Hybrid Supplies for Wireless Micro-Systems

by Erick O. Torres, Lucas A. Milner, and Gabriel A. Rincon-Mora

Itra-compact micro-electronic

devices like wireless micro-

sensors provide sensing and
monitoring functions to a wide
variety of applications in medicine,
industry, and the military. Because
of their diminutive micro-scale
dimensions, these micro-systems are
unobtrusive and can be deployed in
numerous quantities as a network
gathering information from typically
inaccessible environments, such as
inside the human body.'? The problem
is the inaccessibility and ubiquity of the
constituent nodes render the upkeep of
the on-board energy supply impractical,
forcing the device to sustain itself from
whatever energy it was able to store
initially. This is a significant challenge
because typical micro-scale energy
sources do not feature the necessary
energy densities to fully supply
practical systems capable of sensing,
storing, computing, and transmitting
data for extended lifetimes.3 As a result,
micro-scale devices suffer from short
operational lives, as determined by the
amount of energy initially stored in
their small volumes."*

An effective strategy for prolonging
life is to decrease the average power
consumed in the system by duty-
cycling and offsetting power-intensive
tasks. For instance, sensing and wireless
communication functions need not
engage continuously or simultaneously.
Performing these functions periodically
or asynchronously (on demand) and
allowing the system to idle often, as
shown in Fig. 1, reduce average power
(Paverage) and therefore drain the energy
source at a slower rate.>* Fortunately,
duty-cycling the load is compatible with
many applications that only need to
sample data at a low frequency because
the sensed variable changes slowly with
respect to time, as is often the case with
temperature and air pressure,’ just to
cite two examples.

Duty-cycling, however, does little
to attenuate peak power requirements.
Wireless telecommunication, for
instance, may demand micro- and even
nano-Watts on average but draw milli-
Watts of instantaneous power during
transmission, as depicted by Ppe, in
Fig. 1. This presents a challenge because
energy-storage devices typically do not
concurrently feature high energy and
high power densities, as the Ragone plot
in Fig. 2 shows.? Capacitors, for example,
may source considerably higher power
than similarly sized nuclear batteries
but also suffer from substantially lower
energy levels. The fact is micro-scale
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systems demand both high energy (to
extend operational life) and high power
(to perform important functions like
wireless transmission).

In applications where batteries
cannot be recharged or replaced, the
energy stored in the system determines
its lifetime, which is why high energy
density is so critical. Harvesters are most
appealing in this respect because they
extract virtually unbounded ambient
energy in light, thermal gradients,
magnetic fields, and/or vibrations,
except their power levels are not only
considerably low but also intermittent

and often unpredictable.® Were it
not for expense and safety concerns,
betavoltaic (or atomic) batteries would
attract more attention because they
source slightly higher power levels
continuously from a decomposing
radioactive element whose half life is
on the order of years.”

Alternatively, micro-scale fuel cells
also offer relatively high energy densities
(although not as high as nuclear
batteries) and with safer byproducts,
such as carbon dioxide (CO,) and
water in the case of direct-methanol
(DM) proton-exchange membrane
(PEM) fuel cells.® What is more, these
fuel cells can be integrated on chip
(alongside the microelectronics they
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support) with micro-electromechanical
systems (MEMS) technologies. Fuel
cells, however, in addition to low power
levels, also suffer from slow Kkinetics
(or reaction times) and fuel loss (i.e.,
energy loss) through the membrane
and corresponding vents. Ultimately,
even when discounting the relevant
drawbacks, constrained volume space
in nuclear batteries and fuel cells
continues to place severe limits on how
much fuel and reactive material can
be stored, which means, unlike energy
harvesters, on-board energy is finite
and easily exhausted.

As discussed earlier, high power
density is also important, so capacitors
and inductors thrive in this arena. The
problem is the energy they store when
constrained to micro-scale dimensions
is considerably low, which means
they deplete quickly. Lithium-ion (Li-
ion) batteries, on the other hand, are
popular energy-storage devices because
they embody a balanced compromise in
energy, power, and speed while losing
little-to-no energy to self discharge,
maintaining capacity over numerous
re-charge cycles (i.e., long cycle life)°
and even featuring on-chip integration
with  thin-film technologies.!%-1!
Compromising energy and power for the
sake of a single source, however, is not
acceptable in micro-scale applications,
especially when incorporating wireless
telemetry and targeting operational
lives on the order of years.

Extending operational life in
ubiquitous high-performance micro-
scale applications to practical and
unprecedented levels leaves little
room for sacrifice. In this light, under
similar micro-scale volumes, capacitors
and inductors should only supply
instantaneous peak power because they
are quick and capable of sourcing the
highest power. Li-ions should supply
burst power because they are fast enough
to do so and able to source more energy
in the process. Fuel cells and nuclear
batteries, on the other hand, should
only supply low average power because,
in addition to their slow response times,
they source more energy in this state.
Harvesters alone may not be able to
supply any load but they can replenish
an otherwise exhaustible reservoir of
energy and extend system life. Mixing
the power from these sources to charge
intermediate stages and supply the
load, however, also requires energy and
power.

Using a Li-ion as momentary
power cache to supply burst power
and complementing it with a fuel cell,
for instance, for energy (i.e., extended
operational life) to match the various
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loading requirements of a micro-
scale system demands a smart and
power-efficient mixer-charger-supply
integrated circuit (IC), as illustrated in
Fig. 3.1 During stand-by mode, the IC
channels 0.4-0.6 V fuel-cell energy and
power to concurrently supply the 1-2 V
load and recharge the 2.7-4.2 V Li-ion.
Similarly, during high-power events,
the IC draws energy and power from
both the 0.6 V fuel cell and 2.7-4.2 V
Li-ion to supply the 1-2 V load. While
an inductor is important to transfer
energy and circumvent the energy and
power otherwise lost in switches, several
inductors are prohibitive in micro-scale
applications. Finally, output and fuel-
cell capacitors Coyr and Cgy supply the
instantaneous load and power the Li-
ion and fuel cell are unable to source
during load dumps and the various
switching phases of the IC. In other
words, the IC ensures the load draws
low and high currents with the highest
possible energy at all times.

Harvesters can boost the lifetimes
of these hybrid systems by harnessing,
converting, and transferring additional
energy into the Li-ion reservoir,
decoupling the initial energy stored in
the system (e.g., fuel) from the resulting
operational life. This is possible because
ambient energy is abundant, and in
the case of mechanical vibrations, also
stable and often predictable. Although
harvesting energy from strain exerted
on piezoelectric materials, magnetic
fields, and electric fields are all possible,
electrostaticharvestersenjoy thebenefits
of on-chip integration because they are
fully compatible with MEMS process
technologies (e.g., accelerometers)
and do not require exotic materials or
additional processing steps.

Deriving energy from these variable
electrostatic capacitors (i.e., varactors),
however, requires an initial energy
investment in the form of initial charge
to initiate the harvesting process.
This necessity arises because variable
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capacitor Cy,r must be pre-charged to
Li-ion voltage V|, before a decreasing
capacitance can induce a harvesting
charge current i,y into the Li-ion:

dq dC,
; 2. VAR "arl_y “Cyar
U s o
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As a result, the harvester-charger IC
shown in Fig. 4, for example, charges
Cyar to Vy; quickly while Cy,yg is at its
maximum value and channels iy back
to the Li-ion through diode Dy,zy when
Cyar decreases.’* The main challenge
here is to guarantee a net energy gain;
that is to say, the energy harvested
must exceed the initial investment and
whatever losses the IC incurs, which
is why an inductor is again used, to
reduce transfer losses. Note the control
block and all switches in the system
also dissipate power.

Even with the unlimited supply of
energy that harvesters can provide, the
power available still limits the quality
(e.g., resolution) and quantity (e.g.,
transmission rate) of data the system can
process. The circuits required to collect,
discern, and transmit information
accurately, for example, can easily
exhaust all the energy accumulated
over the span of minutes or days.
Transmitting too much data and/or
across wide distances similarly strains
the system. Circuits that consume low
energy and low power and maintain
high performance are therefore as
important as the sources that supply
them.

In design, energy per transmission or
conversion and absolute power are the
most important metrics. Low power,
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as before, implies a source with higher
energy density can supply it, which
results in longer operational life. If
the incremental changes in power do
not justify changing sources, however,
energy per transmission or conversion
supersedes power in importance because
higher short-burst power requires the
same energy as low power over extended
periods. Normally, the power associated
with wireless transmission overwhelms
most other components in the system,
including converting sensed data
into digital format (i.e., analog-digital
converters). Reducing peak wireless
power consequently takes precedence
over energy per transmission, if it means
a higher energy source device can be
used. Otherwise, as is often the case in
sensing, energy per transmission and
conversion are more important.

The integration of the constituent
components of the micro-system,
as illustrated in Fig. Sa, also deserve
consideration because they must

ultimately conform to a single
miniaturized, light-weight, non-
invasive, self-contained, and self-
sustained system-in-package (SiP)

platform. The fuel reservoir (or tank),
for example, probably requires the
largest volume so dueling it as a chassis,
as shown in Fig. Sb, increases space
efficiency. A MEMS DM PEM fuel-cell
membrane® could constitute the top
face of the tank, the side immediately
underneath the IC. The thin-film Li-
Ion micro-battery can be integrated
on chip (above the microelectronic
circuits!®!!), on a separate substrate and
wire-bonded to the IC,™ or on a flexible
medium so that it may wrap around the
tank and exploit the three-dimensional
features of the SiP device.

Capacitors

IC

The IC, wire bonds, and related
passives comprise the space above the
PEM membrane. Note that on-chip
vibration-sensitive MEMS varactors'
used in an electrostatic harvester can
also double as motion sensors. While
on-chip inductors and capacitors for
the mixer—charger-supply IC would be
ideal, their inductances (e.g., 20-100
nH) and capacitances (e.g., 20-100 pF)
are orders of magnitude below practical
levels (e.g., 1-10 pH and 0.1-1 pF), and
their equivalent series resistances (ESRs)
are similarly prohibitively high (e.g.,
0.5-1 ). As a result, the system must
resort to 1-5 mm?® off-chip capacitors
and inductors.’® Keeping the number
of off-chip capacitors and inductors
in the mixer-charger-supply low to
keep overhead low, however, requires
innovation, especially when targeting
high-power efficiency and high-
accuracy performance.

In addition to the mixer-charger-
supply, the IC must also include
sensors, data converters, processors,
oscillators, mixers, power amplifiers,
and other supporting microelectronics.
Such a diverse system usually demands
a plethora of supply voltages (derived
from the same IC) for optimum
efficiency and operation. Inductor-
based dc-dc converters are versatile and
efficient, but dedicating one for each
sub-system is unacceptable because the
real estate above the tank is a precious
commodity—off-chip components
subtract volume from the tank and
battery and therefore reduce operational
life and peak-power performance.
Supplying a myriad of supply voltages
from several non-ideal sources must
therefore rest on a single off-chip 1-
5 mm? inductor and its driving IC
controller. The IC must be sufficiently
efficient and smart enough to channel
energy from the best available source
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Fi. 5. (a) Electrical architecture and (b) a possible system-in-package (SiP) embodiment of a wireless micro-sensor.
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while accommodating for their non-
idealities, such as limited response
times, internal resistances, etc.

The antenna is another challenge.
Generally, a higher carrier frequency
needs a smaller antenna, which is
(thankfully) more easily integrated—
efficient radiation for a 1 ¢cm® micro-
system, forinstance, requires frequencies
greater than 30 GHz.’ The problem with
high frequency is that the oscillator and
power amplifier consume considerably
higher power. Unfortunately, reducing
the carrier frequency without increasing
the size of the antenna is not an easy
option because the power losses in the
antenna itself increase substantially as
a result. In summary, as with energy
and power, transmission performance
is almost entirely dependent on the
space available, just as lifetime depends
on the size of the fuel-cell tank, the
Li-ion’s series resistance on area, and
inductance and inductor’s power rating
on the size of the core. Regardless, using
the outer surface of the tank to adhere a
stacked, two-dimensional antenna is an
option for the foregoing micro-system.

Generally, storage capacity, power
rating, lifetime, system performance,
and antenna efficiency decrease
with decreasing dimensions. Li-
ions are moderate and balanced in
almost all respects, so much so, in
fact, that confining them to micro-
scale dimensions necessarily sacrifices
the energy and power wireless
sensor systems cannot afford to lose.
Complementing the high-energy
characteristics of harvesters, fuel cells,
and nuclear batteries with the moderate-
and high-power levels available in Li-
ions, capacitors, and inductors is an
appealing prospect, even if the driving
and loading microelectronics must now
include additional intelligence, require
less space, and consume less power.
The fact is that over-sizing the Li-ion to
accommodate the energy demands of
the system or similarly over-sizing the
fuel cell or harvester to fully supply the
load power requires more volume than
a hybrid source, which is why research
continues not only in developing the
constituent technologies of the system
discussed here but also in integrating
them. [ |
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