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Abstract—We present design architecture of a low—power
voltage regulator that includes a charge—-pump and a bandgap
voltage reference in CMOS 130nm technology. The DC regu-
lator is intended for RF IC energy harvesting applications and
optimized for powering implantable electronics. The internal
circuit sections work with the local power supply voltage levels
in the 1.5V to 1.9V range (worst case), and the 3.96uW bandgap
generates 462mVDC reference voltage. The complete regulator
consumes typically 18uW for its own operation while delivering
regulated V(PWR)=1V voltage within 0.14% variation under
full load conditions, i.e. [PWR)(max)=4mA current.

Keywords-Analogue IC, implantable sensors, telemetry, en-
ergy harvesting

I. INTRODUCTION

Realistic design constrains for implantable telemetry sys-
tems are driven by the subject’s body size and the implant’s
power consumption. Larger subjects (e.g. a cow or a human)
can accept an implant whose volume is in the order of a few
tens of cubic centimetres, while a tiny mouse body can only
accommodate fully implanted object with the volume in the
order of a only few cubic millimetres.

For the case of small subjects, suitable power scavenging
methodology is based on a short—distance inductive coupled
wireless transfer of electromagnetic (EM) radiation [1] from
the external energy source (larger inductor L,) to the im-
planted receiving circuit by means of the smaller inductor
L;ns, Fig. 1. However, the subject carrying the implant
moves freely inside the controlled space, therefore the
two inductors continuously change their relative position in
space. Hence, the inductive coupling coefficient is function
of both linear and angular displacements between the two
coils, i.e. M = f(d,®), Fig. 2. Therefore, the received
energy levels vary over a wide range. This situation poses
a problem for normal operation of the implanted signal
processing and communication electronics. Consequently,
it is important to design an efficient implantable voltage
regulator that also consumes a minimal amount of energy
for its own operation while providing continuous power to
the load.

In this paper we present our design architecture of a low—
power voltage regulator, Fig. 1, that consists of the follow-
ing sub-blocks: a) a rectifier/charge—pump; b) a closed—
loop regulator consisting of an operational amplifier and
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Figure 1. Block digram of energy harvesting front—end circuit showing the
inductors, rectifier/charge pump and closed—loop regulation with amplifier
and bandgap (BG) voltage/current reference, (the compensation RcCc
network not shown). We characterized the circuit operation both with Moo

included, i.e. when V., # Vyeg, and without it, i.e. when V,!.; = Vieg.
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Figure 2. Diagram of two non—coaxial and non—parallel circular coils
cross—section. Relative location, and therefore the coupling coefficient M,
of the two power transfer coils (external and implanted) is defined by
horizontal (dz), vertical (dy), and angular (6) misalignments. (The plot
is not to scale.)

R 2; and c¢) a temperature and power supply insensitive
voltage/current reference. The rest of the paper is orga-
nized as follows: in Section II the inductive RF link and
rectifier/charge pump are described. Section III contains a
description of the regulator loop operation, voltage/current
reference is described in Section IV, and concluding remarks
are in Section V.

II. VOLTAGE RECTIFIER

A recently adapted method of resonance—based power
transfer [2] based on the coupled—mode theory [3] is less

IEEE
computer
psouety



sensitive to changes in the distance between coils. Two pairs
of coils are typically employed: one in the external circuit
(in the driver, i.e. the primary coils), and the other in the
implant itself (secondary coils).

Since the maximum power transfer can only be achieved
when the external and implanted inductors are perfectly
aligned, the challenge is to design a powering system
that would have low sensitivity to the coil orientation and
distance. Such designs, which are mainly focused on the
generation of constant minimum power from the floor of
the subject’s cage, have been investigated in [4].

In our previous work, we investigated the effects of axial
and angular misalignment of the primary and secondary
inductors, which occurs due to the random movement of
the subject, and presented numerical analysis methodology
[5].

When L, and L- are the self-inductance of the two coils,
M and k are related by

M =Fk+/LiLy ey

For two non—coaxial and non—parallel filamentary coils,
the mutual inductance defined in is

Mo T (cos — Riscos P)U(k)
M = ?\/RPRS/ NG dp ()
0

For our case of multilayer helical coils with axial and
angular misalignment, we apply the filament method [6] to
(2) and calculate the mutual inductance, which produces the
following equation:

g=K h=N I=n p=m

N1N2 Z Z Z Z M(gah7lap)

g=—K h=—NlIl=—np=—m

M=—GsineN+Dem+ Denty) O
where "
M(g.h,1,p) = —>/Rp(h)Rs (1) x
) cos ¢] W (k) . )

0/ [cos O — Sk

while denotation of all variables in (2) to (4) follows [7].
Based on numerical analysis, the resonant based power
transfer methods are expected to achieve maximum power at
power efficiency of approximately 85%, while the maximum
power efficiency is designed for a specific distance in
between the two coils, for example d, = 40mm as in Fig. 3.
Most modern IC rectifier/charge—pump topologies are
derived from the conventional multistage Dickson circuit
[8], with modern variants based on self-V;,—cancellation
(SVC) methodology published [9], where each two—diodes—
two—capacitors stage acts as a voltage doubler, therefore
contributing the 2(X7m —Vp) voltage overdrive to the output,
where Vj,, is the peak input voltage while Vp is the diode
turn—on voltage, and the diodes are implemented by MOS
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Figure 3.  Simulated transmitted power vs coil distance d, (case of

perfectly aligned coils, i.e. dz = 0 and © = 0). Generated voltage is
Vins < 1.5V.
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Figure 4. Schematic diagram of the three stage CMOS rectifier/charge
pump.

devices in CMOS technology. Hence, Vp is equivalent to a
MOS threshold voltage, |Vin|.

Our version of a three stage SVC type rectifier/charge—
pump, Fig. 4, also uses the conventional NMOS as the
base reference, and it was optimized for medical RF wire-
less band. It is interesting to note that if transistor Mg
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Figure 5. Simulated time—domain response of the rectifier/charge pump
circuit without Mg transistor.
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Figure 6. Time required for the regulated voltage to reach the steady DC
level (note the logarithmic scale), and output vs. input voltage characteris-
tics (note the linear scale). The graph demonstrates influence of the Moo
transiator.

is excluded (i.e. Weg = Vieq) then the rectifier output
reaches constant level within less than 100ns for all input
voltage levels, Fig. 5. However, if the My is included (i.e.
Weg # Vyeg and there is voltage drop across Mo drain—
source), the amount of time to charge up the internal nodes
of this device and to reach steady output DC level varies
exponentially from hundreds of nanoseconds (for high input
voltage levels) to tens of microseconds (for low input voltage
levels), Fig. 6. We will discuss compromises related to the
use of Myo in more details latter in this text.

An important overall design compromise is the power
efficiency of the rectifier circuit by itself, which is (for
the given distance between the external and implanted coil)
characterized as the function of the input RF signal fre-
quency and the voltage V;,,s generated across the implanted
coil. Our design is, currently, optimized for frequency range
between 400MHz and 1.2GHz, and the input voltage levels
in between 600mV,, to 800mV,,, Fig. 7. Under these
conditions the power efficiency is more than 80%. Lower
input voltage levels result in apparent higher efficiency (i.e.
close to 100%), however the transistors are operating in sub—
threshold region and, therefore, the total useful power drops
by orders of magnitude, which creates the additional design
constrain. For future implantable circuits that can operate in
deeper sub 1mW power region this mode of operation may
be more suitable.

III. VOLTAGE REGULATOR LOOP

The widely fluctuating voltage generated by the charge—
pump is regulated by a series regulator, which by itself has
to work with very low power and low—voltage [10], if it
is to be useful for implantable medical telemetry systems.
In the CMOS 130nm technology, the maximum potential
difference that a device can tolerate is 1.5V. Schematic
block diagram of our regulator architecture, Fig. 1, shows
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Figure 7. Simulated rectifier/charge pump efficiency vs. the input voltage
Vins and frequency.

that (in contrast to a conventional regulator) a source fol-
lower My is inserted between the charge—pump output node
Ve, and the rest of the regulator loop, while the PMOS
My is used as a pass device. Depending upon the power
level of the input RF signal, the antenna gain, impedance
matching, and the charge pump topology, the Weg voltage
may rise above 1.5V. Hence, transistor My, serves as a
voltage limiter and lowers the Vr’eg voltage level by V00,
which is load dependent and between 100mV to 400mV.
To make sure that the voltage between any two terminals of
the NMOS My, e.g. its gate and bulk, stays within 1.5V
even when V. is higher than 1.5V, the Mg has its bulk
and source shorted, which also improves the power supply
rejection ratio (PSRR). If the incoming RF wave is held
below 1.5V then Myy may not be used, so that the voltage
drop across its drain—source is removed. However, in that
case the overall PSRR of the regulator is reduced. That is,
compromise between the voltage drop and PSRR is made
based on the specific application conditions.

The regulation feedback loop is formed by the amplifier
OP, the PMOS driver M, and the voltage divider R; and
Ry network, which sets the ratio between Vpyr and V.cf

voltages as

Ry
- ere
R, ) !

The voltage reference Vs is then routed back to the
input of the loop. The loop is designed to be stable with
wide range of load impedances, with full load set up
to Ry, 2502 and C; = 50pF. The maximum load
corresponds to the maximum current drawn from Vpywg,
which is designed to be Ipy r(maz) = 4mA. By powering
the reference circuit (BG) from Vpywpr, the overall PSRR
of the V;..¢ is further improved. In this design, the regulated
supply voltage is set to Vpyr = 0.985V while the complete
regulator consumes less than 11.6p A current (typically). The

Vewr = (1 + )
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Figure 8. Schematic diagram of the folded amplifier (OP) used in

Fig. 1 (with the compensation RcC ¢ network, transistor Mo, and R1 R2
explicitly shown again for clarity).

reference voltage also serves as a load to the regulator loop,
which helps to keep the loop stable when its load is at the
minimum.

Simplified schematic diagram of folded—cascode ampli-
fier, Fig. 8, also shows the internal biasing voltages Vj1,
V2, Vi3 and biasing current [}, (details of the biasing circuit
generator are not shown). In our CMOS 130nm process,
the threshold voltages V;, ~ 0.15V to 0.25V, and |V;,| ~
0.23V to 0.4V. Assuming approximately 0.275V headroom
for the cascoded PMOS devices and 0.175V headroom for
the cascoded NMOS devices, the cascoded branch requires
at least 0.9V supply, while the other branches have smaller
number of stacked devices. Hence, we designed the biasing
circuit generator Vp1, Vi, Vps to set the minimum power
supply level while ensuring that the associated devices op-
erate in their respective saturation region under all variations
of the input voltage levels.

By setting the biasing current for each of the top PMOS
branches to 1uA and the input differential pair to its sub-
threshold region, the amplifier consumes the total current of
4.7uA, including the bias circuit generator. The DC gain
Ay of this amplifier is approximated as

An

=9m1Tout

zgml[(ngroL’)[rol || 7('02] || (gm4ro47no5)]

(6)

where ¢,,3 and ¢,,4 are the transconductance of the tran-
sistors M3y, and Ty, and 7,1, 702, 703, Toa and 7,5 are the
drain—source resistances of transistors My, Moy, T35, Myp
and Msy.

Assuming the load impedance is parallel with Rp,Cp,
Fig. 9, and Ry, R> > Ry, 706 > Ry, the DC gain Ay at
the regulator output is approximated as

Ay :L;/V-VR
=Aa19me[ros || (R1 + R2) || Ri]
~AngmeRL
(7

zgml[(grnS"'oSTOZ || (gm47'o47"05)]gm6RL
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Figure 9. Schematic diagram of the regulator open loop simplified small
signal equivalent network.

where g6 is the transconductance of the Mg transistor and
Tos is its drain—source resistance. The open loop gain A,
relative to the node Vi, is

Vip Ry

Vi Ry + Ry
%97n1[(9m37“o37“02 || (gnL4To4ro5)]gnL6RL

Aop = = Adﬂ ~ AdlngRL

®)

where 3 ~ 0.5 is the loop feedback factor.

In the analysis of the open loop transfer function, for
simplicity, we ignore the body effects, assume that the
amplifier is symmetric, and the output impedance of the
PMOS mirror My, 4 is very large, which leads into the open
loop equivalent half—circuit model network, Fig. 9, with the
folded—cascode amplifier.

Using KCL, and after solving for the internal voltage
Va, V3, Vy it is possible to derive the transfer function H (s)
of the regulator open loop as

Vewr
H(s) =-LWE
(s) v
ApAg (14 =2
d1 A4z Gajc,
- sC ©)
(14 Cegme R Routs) <1 + L)
ImeGaros
where,
Ryus ~ (gmaroaTos + Toa + 705)(Gm3To1703 + To1 + T03)
out3d ™~

(gm4ro4ro5 + 704 + TOB) + (gm?)rolroS + 701 + 7’03)
Adl :gm1R0ut3
Agx =gme L

Hence, the loop transfer function has one zero, w,, and two

poles, w1 and wya,

_% _ 9Im4 + Go4 + Y9os

.= 1
- = C. (10)
1
- 11
wpl Rout3Ad200 ( )
Wy =gCiL6 (12)

As wyo,w; > wp1, the unity gain bandwidth, wy is set by
|H(s)| =1 as
:g'rnl
Ce

wo

(13)
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Figure 10.  Simulated graphs for PSRR of Vpypr vs. frequency of

the closed loop regulator driving a load (Ry = 250€2): using a two—
stage classical amplifier without Moo transistor (2sReg w/o Myo); using a
two-stage classical amplifier with Mg transistor (2sReg w/ Moo); using
folded—cascoded amplifier with Mo transistor (fcReg w/ Moo); and PSRR
of the voltage reference itself (Vi.cr), (Typical process, T = 37°C,
Vpwr = 1.0V).

The phase margin of this loop is approximated as

“o _ tan~? o _ tan
Wy Wp1
Im1

9Ima + Gos + Jos
— tan™ ! (gm1 RoutsAa2)
1 gm1CL

gmGCc
and as expected it is controlled, aside from g,,, values of the
input and output stages, by the values of the loading and
compensation capacitances.

—1 wo

PM ~180 + tan™!
Wp2

=180 + tan~*!

— tan (14)

A. Power supply rejection ratio (PSRR)

One of the main design goals of this design is to minimize
circuit sensitivity to the variations of the available voltage
levels. In order to quantify available choices and decide
what compromises to make, we studied and compared per-
formance of three different configurations of our regulator,
one with folded—cascode amplifier with the My, transistor
(CfcReg w/ Mjy’), and one with a traditional two-stage
amplifier (schematic not shown) in combination both with
(’2sReg w/ Myg’) and without ("2sReg w/o Myg’) the Moyg
transistor, Fig. 10.

The simulations show that, in terms of PSRR, the regula-
tor based on folded—cascode amplifier with the My relative
to the 2—stage amplifier exhibits approximately 6dB better
PSRR in the LF range (i.e. —45dB vs. —51dB), which
increases to 15dB in the mid-band, and becomes similar
in the HF band. However, at DC, the regulator using the
2-stage amplifier exhibits better line and load regulation
(Table I), which is attributed to the slightly bigger systematic
input offset (0.2mV to 0.8mV) in the cascoded amplifier. In
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Table 1
PERFORMANCE OF REGULATOR CIRCUIT

Parameters H Folded Two-stage [11]
CMOS Technology 130nm 0.18um
Supply current [A] 11.6 12.2 28
(with bandgap)
Drop voltage [mV] 400 400 300
Regulator output [VI] 0.99 0.99 1.8
Line Regulation 0.31% 0.14% 0.024%
(full load)
Load Regulation [mV/4mA] 1.16 0.2 0.7
Settling time [us] 7.9 21 1.6
Stability Range Full load Full load Full load
PSRR @1kHz -51 -45 -70
@1GHz [dB] -36 -37 -
Compensation 845fF 8.46pF -
Spot Noise @100Hz 1.8 1.73 1.1
@100kHz  [uV/vVHZ] 312 325 390

|<— start-up —]

1:1:1
M
M1 ! |D__°|
Vo |.>|
8
Vo " m, 2P 9
Mp1 F I1
I +
Mo _||:Mn1
Mp2 I—
Figure 11. Simplified schematic diagram of on—chip voltage/current

reference circuit that consists of PTAT core, V,.. generator, I,y generator,
and the start—up sections (biasing voltage V}, generator not shown).

both cases, the PSRR is dominated by Mo which improves
the PSRR. At the same time, the bandgap voltage reference
by itself exhibits —68dB PSRR at LF and over —80dB at
HF, Table II. For comparative purposes and illustration of the
compromises we reference the state of the art experimental
work [11].

IV. VOLTAGE AND CURRENT REFERENCE

Although the conventional expression for the gate—source
voltage Vizs of a MOS transistor in saturation indicates that
it is possible to make it temperature independent, alas only
at one specific constant current biasing point I,y (which
may have relatively high current value), e.g. in the case of
a PMOS transistor, at

21,

—_— 15
tpCox(W/L)p (1

|VGSP| = |V;fp| +
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where |V;,| is the PMOS threshold voltage, y,, is the carrier
mobility, C,, is the unit gate oxide capacitance, I, is
the bias current, and (WW/L), is the gate width to length
ratio. Therefore, a temperature independent voltage/current
reference is required.

Our bandgap voltage/current reference circuit consists
three functional blocks, the proportional to absolute temper-
ature (PTAT) voltage generator core, the reference voltage
generation circuit, and the low—voltage start—up circuit,
Fig. 11. The core generates PTAT current that is mirrored
to the diode-connected PMOS M7 so that its gate—source
voltage Vg, in (15) is temperature independent. Source
current /5 in the core PTAT circuit, Fig. 11, is given by (16),
where the low—temperature coefficient resistor R; is made
of p—polysilicon whose resistance changes from —0.5% to
1% over the full temperature range of —40°C to 125°C.
For the additional improvement in PSRR, the PMOS cascode
mirrors M;—Mg are employed.

The PTAT core amplifier, Fig. 11, works down to 0.9V
supply and typically consumes 0.9 A current while provid-
ing more than 50dB DC gain. The high DC gain helps to
suppress the amplifier offset voltage Vs, hence the PTAT
current is

_ AVveb“i’vvos _ kT 1nN+ Vos
Ry ql Ry
where k is the Boltzman constant, T" is the absolute tem-
perature, ¢ is the electron electrical charge, and N is the
current density ratio of @1 and Q2. For the case of N =8,
the base—emitter voltage difference AVgyp = Vg — Vo has
a positive temperature coefficient of about 0.18mV/C. The
value of the resistor R; is then found from the temperature
sensitivity of the second term in (15) as

9 / 21,
MPCOI(W/L)P _ 1 aIp I %
oT -

gmr 0T\ 2u3Cop(W/L), OT
(17)

I (16)

T
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Figure 13.  Simulated transient start-up currents vs. rise times of the
bandgap power supply voltage Vpywr from tr = 100ps to tr = 10ns.
For the sake of providing the time reference, two pulses of the power supply
voltage Vpwr, one with tr = 100ps and one with tr = 10ns, are also
shown.

where ¢,,7 is the transconductance of the diode-connected
PMOS M. For a given W/L, the negative temperature
sensitivity of the PMOS threshold voltage V;,, which is
about —0.79mV/C, is then cancelled with the positive
temperature coefficient of (17), which is about 40.39mV/C
at 35 °C for the 2nd term. This leads to Ry = 56.5k€). As
the absolute resistor value changes +15% over the process,
R, is implemented as a programmable array so that it can
be trimmed as needed.

The temperature variation of the reference voltage is over
the full temperature range is shown in Fig. 12. We keep
in mind that for the implantable circuit applications, the
environment temperature is very stable, i.e. at the body
temperature, which means that optimization of PSRR is
much more important and challenging task.

A. PTAT Start-up circuit

A low voltage start—up circuit, Fig. 11, is designed to
provide the initial current to the PTAT during the powering
up transition. The initial circuit condition is that bipolar
transistors (1 and Q5 have zero collector currents. Therefore
nodes V4 and Vp are at ground level. Hence, the switch
PMOS M, is on while the NMOS switch M5 is off. The
switch M), enables the voltage divider M1 12, which turns
on NMOS switch M,,;. Consequently, M,,; pulls the node
Vp to ground and turns on the Mj 233, PMOS mirrors.
Because the cascoded devices in the current mirrors M 4—
My 5 are biased from the supply rail they are turned on
shortly after the power is up. Hence, the initial startup
current is injected into @1 and ()2, which progressively
increases voltages at nodes V4 and Vp. At the end of the
start—up process, voltage at V4 settles in the 0.5V to 0.8V
range within the full temperature range. Subsequently, M2
turns on, which is followed by the potential at the M,
gate being pulled to the ground. Hence, the start—up circuit



Table 1T
PERFORMANCE OF THE BANDGAP REFERENCE CIRCUIT

Parameter [ This work [12] [13] [14] [15]
CMOS Technology 130nm 0.6pm 0.18um
Minimum power supply [V] 0.9 1 1.4t03 0.98V v
Power supply current [A] 4 26 9.7 18 29.5
Output voltage [V] 0.462 0.798 0.309 0.603 0.7395
Temperature coefficient (sim.) [ppm/ °C] 24.74 - - - 1.18
Temperature coefficient (meas.)  [ppm/°C] - 6.64 36.9 15(trim) -
Temperature range [°C] -40to 125 | -50to 160 | O to 100 | O to 100 | -30 to 130
Line regulation [ppm/V] 90.4 248 830 4230 850
Power Supply Gain @ 10Hz [dB] -68 -58 -47 -44 -52
Spot Noise @ (1kHz) [nV/VHZ 418 - - - -
Spot Noise @ (100kHz) [nV/VHZ | 34 - 1.6 - -
Output Load 50pF - 100nF -

is disconnected from the PTAT circuit. Soon after voltage
V4 settles high enough, M, is turned off and therefore
it breaks the DC current path in the voltage divider. By
using Monte—Carlo analysis we confirmed that this strategy
works well under wide voltage supply, process corners and
the environment variations.

Examples of simulation transients behaviour of the start—
up circuit, Fig. 13, demonstrate that the start—up current
drops down to a couple of nano—amperes (i.e. the leakage
current) within 20ns after the power is turned on.

B. The Regulator Circuit Simulations

Temperature variations inside a living body are very
small and centred at approximately 37 °C), therefore a sat-
isfactory voltage reference is achieved without any addi-
tional compensation. The temperature dependance curve is
tuned to have its minimum at the body temperature with
24.74ppm /C variation, Fig. 12. At 37°C, the complete
circuit including the amplifier, draws 4.0p4 A current from the
0.9V supply. To the best of our knowledge, this is the lowest
reported power in standard CMOS implementation. Voltage
Vier is stable in the (Vgg = 0.9V to 1.5V) range with
the power supply sensitivity of 90.4ppm/V. The reference
voltage frequency response curve, Fig. 10, shows that PSRR
is —68dBQ10Hz and —82dBQ1GH z. Comparative per-
formance of the temperature insensitive voltage reference is
summarized in the Table II, and we make reference relative
to experimental works [12] to [15].

The complete regulator circuit is simulated with range of
loading impedances, and the simulation confirmed that in
the worst case scenario, the fully—loaded regulated supply
with folded—cascode amplifier, the reference voltage V.. is
stable for voltage supply in the range of 1.3V to 1.9V with
a power supply sensitivity of 2.97ppm/V. For moderate to
low impedance loads, the reference operates with supply
voltages as low as 0.9V, while the regulated power supply
voltage may be as low as 1V, Fig. 14.
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Figure 14. Simulated output of the reference and regulator (using folded—
cascode amplifier) voltages versus variation of the supply voltage (full load).

V. SUMMARY

We presented a 130nm CMOS design architecture of a
low—power voltage regulator suitable for EM energy scav-
enging front end in implantable circuits. The reference cir-
cuit has a typical 24.74ppm/ °C and maximum 45ppm/ °C
temperature sensitivity over the combinations of process,
temperature and power supply. The voltage reference cir-
cuit by itself consumes 3.6uWW with the line regulation
of 90.4ppm/V. A novel start-up circuit suitable for low—
voltage application is also proposed. The overall circuit,
including the reference bias, error amplifier and the feedback
network, consumes 18uWW typically. The low power con-
sumption and low supply voltage make this block suitable
for the implantable medical telemetry system application.

ACKNOWLEDGEMENT

The authors would like to express the sincere gratitude to
Scisense Inc., NSERC, and CMC Microsystems for support-
ing our research and for providing the design technology.



—

(1]

(2]

[4]

[5]

[6]

[7]

(8]

[9]

(10]

(1]

[12]

REFERENCES

A. RamRakhyani, S. Mirabbasi, and M. Chiao, “Design and
optimization of resonance-based efficient wireless power de-
livery systems for biomedical implants,” Biomedical Circuits
and Systems, IEEE Transactions on, vol. 5, no. 1, pp. 48-63,
2011.

A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher,
and M. Soljaci¢, “Wireless Power Transfer via Strongly
Coupled Magnetic Resonances,” Science, vol. 317, no. 5834,
pp. 83-86, 2007.

H. Haus and W. Huang, “Coupled-mode theory,” IEEE Pro-
ceedings, vol. 79, no. 10, pp. 1505-1518, 1991.

D. Russell, D. McCormick, A. Taberner, P. Nielsen, P. Hu,
D. Budgett, M. Lim, and S. Malpas, “Wireless Power Delivery
System for Mouse Telemeter,” in Biomedical Circuits and
Systems Conference, 2009. BioCAS 2009. IEEE, Nov. 2009,
pp. 273-276.

S. Senjuti, K. Fricke, A. Dounavis, and R. Sobot, “Misalign-
ment Analysis of Resonance—Based Wireless Power Transfer
to Biomedical Implants,” in Proceedings of 25th IEEE Cana-
dian Conference on Electrical and Computer Engineering,
CCECE 2012., Apr. 2012.

K. Bong, E. Levi, Z. Zabar, and L. Birenbaum, “Mutual
inductance of noncoaxial circular coils with constant current
density,” Magnetics, IEEE Transactions on, vol. 33, no. 5, pp.
4303-4309, 1997.

S. Babic and C. Akyel, “Calculating mutual inductance be-
tween circular coils with inclined axes in air,” Magnetics,
IEEE Transactions on, vol. 44, no. 7, pp. 1743-1750, 2008.

J. Dickson, “On-Chip High-Voltage Generation in MNOS
Integrated Circuits Using an Improved Voltage Multiplier
Technique,” IEEE Journal of Solid-State Circuits, vol. 11,
no. 3, pp. 374-378, Mar. 1976.

K. Kotani, A. Sasaki, , and T. Ito, “High-Efficiency
Differential-Drive CMOS Rectifier for UHF RFIDs,” IEEE
Journal of Solid—State Circuits, vol. 44, no. 11, pp. 3011-
3018, Nov. 2009.

D. Yeager, F. Zhang, A. Zarrasvand, N. George, T. Daniel, and
B. Otis, “A 9uA, Addressable Gen2 Sensor Tag for Biosignal
Acquisition,” IEEE Journal of Solid—State Circuits, vol. 45,
no. 10, pp. 2198-2209, Oct. 2010.

V. Majidzadeh, A. Schmid, and Y. Leblebici, “A Fully On-
Chip LDO Voltage Regulator for Remotely Powered Cortical
Implants,” in Proceedings of ESSCIRC, Nov. 2009, pp. 424—
427.

L. Gobbi, P. Malcovati, M. Pasotti, M. Poles, F. Rigoni,
A. Cabrini, G. Sandre, and G.Torelli, “A 1V, 26uW Extended
Temperature Range Band—gap Reference in 130nm CMOS
Technology,” in Proceedings of the 31st European Solid—State
Circuits Conference, ESSCIRC 2005., Sep. 2005, pp. 503—
506.

106

[13]

(14]

[15]

K. Leung and P. Mok, “A CMOS Voltage Reference Based
on Weighted AVGS for CMOS Low-Dropout Linear Regu-
lators,” IEEE Journal of Solid—State Circuits, vol. 38, no. 1,
pp. 146-150, Jan. 2003.

, “A sub-1-V 15-ppm/C CMOS Bandgap Voltage Ref-
erence without Requiring Low Threshold Voltage Device,”
IEEE Journal of Solid—State Circuits, vol. 35, no. 4, pp. 526—
530, Apr. 2002.

J. Li, Y. Fu, and Y. Wang, “A 1-V Piecewise Curvature-
corrected CMOS Bandgap Reference,” in Proceeding of the
13th ACM/IEEE International Symposium on Low Power
Electronics and Design, ISLPED 2008., Aug. 2008, pp. 289-
294.



