to 50Hz) experienced at the
harvester side. In various embodiments, the Vi, signal moves repeatedly between V1en
and V1en/2, verifying correct impedance matching and adaptive load-line tuning.

[0048] In many embodiments, the MPPT mode can be prolonged until Coy: is charged
to a desired value including (but not limited to) 1.8V, which can be sufficient to power a
load 412 such as a neural recording interface. In several embodiments, when the load
412 is attached, a comparator CMP; 422 can dynamically keep Vot 414 at the desired
level by alternating SET_OUT between the ON and OFF states. As an illustrative
example a load can be a neural recording system, but any of a variety of loads powered
by the TEH system can be utilized. In a variety of embodiments, the MPPT controller
and all auxiliary circuitry consume 2.9uA in active mode and 0.07pA in idle mode, for
improved efficiency.

[0049] Mode sensing is illustrated in FIG. 4C. A linear model of MPPT mode is
illustrated in FIG. 4D. Waveforms for various voltages throughout MPPT mode are
further illustrated in FIGS. 4E — 4H. A voltage measure Mode Shut Down 424 as a
measure of time is illustrated in FIG. 4E. A voltage measure V|y 426 as a measure of
time is illustrated in FIG. 4F. FIG. 4G illustrates a voltage measure Vour 428 as a
measure of time. Additionally, FIG. 4H illustrates a voltage measure Vg 430 as a
measure of time.

[0050] Although a specific MPPT mode for use in TEH systems are discussed above
with respect to FIGS. 4A — 4H, any of a variety of MPPT modes for use in TEH systems
as appropriate to the requirements of a specific application can be utilized in
accordance with embodiments of the invention. Various TEH system components in
accordance with embodiments of the invention are discussed further below.

9-
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THERMOELECTRIC ENERGY HARVESTER SYSTEM COMPONENTS

[0051] A TEH system can utilize various components in realizing autonomous

thermoelectric energy-harvesting systems for biomedical sensors. Circuit details of a
charge pump are illustrated in FIG. 5A, gate control (GC) blocks are illustrated in FIG
5B, and an AD are illustrated in FIG. 5C in accordance with an embodiment of the
invention. In many embodiments, a dynamic charge-transfer-switch (CTS) charge
pump 500 as illustrated in FIG. 5A can transfer charge from one stage to the next
without incurring voltage drops. Typically, the pass transistors in the CTS stages can be
turned OFF completely by a Vosc 502 and can also be turned ON effectively by the
higher voltage generated in the next CTS stage. Thus, reverse charge flow can be
avoided, leading to higher efficiency. The simulated power efficiency of an 8-stage
charge pump in accordance with an embodiment of the invention can be from 41%
(Vosc=100mVpipk) t0 71% (Vosc=500mVpicpk)-

[0052] A GC block 520 is illustrated in FIG. 5B. When Vpp 522 exceeds 0.3V, a
thyristor-based oscillator (TRO) 524 can drive the buffer in the GC block to charge and
discharge the power switch. A TRO 524 is typically used because it is robust to voltage
variations and has low power consumption.

[0053] In several embodiments, the AD 540 as illustrated in FIG. 5C can turn ON with
a near-zero voltage drop when Vs 542 > Vg 544. Further, it can turn OFF immediately
when Vs 542 < Vg 544, preventing the reverse current leakage. In addition, the NMOS
cross-coupled pair can form a positive feedback to create a bi-stable condition and
provide tolerance for unwanted noise and input coupling ripples. In various
embodiments, the transistors Mri-Mg2 act as big resistors while My-Mg control the gate
voltage of Mp, effectively mimicking an ideal low-power Schottky diode. In a variety of
embodiments, comparators can use folded-cascode self-biased OpAmps to optimize
the power-gain tradeoff. In many embodiments, each comparator CMP; — CMP3 can
consume <900nA from a 1.8V supply, with ~60dB gain.

[0054] Voltage sensing is illustrated in FIG. 5D. Although specific components for use

in autonomous thermoelectric energy-harvesting systems are discussed above with

-10-
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respect to FIG. 5A — 5D, any of a variety of components for autonomous thermoelectric
energy-harvesting systems as appropriate to the requirements of a specific application
can be utilized in accordance with embodiments of the invention. Thermoelectric energy
harvesters in accordance with many embodiments of the invention are described further
below.

[0055] A TEH system can be designed and fabricated to meet the biophysical and
anatomical constraints of various living subjects including (but not limited) to a rat. A
thermoelectric energy harvester and associated waveforms in accordance with an
embodiment of the invention is illustrated in FIG. 6 and FIG. 7. A harvester is illustrated
in FIG. 6. In many embodiments, a bottom titanium plate 602 can be configured to
directly contact an animal’s cerebrovascular system using a 3x3 electrical pTEGs
arrangement 604. Each uTEG 606 serves as an independent voltage source. By
stacking three yTEGs and connecting the stacks in parallel the output power can be
increased while the equivalent source impedance decreases. In various embodiments,
measurements show that the TEH structure has an internal impedance of 6.3Q. In
several embodiments, a 11mm x 7.5mm heat sink 608 can be utilized which is large
enough to cover all three TEGs, while the bottom plate extends 1mm on two sides 610
to accommodate skull-fixing screws. Further, a biocompatible insulator can be applied
to the exposed space between the plate and the heat sink to prevent heat leakage.
[0056] As illustrated, the harvesting platform can be mounted on the head of a rat. In
many embodiments, a temperature gradient of 3.5K is observed and the system was
able to harvest 645uW regulated output power, with 60% end-to-end (92% converter)
efficiency, at VTEH=170mV. In various embodiments, a temperature gradient of 3.5K is
observed and the system was able to harvest 645uW regulated output power, with 60%
end-to-end (92% converter) efficiency, at VTEH=170mV. FIG. 7 illustrates measured lab
waveforms for a harvesting platform for voltage measures Vo, 700, Vg 702, and Vi, 704
during start-up mode and V. 706, Vg 708, and Vi, 710 during MPPT mode as a
function of time in accordance with an embodiment of the invention.

[0057] Although specific TEH harvesters are discussed above with respect to FIG. 6
and FIG. 7, any of a variety of energy harvesters for biomedical and/or other

11-
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applications can be utilized as appropriate to the requirements of specific applications in
accordance with embodiments of the invention. Design considerations and results for
TEH systems in accordance with many embodiments of the invention are discussed

further below.

DESIGN CONSIDERATIONS AND RESULTS
[0058] A comparison with previous designs in accordance with an embodiment of the

invention is shown in FIG. 8. In several embodiments, a peak end-to-end efficiency was
measured at 68% at Ven=220mV, outperforming previous designs. In various
embodiments, the miniaturized harvesting platform in accordance with embodiments of
the invention showed a 7.9x improvement in regulated power density relative to
previous designs. In many embodiments, improved efficiency can be attributed to the
integrated power-efficient start-up module, the fast fully-analog MPPT controller, and
the compact TEH source. Measured signals during the MPPT control indicate fully-
autonomous operation down to Vtgy=65mV. As illustrated, the comparisons are made
using [1] E. J. Carlson, et. al., “20mV Input Boost Converter With Efficient Digital Control
for Thermoelectric Energy Harvesting,” IEEE JSSC, vol. 45, no. 4, pp. 741-750, April
2010, [2] Y. K. Ramadass and A. P. Chandrakasan, “A Batteryless Thermoelectric
Energy-Harvesting Interface Circuit with 35mV Startup Voltage,” ISSCC 2010, pp. 486-
487, [3] J.-P. Im, et. al., “A 40mV Transformer-Reuse Self-Startup Boost Converter with
MPPT Control for Thermoelectric Energy Harvesting,” ISSCC 2012, pp. 104-106, and[4]
H.-Y. Tang, et. al., “A Fully Electrical Startup Batteryless Boost Converter with 50mV
Input Voltage for Thermoelectric Energy Harvesting,” VLSI 2012, pp. 196-197.

[0059] An illustrative micrograph of a chip fabricated in a 65nm CMOS process with
MPPT controller occupying 0.06mm? and startup circuitry occupying 0.65mm? is shown
in FIG. 9. In many embodiments, the printed circuit board (PCB) utilizes only one off-
chip inductor and one storage capacitor, which allows miniaturization. In several
embodiments, a small PCB together with the compound TEH occupy <1cm?® and weigh

<3g. In various embodiments, TEH platforms in accordance with embodiments of the
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invention offer superior power density levels and form factor that can eliminate
conventional batteries in size-constrained neural recording applications.

[0060] A graph illustrating measured end-to-end efficiency in comparison to previous
designs in accordance with an embodiment of the invention is illustrated in FIG. 10.
Systems in accordance with embodiments of the invention are illustrated in 1002, 1004.
As illustrated, the comparisons are made in reference to 1006 (Y. K. Ramadass and A.
P. Chandrakasan, “A Batteryless Thermoelectric Energy-Harvesting Interface Circuit
with 35mV Startup Voltage,” ISSCC 2010, pp. 486-487,) and 1008 (J.-P. Im, et. al., “A
40mV Transformer-Reuse Self-Startup Boost Converter with MPPT Control for
Thermoelectric Energy Harvesting,” ISSCC 2012, pp. 104-106).

[0061] A graph illustrating measured converter efficiency 1102 as a function of an
output load current I 0.4, and measured output power 1104 as a function of a source
voltage Vren in accordance with an embodiment of the invention is illustrated in FIG. 11.
[0062] A chart illustrating some drawbacks of previous TEH designs in accordance
with an embodiment of the invention is illustrated in FIG. 12. As illustrated in FIG. 12,
the comparisons are made relative to [1] E. J. Carlson, et. al., “20mV Input Boost
Converter With Efficient Digital Control for Thermoelectric Energy Harvesting,” IEEE
JSSC, vol. 45, no. 4, pp. 741-750, April 2010, [2] Y. K. Ramadass and A. P.
Chandrakasan, “A Batteryless Thermoelectric Energy-Harvesting Interface Circuit with
35mV Startup Voltage,” ISSCC 2010, pp. 486-487, [3] J.-P. Im, et. al.,, “A 40mV
Transformer-Reuse Self-Startup Boost Converter with MPPT Control for Thermoelectric
Energy Harvesting,” ISSCC 2012, pp. 104-106, [4] H.-Y. Tang, et. al., “A Fully Electrical
Startup Batteryless Boost Converter with 50mV Input Voltage for Thermoelectric Energy
Harvesting,” VLSI 2012, pp. 196-197, and [*] P.-H Chen, et. al., “A 95mV-startup Step-
up Converter with Vry-tuned Oscillator by Fixed-charge Programming and Capacitor
Pass-on Scheme,” ISSCC 2011, pp. 216-217.

[0063] Although specific design considerations for TEH systems and measured results
are discussed above with respect to FIGS. 8 — 12, any of a variety of design
considerations and implementations as appropriate to the requirements of a specific
application can be utilized in accordance with embodiments of the invention. While the

13-
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above description contains many specific embodiments of the invention, these should
not be construed as limitations on the scope of the invention, but rather as an example
of one embodiment thereof. It is therefore to be understood that the present invention
may be practiced otherwise than specifically described, without departing from the
scope and spirit of the present invention. Thus, embodiments of the present invention

should be considered in all respects as illustrative and not restrictive.
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WHAT IS CLAIMED IS:

1. A thermoelectric energy harvesting system comprising:
a thermoelectric energy harvester (TEH) comprising a thin-film array-
based TEH source and a heat sink;
start-up mode circuitry connected to the TEH comprising:
an upper branch comprising:

a mode switch configured to allow selection of the upper
branch;

an inductive-load ring oscillator (ILRO) comprising a cross-
coupled pair, where the ILRO is configured to operate in weak inversion
conditions;

a charge pump configured to receive an input from the ILRO
and output a current, where the output current is utilized to charge an
upper branch capacitor;

a lower branch comprising:

an inductor;

an active diode configured to transfer energy stored in the
inductor to an output capacitor;
maximum-power-point tracking (MPPT) mode circuitry comprising an

MPPT controller configured to activate an MPPT loop, where the MPPT loop comprises:
a mode control unit;
a gate controller;
a clock generator configured to generate at least one control signal;
an analog-domain MPPT unit configured to receive the at least one
generated control signal.

2. The thermoelectric energy harvesting system of claim 1, wherein the

mode switch includes a native-NMOS that is initially set as ON.

15-
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3. The thermoelectric energy harvesting system of claim 1, wherein the

cross-coupled pair utilizes analog transistors

4. The thermoelectric energy harvesting system of claim 1, wherein the
charge pump is an eight stage dynamic change-transfer-switch charge pump.

5. The thermoelectric energy harvesting system of claim 1, wherein the
mode control unit comprises a negative voltage generator, mode sensing circuitry, and

reference circuitry.

6. The thermoelectric energy harvesting system of claim 1, wherein the
negative voltage generator is configured to shut down the mode switch and the start-up
circuitry.

7. The thermoelectric energy harvesting system of claim 1, wherein the
analog-domain MPPT unit comprises a voltage sensor, output regulator, a pulse width

modulation driver, and an inversion matrix unit.

8. The thermoelectric energy harvesting system of claim 1, wherein the
inductor is off- chip.

9. The thermoelectric energy harvesting system of claim 1, wherein the
output capacitor is off-chip.

10.  The thermoelectric energy harvesting system of claim 1, wherein the start-
up mode stays active until the output capacitor has a value of 0.8V.

11. The thermoelectric energy harvesting system of claim 1, further

comprising a load powered by the output capacitor.

-16-
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12.  The thermoelectric energy harvesting system of claim 11, wherein the load

is a neural recording system.

13. The thermoelectric energy harvesting system of claim 1, wherein the
upper branch periodically turns ON to boost the energy stored in the output capacitor.

14. The thermoelectric energy harvesting system of claim 1, wherein the

MPPT mode stay active until Coyt is charged to a predetermined value based upon the
at least one generated control signal.

17-
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