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POWER TRANSFER DEVICE

CROSS-REFERENCE TO RELATED APPLICATION
[0001)  This application claims the benefit of priority of Singapore Patent Application
No. 201106464-9, filed 8 September 2011, the contents of which being hereby

incorporated by reference in its entirety for all purposes.

TECHNICAL FIELD
[0002] Various embodiments relate generally to a power transfer device. Various
embodiments relate generally to a circuit arrangement, a rectifier and a regulator of a

power transfer device.

BACKGROUND

[0003] In recent years, much research in the field of implantable biomedical devices
is being carried out for wide range of applications such as neural recording, cochlear
implant, retinal prosthesis, and etc.

[0004] One of the issues in the development of implantable biomedical devices is the
consistent provision of a stable, reliable power supply. The usage of batteries is avoided
since it requires periodic replacement due to its limited lifetime and can cause much
discomfort and health risk to the patient with the implant device. Therefore, wireless
power transfer to implantable biomedical devices are used as it obviates the need for
implanted batteries or pierced wirings and can provide a safer and more robust
implementation.

[0005]  Figure 23 shows a conventional wireless power transfer system 2300 for
biomedical implants. The conventional wireless powering link 2300 has an inductive
coupling 2302, a rectifier 2304 and a regulator 2306. Inductive coupling is generally used
for transcutaneous power transfer from the outside body into the implanted device
wirelessly. The inductive coupling 2302 includes a primary coil 2308 of an external
transmitting device 2312 on an external side 2310 of the conventional wireless power
transfer system 2300 and a secondary coil 2314 of an implant device 2318 on an

implanted side 2316 of the conventional wireless power transfer system 2300. The
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primary coil 2308 and the secondary coil 2314 are coupled at a distance with living tissue
in between.

[0006] It is desirable to maximize the efficiency of the wireless power transfer system
2300 so that less transmitting power may be required and/or a longer distance between
the external transmitting device 2312 and the implant device 2318 can be facilitated
while using the same transmitting power from the external device 2312. An operating
frequency for power transfer is preferable to have a relatively high value, considering the
size of the secondary coil inductor 2314 in the implant device 2318. However, the
operating frequency cannot be too high due to the increased tissue absorption. High
efficiency is also desirable for living tissue safety by reducing the RF exposure to avoid
cellular damage. However, the overall efficiency of the conventional wireless power
transfer system 2300 is generally far less than 10%. The inductive coupling 2302
generally has quite a low efficiency on account of unfavorable coupling conditions such
as size constraint, power requirement and biocompatibility.

[0007] The rectifier 2304 of the conventional wireless power transfer system 2300 is
utilized to convert a transmitted AC signal to an unregulated DC signal. The unregulated
DC signal can be applied to the regulator 2306 to obtain a stable DC voltage which is
supplied to the building blocks in the implant device 2318.

[0008] Different types of rectifiers can be used for the rectifier 2304. CMOS
rectifiers have the advantage of its low-cost process and its compatibility with other
building blocks. However, CMOS rectifiers may have a problem of efficiency
degradation due to the forward voltage drop and reverse-leakage current. In comparison
with CMOS rectifiers, the Schottky diode rectifier may require additional process steps
that lead to an increase in the implementation cost.

[0009] Moreover, the efficiency problem of conventional wireless powering links
becomes more significant considering large power dynamic range. The required regulated
DC output power is application-specific, which can vary from microwatt to watt level in
biomedical applications. In high power case, big transistors required in the rectifier 2304
to reduce its forward voltage drop may impose the heavy loading effect on the
conventional efficiency-boosting structure of the inductive coupling 2302, which adds a

capacitor to form the high-Q resonance. In low power case, the reverse leakage current of
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the rectifier 2304 may degrades its efficiency, and the regulator 2306 may require more
power consumption or off-chip capacitors to keep its stability, which is not desirable for

size and cost considerations.

SUMMARY

[0010] According to one embodiment, a power transfer device is provided. The
power transfer device includes a circuit arrangement including a primary side having a
primary coil; a secondary side having a secondary coil inductively coupled to the primary
coil and a load transformation unit; wherein the load transformation unit includes an
inductor and a capacitor; wherein the secondary coil, the inductor and the capacitor
respectively includes a first terminal and a second terminal; wherein the first terminal of
the secondary coil is coupled to the first terminal of the capacitor, the second terminal of
the capacitor is coupled to the first terminal of the inductor, and the second terminal of
the inductor is coupled to the second terminal of the secondary coil.

[0011] An optimal resonant load of the load transformation unit may be represented

by coL21/1+k2Q,Q2

Q,

coefficient between the primary coil and the secondary coil, L, is an inductance of the

—jwL,, whereby o is a power carrier frequency, k is a coupling

secondary coil, Q; is a quality factor of the primary coil and Q, is a quality factor of the
secondary coil.

[0012] The power transfer device may further include a rectifier including a first
transistor, a second transistor, a third transistor and a fourth transistor respectively having
a first terminal, a second terminal and a control terminal; a first comparator and a second
comparator respectively having a first input terminal, a second input terminal, a third
input terminal, a fourth input terminal, a first output terminal and a second output
terminal; wherein the first input terminal of the first comparator is coupled to the first
input terminal of the second comparator, the second input terminal of the first comparator
is coupled to the third input terminal of the second comparator, the third input terminal of
the first comparator is coupled to the second input terminal of the second comparator, and
the fourth input terminal of the first comparator is coupled to the fourth input terminal of

the second comparator; wherein the first terminal of the first transistor is coupled to the
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first terminal of the second transistor, the second terminal of the first transistor is coupled
to the second terminal of the third transistor, the second terminal of the second transistor
is coupled to the second terminal of the fourth transistor, and the first terminal of the third
transistor is coupled to the first terminal of the fourth transistor; wherein the first
comparator is configured to compare a first voltage applied to the first input terminal of
the first comparator and a second voltage applied to the second input terminal of the first
comparator during a first operation cycle, and the second comparator is configured to
compare a first voltage applied to the first input terminal of the second comparator and a
second voltage applied to the second input terminal of the second comparator during a
second operation cycle; wherein when the second voltage is greater than the first voltage
during the first operation cycle, the first comparator is configured to output a first voltage
signal at the first output terminal of the first comparator and a second voltage signal at the
second output terminal of the first comparator; wherein when the second voltage is
smaller than the first voltage during the first operation cycle, the first comparator is
configured to output the second voltage signal at the first output terminal of the first
comparator and the first voltage signal at the second output terminal of the first
comparator; wherein when the second voltage is greater than the first voltage during the
second operation cycle, the second comparator is configured to output a first voltage
signal at the first output terminal of the second comparator and a second voltage signal at
the second output terminal of the second comparator; wherein when the second voltage is
smaller than the first voltage during the second operation cycle, the second comparator is
configured to output the second voltage signal at the first output terminal of the second
comparator and the first voltage signal at the second output terminal of the second
comparator.

[0013] The first transistor, the second transistor, the third transistor and the fourth
transistor of the rectifier may respectively include a third terminal. The rectifier may
further include a first dynamic body bias unit having a first terminal, a second terminal
and a third terminal, and a second dynamic body bias unit having a first terminal, a
second terminal and a third terminal. The first terminal of the first dynamic body bias unit
may be coupled to the first terminal of the first transistor, the first terminal of the second

transistor, the second input terminal of the first comparator and the third input terminal of
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the second comparator. The second terminal of the first dynamic body bias unit may be
coupled to the second terminal of the first transistor, the first input terminal of the first
comparator, the first input terminal of the second comparator, the second terminal of the
third transistor and the second terminal of the second dynamic body bias unit. The third
terminal of the first dynamic body bias unit may be coupled to the third terminal of the
first transistor. The first terminal of the second dynamic body bias unit may be coupled to
the first terminal of the third transistor, the first terminal of the fourth {ransistor, the third
input terminal of the first comparator and the second input terminal of the second
comparator. The third terminal of the second dynamic body bias unit may be coupled to
the third terminal of the third transistor. The third terminal of the second transistor may
be coupled to the second terminal of the second transistor and the third terminal of the
fourth transistor is coupled to the second terminal of the fourth transistor.

[0014]  The rectifier may further include a first input terminal and a second input
terminal. The first input terminal may be coupled to the first terminal of the first dynamic
body bias unit and the second input terminal may be coupled to the first terminal of the
second dynamic body bias unit.

[0015]  The rectifier may further include a capacitor having a first terminal and a
second terminal, and a first output terminal and a second output terminal. The first
terminal of the capacitor may be coupled to the first output terminal and the second
terminal of the second dynamic body bias unit. The second terminal of the capacitor may
be coupled to the second output terminal, the second terminal of the second transistor, the
fourth input terminal of the first comparator, the fourth input terminal of the second
comparator and the second terminal of the fourth transistor.

[0016] The second terminal of the capacitor, the second output terminal, the second
terminal of the second transistor, the fourth input terminal of the first comparator, the
fourth input terminal of the second comparator and the second terminal of the fourth
transistor may be coupled to a reference voltage. _
[0017] The power transfer device may further include a regulator including a first
transistor and a second transistor respectively having a first terminal, a second terminal
and a control terminal, wherein the second terminal of the first transistor is coupled to the

first terminal of the second transistor, a first terminal of the first transistor is coupled to a
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first voltage reference and a control terminal of the second transistor is coupled to a
second voltage reference; a feedback arrangement coupled between the control terminal
of the first transistor and the second terminal of the second terminal; wherein the
feedback arrangement includes a current comparator having an input terminal and an
output terminal; a third transistor and a fourth transistor respectively having a first
terminal, a second terminal and a control terminal; wherein the input terminal of the
current comparator is coupled to the second terminal of the second terminal, and the
output terminal of the current comparator is coupled to the control terminal of the third
transistor and the control terminal of the fourth transistor; wherein the first terminal of the
third transistor is coupled to the first voltage reference and the second terminal of the
third transistor is coupled to the second terminal of the fourth transistor and the control
terminal of the first transistor; wherein the first terminal of the fourth transistor is coupled
to a third voltage reference.

[0018] The regulator may further include a fifth transistor having a first terminal, a
second terminal and a control terminal; wherein the first terminal of the fifth transistor is
coupled to the third voltage reference, the second terminal of the fifth transistor is
coupled to the second terminal of the second transistor, and the control terminal of the
fifth transistor is coupled to a third voltage reference.

[0019]  The regulator may further include an input terminal coupled to the first
terminal of the first transistor and the first terminal of the third transistor; and an output
terminal coupled between the second terminal of the first transistor and the first terminal
of the second transistor.

[0020] The rectifier may be coupled between the circuit arrangement and the
regulator.

[0021]  The first input terminal of the rectifier may be coupled to the first terminal of
the inductor of the load transformation unit of the circuit arrangement, and the second
input terminal of the rectifier may be coupled to the second terminal of the inductor of the
load transformation unit of the circuit arrangement. The first output terminal of the
rectifier may be coupled to the input terminal of the regulator.

[0022] According to another embodiment, a rectifier is provided. The rectifier

includes a first transistor, a second transistor, a third transistor and a fourth transistor
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respectively having a first terminal, a second terminal and a control terminal; a first
comparator and a second comparator respectively having a first input terminal, a second
input terminal, a third input terminal, a fourth input terminal, a first output terminal and a
second output terminal; wherein the first input terminal of the first comparator is coupled
to the first input terminal of the second comparator, the second input terminal of the first
comparator is coupled to the third input terminal of the second comparator, the third input
terminal of the first comparator is coupled to the second input terminal of the second
comparator, and the fourth input terminal of the first comparator is coupled to the fourth
input terminal of the second comparator; wherein the first terminal of the first transistor is
coupled to the first terminal of the second transistor, the second terminal of the first
transistor is coupled to the second terminal of the third transistor, the second terminal of
the second transistor is coupled to the second terminal of the fourth transistor, and the
first terminal of the third transistor is coupled to the first terminal of the fourth transistor;
wherein the first comparator is configured to compare a first voltage applied to the first
input terminal of the first comparator and a second voltage applied to the second input
terminal of the first comparator during a first operation cycle, and the second comparator
is configured to compare a first voltage applied to the first input terminal of the second
comparator and a second voltage applied to the second input terminal of the second
comparator during a second operation cycle; wherein when the second voltage is greater
than the first voltage during the first operation cycle, the first comparator is configured to
output a first voltage signal at the first output terminal of the first comparator and a
second voltage signal at the second output terminal of the first comparator; wherein when
the second voltage is smaller than the first voltage during the first operation cycle, the
first comparator is configured to output the second voltage signal at the first output
terminal of the first comparator and the first voltage signal at the second output terminal
of the first comparator; wherein when the second voltage is greater than the first voltage
during the second operation cycle, the second comparator is configured to output a first
voltage signal at the first output terminal of the second comparator and a second voltage
signal at the second output terminal of the second comparator; wherein when the second
voltage is smaller than the first voltage during the second operation cycle, the second

comparator is configured to output the second voltage signal at the first output terminal of
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the second comparator and the first voltage signal at the second output terminal of the
second comparator.

[0023] The first transistor, the second transistor, the third transistor and the fourth
transistor of the rectifier may respectively include a third terminal. The rectifier may
further include a first dynamic body bias unit having a first terminal, a second terminal
and a third terminal, and a second dynamic body bias unit having a first terminal, a
second terminal and a third terminal. The first terminal of the first dynamic body bias unit
may be coupled to the first terminal of the first transistor, the first terminal of the second
transistor, the second input terminal of the first comparator and the third input terminal of
the second comparator. The second terminal of the first dynamic body bias unit may be
coupled to the second terminal of the first transistor, the first input terminal of the first
comparator, the first input terminal of the second comparator, the second terminal of the
third transistor and the second terminal of the second dynamic body bias unit. The third
terminal of the first dynamic body bias unit may be coupled to the third terminal of the
first transistor. The first terminal of the second dynamic body bias unit may be coupled to
the first terminal of the third transistor, the first terminal of the fourth transistor, the third
input terminal of the first comparator and the second input terminal of the second
comparator. The third terminal of the second dynamic body bias unit may be coupled to
the third terminal of the third transistor. The third terminal of the second transistor may
be coupled to the second terminal of the second transistor and the third terminal of the
fourth transistor is coupled to the second terminal of the fourth transistor.

[0024] The rectifier may further include a first input terminal and a second input
terminal. The first input terminal may be coupled to the first terminal of the first dynamic
body bias unit and the second input terminal may be coupled to the first terminal of the
second dynamic body bias unit.

[0025] The rectifier may further include a capacitor having a first terminal and a
second terminal, and a first output terminal and a second output terminal. The first
terminal of the capacitor may be coupled to the first output terminal and the second
terminal of the second dynamic body bias unit. The second terminal of the capacitor may

be coupled to the second output terminal, the second terminal of the second transistor, the



10

15

20

25

30

fourth input terminal of the first comparator, the fourth input terminal of the second
comparator and the second terminal of the fourth transistor.

[0026] The second terminal of the capacitor, the second output terminal, the second
terminal of the second transistor, the fourth input terminal of the first comparator, the
fourth input terminal of the second comparator and the second terminal of the fourth
transistor may be coupled to a reference voltage.

[0027] According to yet another embodiment, a regulator is provided. The regulator
includes a first transistor and a second transistor respectively having a first terminal, a
second terminal and a control terminal, wherein the second terminal of the first transistor
is coupled to the first terminal of the second transistor, a first terminal of the first
transistor is coupled to a first voltage reference and a control terminal of the second
transistor is coupled to a second voltage reference; a'feedback arrangement coupled
between the control terminal of the first transistor and the second terminal of the second
terminal; wherein the feedback arrangement includes a current comparator having an
input terminal and an output terminal; a third transistor and a fourth transistor
respectively having a first terminal, a second terminal and a control terminal; wherein the
input terminal of the current comparator is coupled to the second terminal of the second
terminal, and the output terminal of the current comparator is coupled to the control
terminal of the third transistor and the control terminal of the fourth transistor; wherein
the first terminal of the third transistor is coupled to the first voltage reference and the
second terminal of the third transistor is coupled to the second terminal of the fourth
transistor and the control terminal of the first transistor; wherein the first terminal of the
fourth transistor is coupled to a third voltage reference.

[0028] The regulator may further include a fifth transistor having a first terminal, a
second terminal and a control terminal; wherein the first terminal of the fifth transistor is
coupled to the third voltage reference, the second terminal of the fifth transistor is
coupled to the second terminal of the second transistor, and the control terminal of the
fifth transistor is coupled to a third voltage reference.

[0029] The regulator may further include an input terminal coupled to the first

terminal of the first transistor and the first terminal of the third transistor; and an output
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terminal coupled between the second terminal of the first transistor and the first terminal

of the second transistor.

BRIEF DESCRIPTION OF THE DRAWINGS
[0030] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which:

Figure 1 shows a schematic diagram of a circuit arrangement according to one
embodiment.

Figures 2a to 2¢ show conventional inductive coupling arrangements.

Figure 3 shows a graph of power transfer efficiency and a loaded quality factor
plotted against load for a conventional circuit arrangement, as well as the maximum
theoretically achievable power transfer efficiency.

Figure 4 shows a graph of measured power transfer efficiency plotted against
coupling distance in an air environment for a circuit arrangement according to one
embodiment.

Figure 5 shows a table of experimental results in both the air environment and the
tissue environment and with different coupling distance for a circuit arrangement
according to one embodiment.

Figure 6a shows a graph of voltage transfer gain plotted against load for a circuit
arrangement according to one embodiment.

Figure 6b shows a graph of power transfer efficiency plotted against load for a
circuit arrangement according to one embodiment.

Figure 7a shows a fabricated inductive coupling structure according to one
embodiment.

Figure 7b shows a fabricated inductive coupling structure placed in an air
environment according to one embodiment.

Figure 7c shows a fabricated inductive coupling structure placed in a tissue

environment according to one embodiment.



10

15

20

25

30

11

Figure 8a shows a conventional full-wave diode-bridge rectifier.

Figure 8b shows a conventional CMOS gate-cross coupled rectifier.

Figure 8c shows an exemplary conventional comparator-based rectifier.

Figure 9 shows a schematic diagram of a rectifier according to one embodiment.

Figure 10 shows a circuit arrangement of a dynamic body bias unit for a rectifier
according to one embodiment.

Figure 11 shows a block diagram of a comparator for a rectifier according to one
embodiment.

Figure 12 shows a general schematic diagram of a comparator for a rectifier
according to one embodiment.

Figure 13 shows a more detailed schematic diagram of a comparator for a rectifier
according to one embodiment.

Figure 14a shows voltage response of an input and an output of a comparator for a
rectifier according to one embodiment and of the conventional comparator.

Figure 14b shows current flow of a comparator for a rectifier according to one
embodiment and of the conventional comparator.

Figure 15 shows a chip layout of a rectifier according to one embodiment.

Figure 16 shows a graph of results of simulations carried out for a rectifier
according to one embodiment.

Figure 17 shows a graph illustrating simulated output load dependence of power
conversion efficiency (PCE) for a rectifier according to one embodiment.

Figure 18a shows a graph of simulated results of a rectifier according to one
embodiment.

Figure 18b shows a graph of measured results of a rectifier according to one
embodiment.

Figure 19 shows a conventional capacitor-less low dropout (LDO) regulator.

Figure 20 shows a schematic diagram of a regulator according to one
embodiment.

Figure 21 shows a graph of power efficiency plotted against load current for a

regulator according to one embodiment.
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Figure 22 shows a graph of a transient response of a regulator according to one
embodiment.

Figure 23 shows a conventional wireless power transfer system.

Figure 24 shows a schematic diagram of a power transfer device according to one

embodiment.

DETAILED DESCRIPTION
[0031] Embodiments of a power transfer device will be described in detail below
with reference to the accompanying figures. It will be appreciated that the embodiments
described below can be modified in various aspects without changing the essence of the
invention.
[0032] Figure 24 shows a schematic diagram of a power transfer device 2400
according to one embodiment. In one embodiment, the power transfer device 2400 may
be a wireless power link device. The power transfer device 2400 includes a circuit
arrangement 2402, a rectifier 2404 and a regulator 2406. The rectifier 2404 is coupled
between the circuit arrangement 2402 and the regulator 2406.
[0033] Details of exemplary embodiments of the circuit arrangement 2402, the
rectifier 2404 and the regulator 2406 are described in the following.
[0034] Inductive Coupling

Figure 1 shows a schematic diagram of a circuit arrangement 100 according to one
embodiment. The circuit arrangement 100 includes a primary side 102 having a primary
coil 104. The circuit arrangement 100 also includes a secondary side 106 having a
secondary coil 108 inductively coupled to the primary coil 104. The secondary side 106
of the circuit arrangement 100 also has a load transformation unit 110. The load
transformation vnit 110 includes an inductor 112 and a capacitor 114.

[0035] The secondary coil 108 has a first terminal 116 and a second terminal 118.
The inductor 112 has a first terminal 120 and a second terminal 122. The capacitor 114
has a first terminal 124 and a second terminal 126. The first terminal 116 of the
secondary coil 108 is coupled to the first terminal 124 of the capacitor 114. The second
terminal 126 of the capacitor 114 is coupled to the first terminal 120 of the inductor 112,

The second terminal 122 of the inductor 112 is coupled to the second terminal 118 of the
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secondary coil 108. The secondary side 106 may further include a load 128 coupled
between the first terminal 120 of the inductor 112 and the second terminal 122 of the
inductor 112,

[0036] The primary side 102 may further include a voltage source 130 and a
capacitor 132. The primary coil 104 has a first terminal 134 and a second terminal 136.
The voltage source 130 has a first terminal 138 and a second terminal 140. The capacitor
132 has a first terminal 142 and a second terminal 144. The first terminal 138 of the
voltage source 130 is coupled to the first terminal 142 of the capacitor 132 and the second
terminal 140 of the voltage source 130 is coupled to the second terminal 136 of the
primary coil 104. The second terminal 144 of the capacitor 132 is coupled to the first
terminal 134 of the primary coil 104.

[0037] Figure 2a shows schematic diagram of a conventional plain inductive coupling
arrangement 200. The arrangement 200 has low power efficiency due to weak coupling
between the inductor L; and the inductor L;. Figure 2b shows a conventional resonant
coupling arrangement 220. As compared to the plain inductive coupling arrangement
200, the conventional resonant coupling arrangement 220 uses a conventional efficiency-
boosting technique for inductive coupling by add a capacitor C; to form the resonance at
a power carrier frequency w. However, the improvement in efficiency is heavily limited
by the loading effect due to the quality factor O degradation especially with the small
load. Bigger load is usually assumed to have higher efficiency.

[0038] As compared to the conventional resonant coupling arrangement 220, the
circuit arrangement 100 can overcome the loading effect and can make a power transfer

efficiency to approach a theoretical limit by an optimal resonant load transformation. An
optimal resonant load Z"™" can be represented by:
. oL, 1+ k?
ngllmum — 2 Q1Q2 —j(DLz (1)
Q.

whereby ® is a power carrier frequency, k is a coupling coefficient between the primary

coil and the secondary coil, L, is an inductance of the secondary coil, Q; is a quality
factor (unloaded) of the primary coil and Q; is a quality factor (unloaded) of the

secondary coil.
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The optimal resonant load transformation can be achieved using the load transformation
unit 110.

[0039] From equation (1), it can be observed that the conventional technique, by
adding C,, just partly approaches the optimum load by composing the imaginary part of
equation (1). By comparison, the inductor L, 112 combined with the capacitor C; 114 in
the circuit arrangement 100 not only resonates with the secondary coil L, 108, but also
transforms the load impedance to the optimum value as shown in Equation (1), and hence
the maximum power efficiency can be achieved.

[0040]  The power transfer efficiency n is defined as the power received at the load
128 divided by the input power drawn by the primary coil 104. The maximum power
transfer efficiency can be derived as

. k00 2)
nmax in  theory (1+-\/1+k2Q1Q2)2

when the load is equal to the optimum value Z "™ .

[0041] Figure 3 shows a graph 300 of power transfer efficiency and a loaded quality
factor Q plotted against load Ry. In one embodiment, the resonant frequency £, may be
about 13.56 MHz, the coupling coefficient k£ may be about 0.2, the inductance L; of the
primary coil 104 may be about 10 pH, the quality factor Q; of the primary coil 104 may
be about 71.0, the inductance L; of the secondary coil 108 may be about 2 uH, the quality
factor O, of the secondary coil 108 may be about 60.8, and the load 128 may have a
resistance R; which varies from 1 Q to 100 kQ.

[0042] Graph 300 shows a plot 302 of the power transfer efficiency nr of the
conventional circuit arrangement 220. Graph 300 shows a plot 304 of the theoretical limit
Nmax Of power transfer efficiency. Graph 300 also shows a plot 306 of a loaded quality
factor Qr, of the conventional circuit arrangement 220,

[0043] It can be observed from plot 302 and plot 304 that the power transfer
efficiency nr of the conventional circuit arrangement 220 can approach the theoretical
limit of equation (2) only when the condition in equation (1) is met. The condition in
equation (1) is met at the point 308 where plot 302 touches plot 304. The point 308
corresponds to the maximum point of plot 302. The efficiency nr is robust for load or

coupling variation at the point 308 since the gradient of plot 302 at the maximum point
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308 is zero. Furthermore, the efficiency nr does not increase indefinitely with the
increase of the load R;. It can be observed from plot 302 that the efficiency nr decreases
after the maximum point 308. In the conventional structure, the secondary parallel tank
is equivalent to a current source with high impedance. A smaller R; is better for energy
exaction from the current source, but it degrades the Q of resonance precipitously and
deteriorates the efficiency. On the other hand, a larger R; can keep the high-Q resonance
while it cannot exact energy from the tank effectively. This is the reason why the curve of
plot 302 has low values in both low-R; and high-R; regions. The proposed optimal
resonant loading transformation technique, e.g. the circuit arrangement 100, can solve
this dilemma properly by mitigating the loading effect to assure the efficient resonance
and facilitating the effective power extraction from the tank to the load at the same time.
[0044] A fabricated inductive coupling structure (e.g. circuit arrangement 100) by
optimal resonant load transformation is shown in Figure 7a. In one embodiment, printed
spiral coil is chosen for inductive coupling owing to its low profile and integration
convenience. The primary coil 104 of the primary side 102 of the circuit arrangement 100
and the secondary coil 108 of the secondary side 106 of the circuit arrangement 100 are
fabricated on 0.5-mm thick RO4350B printed circuit board (PCB) with 1oz copper. The
primary coil 104 may have a dimension of 60 mm x 25 mm. The secondary coil 108 may
have a dimension of 25 mm x 10 mm. The primary coil 104 and the secondary coil 108
may have a thickness of about 0.5 mm. The optimal resonant load transformation can be
realized by chip components 702 (e.g. the capacitor 114and the inductorl12) on the coil
PCB, which is easy for tuning and mass production. In one embodiment, the power
carrier frequency is 13.56 MHz. The load 128 may be about 200 Q, the capacitor 114
may have a capacitance of about 56 pF and the inductor 112 may have an inductance of
about 0.56 pH. Measurements of the power transfer efficiency are conducted with the
fabricated inductive coupling structure (e.g. circuit arrangement 100) placed in an air
environment as shown in Figure 7b.

[0045]  Figure 4 shows a graph 400 of the measured power transfer efficiency plotted
against coil distance/coupling distance (e.g. a distance/gap between the primary coil 104
and the secondary coil 108) in an air environment. It can be observed from graph 400 that

the simulation results (represented by ) and the experimental results (represented by =)
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of the circuit arrangement 100 are better than the simulation results (represented by V)
and the experimental results (represented by V) of the conventional resonant coupling
arrangement 220. In other words, as the coil distance increases, the circuit arrangement
100 has a higher power transfer efficiency than the conventional resonant coupling
arrangement 220. More than 80% of the efficiency can be achieved in the air
environment. The results are also verified with the fabricated inductive coupling structure
(e.g. circuit arrangement 100) in a tissue environment as shown in Figure 7¢.

[0046] Figure 5 shows a table 500 of experimental results of the circuit arrangement
100 in both the air environment and the tissue environment and with different coil
distance/coupling distance (e.g. a distance/gap between the primary coil 104 and the
secondary coil 108). The experiment may be carried with a resonant frequency of about
13.56 MHz and a load 128 of about 50 Q.

[0047] Row 502 shows that the circuit arrangement 100 has a voltage transfer gain of
-1.252 dB and a power transfer efficiency of 75.0% in an air environment and with a coil
distance of 10 mm. Row 504 shows that the circuit arrangement 100 has a voltage
transfer gain of -2.348 dB and a power transfer efficiency of 58.2% in a tissue
environment and with a coil distance of 10 mm. Row 506 shows that the circuit
arrangement 100 has a voltage transfer gain of -6.885 dB and a power transfer efficiency
of 20.5% in an air environment and with a coil distance of 20 mm. Row 508 shows that
the circuit arrangement 100 has a voltage transfer gain of -7.370 dB and a power transfer
efficiency of 18.3% in a tissue environment and with a coil distance of 20 mun. Row 510
shows that the circuit arrangement 100 has a voltage transfer gain of -23.578 dB and a
power transfer efficiency of 0.44% in an air environment and with a coil distance of 50
mm. Row 512 shows that the circuit arrangement 100 has a voltage transfer gain of -
27.921 dB and a power transfer efficiency of 0.16% in a tissue environment and with a
coil distance of 50 mm.

[0048] It can be observed that the voltage transfer gain and the power transfer
efficiency decrease in both the air environment and the tissue environment as the coil
distance becomes larger. The voltage transfer gain in the air environment is greater than
the voltage transfer gain in the tissue environment. The power transfer efficiency in the

air environment is greater than the power transfer efficiency in the tissue environment.
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[0049] Figure 6a shows a graph 600 of voltage transfer gain plotted against load Ry.
Graph 600 shows a plot 602 for the circuit arrangement 100, a plot 604 for the parallel
resonant arrangement (e.g. the conventional resonant coupling arrangement 220 of Figure
2b), and a plot 606 for the series resonant arrangement 240 of Figure 2c. It can be
observed that the circuit arrangement 100 has a higher voltage transfer gain than the
parallel resonant arrangement 220 and the series resonant arrangement 240.

[0050] Figure 6b shows a graph 620 of power transfer efficiency plotted against load
Ri. Graph 620 shows a plot 622 for the circuit arrangement 100, a plot 624 for the
parallel resonant arrangement (e.g. the conventional resonant coupling arrangement 220
of Figure 2b), and a plot 626 for the series resonant arrangement 240 of Figure 2c. It can
be observed that the circuit arrangement 100 has a higher power transfer efficiency than
the parallel resonant arrangement 220 and the series resonant arrangement 240.

[0051] The circuit arrangement 100 may have a 2-coil structure which uses printed
spiral coil for the primary coil 104 and the secondary coil 108. The circuit arrangement
100 has a planar structure without ferrite core. Thus, the circuit arrangement 100 can be
compact for planar integration and easy tuning. On the other hand, the conventional
inductive coupling arrangements generally have non-planar structures whiéh are bulky
and thus, are not prone to planar integration and tuning.

[0052] Further, the circuit arrangement 100 can provide a higher power efficiency as
compared with conventional inductive coupling arrangements. Thus, circuit arrangement
100 can provide a highly efficient resonant coupling. The circuit arrangement 100 can
also provide a relieved stress for source driving. The circuit arrangement 100 may also be
robust for variations of coupling and load impedance. The circuit arrangement 100 may
be biocompatible since it does not have ferromagnetic core and high resonant current.
[0053] The circuit arrangement 100 can provide a high-efficiency wireless power
transfer. The circuit arrangement 100 can be used in applications of biomedical
electronics, near field communication (NFC), radio frequency identification (RFID),
contactless power charging, and potential industrial applications where wireless power
transfer is needed.

[0054] Rectifier
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Figure 8a shows a conventional full-wave diode-bridge rectifier 800. Both Schottky and
complementary metal oxide semiconductor (CMOS) types can be used in this topology.
As it operates as a full-wave rectifier, the corresponding diode pair turns on during each
cycle and the current flows to the output load. However, this topology has a limitation in
achieving a high power conversion efficiency (PCE) due to the two threshold voltage
(V1) drops. Figure 8b shows a conventional CMOS gate-cross coupled rectifier 820.
This topology can enable low ON-resistance in comparison to the diode-bridge structure
800. However, whenever the potential in the output node is higher than the input signal,
reverse leakage current occurs in every cycle of its operation if the input transistor is not
turned OFF fast enough during the ON-OFF transition. This causes a severe degradation
of the power conversion efficiency of the rectifier.

[0055] To alleviate this issue, several comparator-based rectifiers have been proposed.
Figure 8c shows an exemplary conventional comparator-based rectifier 840. In the
rectifier 840, a comparator is used to drive the gate of the main transistor to control the
operation in order to minimize the reverse leakage current. Many of these comparator-
based topologies achieve a relatively high PCE of over 80%. However, these rectifiers
operate at very low frequency and/or require a large input signal to achieve such high
PCEs. The requirement of the large input signal for high efficiency limits the allowed
operation distance of the rectifier. Also, this will have tissue damage/heating regulatory
issues for implant applications.

[0056] Figure 9 shows a schematic diagram of a rectifier 900 according to one
embodiment, The rectifier 900 includes a first transistor Mgp;, a second transistor Mgni, a
third transistor Mgp2 and a fourth transistor Mgna. The rectifier 900 also includes a first
comparator CC; and a second comparator CC,. In one embodiment, the first comparator
CC, and a second comparator CC, may form a shared self-powered comparator
arrangement 901. The rectifier 900 has a first dynamic body bias unit 902 and a second
dynamic body bias unit 904. The rectifier 900 has a voltage source 906, a capacitor (load
capacitance) Cy, and a resistor (load resistance) Ry. In one embodiment, the resistor Ry is
a representation of a load of the rectifier 900.

[0057] The first transistor Mgp; has a first terminal 908a, a second terminal 908b and

a control terminal 908c. The second transistor Mgy has a first terminal 910a, a second
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terminal 910b and a control terminal 910c. The third transistor Mgp; has a first terminal
912a, a second terminal 912b and a control terminal 912¢. The fourth transistor Mrn; has
a first terminal 914a, a second terminal 914b and a control terminal 914c. The first
comparator CC, has a first input terminal 916a, a second input terminal 916b, a third
input terminal 916¢, a fourth input terminal 916d, a first output terminal 916e and a
second output terminal 916f. The second comparator CC; has a first input terminal 918a,
a second input terminal 918b, a third input terminal 918c, a fourth input terminal 918d, a
first output terminal 918e and a second output terminal 918f.

[0058]  The first input terminal 916a of the first comparator CC; is coupled to the first
input terminal 918a of the second comparator CC,. The second input terminal 916b of the
first comparator CC; is coupled to the third input terminal 918c of the second comparator
CC,. The third input terminal 916¢ of the first comparator CC; is coupled to the second
input terminal 918b of the second comparator CC,. The fourth input terminal 9164 of the
first comparator CC; is coupled to the fourth input terminal 918d of the second
comparator CC,.

[0059] The first terminal 908a of the first transistor Mgp; is coupled to the first
terminal 910a of the second transistor Mgrni. The second terminal 908b of the first
transistor Mgp; is coupled to the second terminal 912b of the third transistor Mges. The
second terminal 910b of the second transistor Mgy is coupled to the second terminal
914b of the fourth transistor Mrn;. The first terminal 912a of the third transistor Mgp: is
coupled to the first terminal 914a of the fourth transistor Mgna.

[0060] The first output terminal 916e of the first comparator CC, is coupled to the
control 908c¢ terminal of the first transistor Mgp;. The second output terminal 916f of the
first comparator CC, is coupled to the control terminal 914c¢ of the fourth transistor Mgno.
The first output terminal 918e of the second comparator CC; is coupled to the control
terminal 912¢ of the third transistor Mgp,. The second output terminal 918f of thé second
comparator CC; is coupled to the control terminal 908c of the second transistor Mgyj.
[0061] In one embodiment, the first comparator CC; includes a first NOT gate 920
and the second comparator CC; includes a second NOT gate 922. The first NOT gate 920
has an input terminal 924a and an output terminal 924b. The second NOT gate 922 has an
input terminal 926a and an output terminal 926b. The input terminal 924a of the first
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NOT gate 920 is coupled to the first output terminal 916e of the first comparator CC; and
the output terminal 924b of the first NOT gate 920 is coupled to the second output
terminal 916f of the first comparator CC;. The input terminal 926a of the second NOT
gate 922 is coupled to the first output terminal 918e of the second comparator CC; and
the output terminal 926b of the second NOT gate 922 is coupled to the second output
terminal 918f of the second comparator CC,.

[0062] Further, the first transistor Mrpi, the second transistor Mgpni, the third
transistor Mrpz and the fourth transistor Mrn2 respectively includes a third terminal 908d,
910d, 912d, 914d. The first dynamic body bias unit 902 has a first terminal 928a, a
second terminal 928b and a third terminal 928c. The second dynamic body bias unit 904
a first terminal 930a, a second terminal 930b and a third terminal 930c. The first terminal
928a of the first dynamic body bias unit 902 is coupled to the first terminal 908a of the
first transistor Mgpi, the first terminal 910a of the second transistor Mgni, the second
input terminal 916b of the first comparator CC; and the third input terminal 918c of the
second comparator CC,. The second terminal 928b of the first dynamic body bias unit
902 is coupled to the second terminal 908b of the first transistor Mrpi, the first input
terminal 916a of the first comparator CCj, the first input terminal 918a of the second
comparator CC, the second terminal 912b of the third transistor Mrp2 and the second
terminal 930b of the second dynamic body bias unit 904. The third terminal 928d of the
first dynamic body bias unit 902 is coupled to the third terminal 908d of the first
transistor Mrpi. The first terminal 930a of the second dynamic body bias unit 904 is
coupled to the first terminal 912a of the third transistor Mgp2, the first terminal 914a of
the fourth transistor Mrn2, the third input terminal 916d of the first comparator CC; and
the second input terminal 918b of the second comparator CC,. The third terminal 930c of
the second dynamic body bias unit 904 is coupled to the third terminal 912d of the third
transistor Mgp2. The third terminal 910d of the second transistor Mreni is coupled to the
second terminal 910b of the second transistor Mrpni1, and the third terminal 914d of the
fourth transistor Mgrn2 is coupled to the second terminal 914b of the fourth transistor
Mgn2.

[0063] The voltage source 906 has a first terminal 932a and a second terminal 932b.
The first terminal 932a of the voltage source 906 is coupled to the first terminal 928a of
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the first dynamic body bias unit 902, the first terminal 908a of the first transistor Mgp,
the first terminal 910a of the second transistor Mgwi, the second input terminal 916b of
the first comparator CC; and the third input terminal 918c of the second comparator CC,.
The second terminal 932b of the voltage source 906 is coupled to the first terminal 930a
of the second dynamic body bias unit 904, the first terminal 912a of the third transistor
Mgps, the first terminal 914a of the fourth transistor Mpyp, the third input terminal 916¢
of the first comparator CC; and the second input terminal 918b of the second comparator
CC..

[0064] In one embodiment, the voltage source 906 may be an AC input voltage

source. The voltage source 906 of the rectifier 900 may be a representation of a circuit to

which an input of the rectifier 900 is coupled. In other words, the voltage supplied by the
voltage source 906 may be an output voltage of this circuit. Therefore, the first terminal
932a and the second terminal 932b of the voltage source 906 may be the first input
terminal and the second input terminal of the rectifier 900. The voltage source 906 may
apply a voltage of RF+ to the second input terminal 916b of the first comparator CC; and
the third input terminal 918c of the second comparator CC,. The voltage source 906 may
apply a voltage of RF- to the third input terminal 916¢ of the first comparator CC; and
the second input terminal 918b of the second comparator CC,.

[0065] The capacitor Cy. has a first terminal 934a and a second terminal 934b, and the
resistor Ry, has a first terminal 936a and a second terminal 936b. As the resistor Ry, may
be a representative of a load of the rectifier 900, the first terminal 936a and the second
terminal 936b of the resistor Ry may be a first output terminal and a second output
terminal of the rectifier 900 respectively. The first terminal 934a of the capacitor Cy, is
coupled to the first terminal 936a of the resistor Ry, and the second terminal 930b of the
second dynamic body bias unit 904. The second terminal 934b of the capacitor Cy is
coupled to the second terminal 936b of the resistor Ry, the second terminal 910b of the
second transistor Mgy, the fourth input terminal 916d of the first comparator CCy, the
fourth input terminal 918d of the second comparator CC; and the second terminal 914b of
the fourth transistor Mpys.

[0066] The second terminal 934b of the capacitor Cp, the second terminal 936b of the

resistor Ry, the second terminal 910b of the second transistor Mgy, the fourth input
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terminal 916d of the first comparator CC;, the fourth input terminal 918d of the second
comparator CC, and the second terminal 914b of the fourth transistor Mgrnz are coupled
to a reference voltage 938. The reference voltage 938 may be ground.

[0067] In one embodiment, the first transistor Mgp; and the third transistor Mgp; may
be p-channel metal-oxide-semiconductor field-effect transistors (PMOS). The second
transistor Mgn; and the fourth transistor Mgy, may be n-channel metal-oxide-
semiconductor field-effect transistors (NMOS). The first terminal 908a of the first
transistor Mgpi, the first terminal 910a of the second transistor Mgy, the first terminal
912a of the third transistor Mgp; and the first terminal 914a of the fourth transistor Mgpnz
may be source terminals. The second terminal 908b of the first transistor Mgpi, the
second terminal 910b of the second transistor Mgy, the second terminal 912b of the third
transistor Mrp; and the second terminal 914b of the fourth transistor Mgn2 may be drain
terminals. The control terminal 908c of the first transistor Mgp;, the control terminal 910¢
of the second transistor Mgn;, the control terminal 912¢ of the third transistor Mgp,; and
the control terminal 914c of the fourth transistor Mgn2 may be gate terminals. The third
terminal 908d of the first transistor Mgp), the third terminal 910d of the second transistor
Magni, the third terminal 912d of the third transistor Mgpz and the third terminal 914d of
the fourth transistor Mgy, may be body terminals.

[0068] In one embodiment, the first dynamic body bias unit 902 has a’ circuit
arrangement 1000 as shown in Figure 10. The circuit arrangement 1000 has a first
transistor Mpp; having a first terminal 1002a, a second terminal 1002b, a third terminal
1002¢ and a control terminal 1002d, and a second terminal Mgp; having a first terminal
1004a, a second terminal 1004b, a third terminal 1004c and a control terminal 1004d. The
first terminal 1002a of the first transistor Mpp; is coupled to the first terminal 1004a of
the second transistor Mgp2. The second terminal 1002b of the first transistor Mgp; is
coupled to the control terminal 1004d of the second transistor Mgps. The third terminal
1002¢c of the first transistor Mpp) is coupled to the third terminal 1004¢ of the second
transistor Mgp,, the first terminal 1002a of the first transistor Mgp; and the first terminal
1004a of the second transistor Mgp,. The control terminal 1002d of the first transistor

Mgp; is coupled to the second terminal 1004b of the second transistor Mpp,.
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[0069] The first transistor Mpp; and the second transistor Mgpz may be p-channel
metal-oxide-semiconductor field-effect transistors (PMOS). The first terminal 1002a of
the first transistor Mgp; and the first terminal 1004a of the second transistor Mgp, may be
source terminals. The second terminal 1002b of the first transistor Mpp; and the second
terminal 1004b of the second transistor Mgp; may be drain terminals. The third terminal
1002¢ of the first transistor Mgp; and the third terminal 1004c of the second transistor
Mgp; may be body terminals. The control terminal 1002d of the first transistor Mgp; and
the control terminal 1004d of the second transistor Mpp, may be gate terminals.

[0070] In one embodiment, the first terminal of the first dynamic body bias unit 902
may be coupled to the second terminal 1002b of the first transistor Mgp; and the control
terminal 1004d of the second transistor Mpps. The second terminal of the first dynamic
body bias unit 902 may be coupled to the control terminal 1002 of the first transistor
Mpgp; and the second terminal 1004b of the second transistor Mgpz. The third terminal of
the first dynamic body bias unit 902 may be coupled to the first terminal 1002a of the
first transistor Mpgp), the first terminal 1004a of the second transistor Mgpy, the third
terminal 1002c of the first transistor Mpp; and the third terminal 1004c of the second
transistor Mggs.

[0071] The second dynamic body bias unit 904 may have an identical or a similar
circuit arrangement (e.g. circuit arrangement 1000) as the first dynamic body bias unit
902. In one embodiment, the first terminal of the second dynamic body bias unit 904 may
be coupled to the second terminal 1002b of the first transistor Mpp; and the control
terminal 1004d of the second transistor Mpp,. The second terminal of the second dynamic
body bias unit 904 may be coupled to the control terminal 1002 of the first transistor
Mgp; and the second terminal 1004b of the second transistor Mgps. The third terminal of
the second dynamic body bias unit 904 may be coupled to the first terminal 1002a of the
first transistor Mgp1, the first terminal 1004a of the second transistor Mgp,, the third
terminal 1002¢ of the first transistor Mgp; and the third terminal 1004¢ of the second
transistor Mgps.

{0072] In one embodiment, the rectifier 900 may include active NMOS diodes (e.g.
the second transistor Mgy and the fourth transistor Mryz) and PMOS diodes (e.g. the first

transistor Mgp; and the third transistor Mgrpy) operating as switches in which the gates are
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driven by a shared self-powered comparator arrangement 901 (e.g. formed by the first
comparator CC; and the second comparator CC,;) which does not require external
supplies. In the positive cycle of the operation of the rectifier 900, the voltage RF+ of the
voltage source 906 is high. The voltage RF+ may be applied to the second input terminal
916b of the first comparator CC; and the third input terminal 918c of the second
comparator CC,. The output at the first output terminal 916e of the first comparator CC,
will be low to tumn on the first transistor Mgp;. The output at the second output terminal
916f of the first comparator CC; after the inverter (e.g. the first NOT gate 920) will be
high to turn on the fourth transistor Mgy;,. The current in the forward direction will flow
to the load consisting of the resistor Ry and the capacitor Cy, to produce the rectified DC
output voltage. At this positive cycle of the operation of the rectifier 900, the output of
the second comparator CC, will be opposite to turn both the second transistor Mgy and
the third transistor Mgp; off. That is, the output at the first output terminal 918e of the
second comparator CC, will be high to turn off the third transisfor MRgp2, and the output at
the second output terminal 918f of the second comparator CC; will be low to turn off the
second transistor Mgy

[0073] In the negative cycle of the operation of the rectifier 900, the voltage RF+ of
the voltage source 906 is low. The output at the first output terminal 916e of the first
comparator CC; will be high to turn off the first transistor Mpp;. The output at the second
output terminal 916f of the first comparator CC; will be low to turn off the fourth
transistor Mgnz. The output at the first output terminal 918e of the second comparator
CC; will be low to turn on the third transistor Mgpa, and the output at the second output
terminal 918f of the second comparator CC, will be high to turn on the second transistor
Mgyni. The current in the reverse direction will flow to the load consisting of the resistor
Ry and the capacitor Cy, to produce the rectified DC output voltage.

[0074]  However, if DC output voltage is higher than the input AC voltage while the
transition (switching time of the PMOS Mgp1, Mrpz and NMOS switches Mgni, Mzrn2)
from one operation cycle to the next operation cycle is not fast enough, this may result in
a reverse leakage current flowing out from the output load to the input which may greatly
degrade the efficiency of the rectifier 900. The transition time can be decided by how fast

the comparator arrangement 901 (e.g. the first comparator CC; and the second
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comparator CC,) operates. Therefore, a design of the first comparator CC and the second
comparator CCj; can affect the power conversion efficiency (PCE) of the rectifier 900.
[0075]  Figure 11 shows a block diagram of a comparator 1100 for the rectifier 900.
The comparator 1100 may correspond to each of the first comparator CC; and the second
comparator CC; of the rectifier 900. The comparator 1100 includes 2 main comparator
unit 1102 and a secondary comparator unit 1104, The main comparator unit 1102 has a
first input terminal 1106a, a second input terminal 1106b, a third input terminal 1106¢, a
fourth input terminal 1106d, a first output terminal 1106¢ and a second output terminal
1106f. The secondary comparator unit 1104 has a first input terminal 1108a, a second
input terminal 1108b, a third input terminal 1108c, a fourth input terminal 1108d, a first
output terminal 1108e and a second output terminal 1108f.

[0076]  The main comparator unit 1102 and the secondary comparator unit 1104 are
coupled in a cross-coupled latched connection. The first output terminal 1106e of the
main comparator unit 1102 is coupled to the first output terminal 1108e of the secondary
comparator unit 1104. The second output terminal 1106f of the main comparator unit
1102 is coupled to the second output terminal 1108f of the secondary comparator unit
1104. Thus, the second output terminal 1106e of the main comparator unit 1102 is an
input terminal of the capacitively coupled output stage of the main comparator unit 1102,
and the first output terminal 1108e of the secondary comparator unit 1104 is the input
terminal of the capacitively coupled output stage of the secondary comparator unit 1104,
[0077] In one embodiment, the comparator 1100 may be considered to have a first
input terminal 1110a, a second input terminal 1110b, a third input terminal 1110c, a
fourth input terminal 1110d, a first output terminal 1110e and a second output terminal
1110f. For example, the first comparator CC,; has a first input terminal 916a, a second
input terminal 916b, a third input terminal 916c, a fourth input terminal 9164, a first
output terminal 916e and a second output terminal 916f. The second comparator CC; has
a first input terminal 918a, a second input terminal 918b, a third input terminal 918c, a
fourth input terminal 918d, a first output terminal 918e and a second output terminal 918f,
[0078] The reason may be because a same voltage may be applied at the first input
terminal 1106a of the main comparator unit 1102 and the first input terminal 1108a of the

secondary comparator unit 1104, a same voltage may be applied at the second input
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terminal 1106b of the main comparator unit 1102 and the second input terminal 1108b of
the secondary comparator unit 1104, a same voltage may be applied at the third input
terminal 1106c of the main comparator unit 1102 and the third input terminal 1108c of
the secondary comparator unit 1104, a same voltage may be applied at the fourth input
terminal 1106d of the main comparator unit 1102 and the fourth input terminal 1108d of
the secondary comparator unit 1104. Also, a same voltage may be measured at the first
output terminal 1106e of the main comparator unit 1102 and the first output terminal
1108e of the secondary comparator unit 1104 and a same voltage may be measured at the
second output terminal 1106f of the main comparator unit 1102 and the second output
terminal 1108f of the secondary comparator unit 1104.

[0079] With reference to Figure 9, the voltages applied at two input terminals of the
comparator 1100 provide a reference voltage for the comparator (e.g. DCout and GND)
and the voltages applied at two other input terminals of the comparator 1100 are input
voltage RF (e.g. RF+ and RF-). The comparator 1100 can compare the reference voltage
and the input voltage. Details of the operation of the comparator will be described in the
later part of the description.

[0080] Figure 12 shows a general schematic diagram of the comparator 1100. The
main comparator unit 1102 of the comparator has a first transistor Mp;, a second
transistor My, a third transistor Mp; and a fourth transistor Myz. The first transistor Mp,
has a first terminal 1202a, a second terminal 1202b and a control terminal 1202¢. The
second transistor My, has a first terminal 1204a, a second terminal 1204b and a control
terminal 1204c¢. The third transistor Mp; has a first terminal 1206a, a second terminal
1206b and a control terminal 1206¢. The fourth transistor My» has a first terminal 1208a,
a second terminal 1208b and a control terminal 1208c.

[0081] The first terminal 1202a of the first transistor Mp; is coupled to the second
input terminal 1106b of the main comparator unit 1102. The second terminal 1202b of
the first transistor Mp; is coupled to the control terminal 1202¢ of the first transistor Mp,,
the second terminal 1204b of the second transistor My, the control terminal 1204¢ of the
second transistor My, the control terminal 1206¢c of the third transistor Mp; and the
control terminal 1208c of the fourth transistor Myp. The first terminal 1204a of the

second transistor My; is coupled to the fourth input terminal 1106d of the main
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comparator unit 1102. The first terminal 1206a of the third transistor Mp; is coupled to
the first input terminal 1106a of the main comparator unit 1102. The second terminal
1206b of the third transistor Mp; is coupled to the second terminal 1208b of the fourth
transistor Mnp. The first terminal 1208a of the fourth transistor My; is coupled to the
third input terminal 1106¢ of the main comparator unit 1102.

[0082] The main comparator unit 1102 further includes a first capacitor 1210 and a
second capacitor 1212. The first capacitor 1210 has a first terminal 1214 and a second
terminal 1216. The second capacitor 1212 has a first terminal 1218 and a second terminal
1220. The first terminal 1214 of the first capacitor 1210 is coupled to the control terminal
1202c of the first transistor Mp; and the control terminal 1206¢ of the third transistor Mp;.
The second terminal 1216 of the first capacitor 1210 is coupled to the first terminal 1218
of the second capacitor 1212. The second terminal 1220 of the second capacitor 1212 is
coupled to the control terminal 1204c of the second transistor My; and the control
terminal 1208c¢ of the fourth transistor Mo.

[0083] The first output terminal 1106e of the main comparator unit 1102 is coupled
between the second terminal 1206b of the third transistor Mp; and the second terminal
1208b of the fourth transistor Myz. The second output terminal 1106f of the main
comparator unit 1102 is coupled between the second terminal 1216 of the first capacitor
1210 and the first terminal 1218 of the second capacitor 1212.

[0084]  The secondary comparator unit 1104 of the comparator 1100 has a first
transistor Mps, a second transistor My, a third transistor Mpg and a fourth transistor Mys.
The first transistor Mps has a first terminal 1222a, a second terminal 1222b and a control
terminal 1222c¢. The second transistor Myg has a first terminal 1224a, a second terminal
1224b and a control terminal 1224c¢. The third transistor Mpg has a first terminal 1226a, a
second terminal 1226b and a control terminal 1226¢. The fourth transistor Mys has a first
terminal 1228a, a second terminal 1228b and a control terminal 1228c.

[0085] The first terminal 1222a of the first transistor Mps is coupled to the second
input terminal 1108b of the secondary comparator unit 1104. The second terminal 1222b
of the first transistor Mps is coupled to the second terminal 1224b of the second transistor
Mns. The control terminal 1222c of the first transistor Mps is coupled to the control

terminal 1226c of the third transistor Mpg, the second terminal 1226b of the third
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transistor Mpg, the second terminal 1228b of the fourth transistor Mys, the control
terminal 1228¢ of the fourth transistor Mys and the control terminal 1224c of the second
transistor Mns. The first terminal 1224a of the second transistor Myy is coupled to the
fourth input terminal 1108d of the secondary comparator unit 1104. The first terminal
1226a of the third transistor Mps is coupled to the first input terminal 1108a of the
secondary comparator unit 1104. The first terminal 1228a of the fourth transistor Mys is
coupled to the third input terminal 1108c of the secondary comparator unit 1104,

[06086]  The secondary comparator unit 1104 further includes a first capacitor 1230
and a second capacitor 1232, The first capacitor 1230 has a first terminal 1234 and a
second terminal 1236. The second capacitor 1232 has a first terminal 1238 and a second
terminal 1240. The first terminal 1234 of the first capacitor 1230 is coupled to the control
terminal 1222c¢ of the first transistor Mps and the control terminal 1226¢ of the third
transistor Mpg. The second terminal 1236 of the first capacitor 1230 is coupled to the first
terminal 1238 of the second capacitor 1232. The second terminal 1240 of the second
capacitor 1232 is coupled to the control terminal 1224c of the second transistor Mg and
the control terminal 1228c of the fourth transistor Mys.

[0087] In one embodiment, the third transistor MP2 and the fourth transistor MN2 of
the main comparator unit 1102 may form an output stage of the main comparator unit
1102. The first transistor MP5 and the second transistor MN4 of the secondary
comparator unit 1104 may form an output stage of the secondary comparator unit 1104.
The capactively coupled input terminal 1108e of the output stage of the secondary
comparator unit 1104 is coupled between the second terminal 1236 of the first capacitor
1230 and the first terminal 1238 of the second capacitor 1232. The output terminal 1108f
of the secondary comparator unit 1104 is coupled between the second terminal 1222b of
the first transistor Mps and the second terminal 1224b of the second transistor Myg.

[0088]  The capactively coupled input terminal 1106e of the output stage of the main
comparator unit 1102 is coupled to the capactively coupled input terminal 1108e of the
output stage of the secondary comparator unit 1104. The output terminal 1106f of the
main comparator unit 1102 is coupled to the second output terminal 1108f of the

secondary comparator unit 1104.
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[0089] Figure 13 shows a more detailed schematic diagram of the comparator 1100.
In one embodiment, the main comparator unit 1102 of the comparator 1100 further
includes a fifth transistor Mps, a sixth transistor Mps and a seventh transistor Mys. The
main comparator unit 1102 also includes a first dynamic body bias unit 1302 and a
second dynamic body bias unit 1304. The first dynamic body bias unit 1302 and the
second dynamic body bias unit 1304 may have an identical or a similar circuit
arrangement (e.g. circuit arrangement 1000 as shown in Figure 10) as the dynamic body
bias unit 902,

[0090] The fifth transistor Mp; has a first terminal 1306a, a second terminal 1306b, a
third terminal 1306¢ and a control terminal 1306d. The sixth transistor Mpq has a first
terminal 1308a, a second terminal 1308b, a third terminal 1308¢ and a control terminal
1308d. The seventh transistor My; has a first terminal 1310a, a second terminal 1310b, a
third terminal 1310c and a control terminal 1310d. The first dynamic body bias unit 1302
has a first terminal 1312a, a second terminal {312b and a third termina! 1312c. The
second dynamic body bias unit 1304 has a first terminal 1314a, a second terminal 1314b
and a third terminal 1314c. Each of the first transistor Mp,, the second transistor My, the
third transistor Mp, and the fourth transistor has a third terminal 1202d, 1204d, 1206d,
1208d.

[0091] The first terminal 1312a of the first dynamic body bias unit 1302 is coupled to
the first terminal 1202a of the first transistor Mp,, the first terminal 1314a of the second
dynamic body bias unit 1304 and the first terminal 1308a of the sixth transistor Mps. The
second terminal 1312b of the first dynamic body bias unit 1302 is coupled to the first
terminal 1206a of the third transistor Mp;, the third terminal 1206d of the third transistor
Mpy, the first terminal 1306a of the fifth transistor Mps, the third terminal 1306¢ of the
fifth transistor Mp; and the second terminal 1314b of the second dynamic body bias unit
1304. The third terminal 1312c of the first dynamic body bias unit 1302 is coupled to the
third terminal 1202d of the first transistor Mp;. The third terminal 1314c of the second
dynamic body bias unit 1304 is coupled to the third terminal 1308c of the sixth transistor
Mp4. The second terminal 1306b of the fifth transistor Mp; is coupled to the second
terminal 1206b of the third transistor Mp;, the second terminal 1208b of the fourth

transistor My, the control terminal 1308d of the sixth terminal Mps and the control



10

15

20

25

30

30

terminal 1310d of the seventh terminal Mys. The control terminal 1306d of the fifth
transistor Mp; is coupled to the control terminal 1202¢ of the first transistor Mp;, the
second terminal 1202b of the first transistor Mp;, the control terminal 1206¢ of the third
transistor Mp; and the first terminal 1214 of the first capacitor 1210. The second terminal
1308b of the sixth transistor Mp4 is coupled to the second terminal 1310b of the seventh
transistor Mys. The first terminal 1312a of the seventh transistor My;s is coupled to the
third terminal 1312¢ of the seventh transistor Mys, the third terminal 1204d of the second
transistor My, the first terminal 1204a of the second transistor My and the third terminal
1208d of the fourth transistor My;.

[0092] In one embodiment, the secondary comparator unit 1104 of the comparator
further includes a fifth transistor Mp; and a dynamic body bias unit 1316, The dynamic
body bias unit 1316 may have an identical or a similar circuit arrangement (e.g. circuit
arrangement 1000 as shown in Figure 10) as the dynamic body bias unit 902. The fifth
transistor Mp; has a first terminal 1318a, a second terminal 1318b, a third terminal 1318¢
and a contro] terminal 1318d. The dynamic body bias unit 1316 has a first terminal
1320a, a second terminal 1320b and a third terminal 1320c. Each of the first transistor
Mps, the second transistor Myg, the third transistor Mpg and the fourth transistor Mys has
a third terminal 1222d, 1224d, 12264, 1228d.

[0093] The first terminal 1318a of the fifth transistor Mp; is coupled to the first
terminal 1320a of the dynamic body bias unit 1316 and the first terminal 1222a of the
first transistor Mps. The second terminal 1318b of the fifth transistor Mp7 is coupled to
the second terminal 1222b of the first transistor Mps and the second terminal 1224b of the
second transistor Mn4. The third terminal 1318c of the fifth transistor Mp; is coupled to
the third terminal 1320c of the dynamic body bias unit 1316 and the third terminal 1222d
of the first transistor Mps. The control terminal 1318d of the fifth transistor Mp; is
coupled to the control terminal 1222c of the first transistor Mps, the second terminal
1226b of the third transistor Mpg, the control terminal 1226¢ of the third transistor Mpg
and the first terminal 1234 of the first capacitor 1230. The second terminal 1320b of the
dynamic body bias unit 1316 is coupled to the first terminal 1226a of the third transistor
Mpg and the third terminal 1226d of the third transistor Mpg. The third terminal 1224d of

the second transistor My is coupled to the first terminal 1224a of the second transistor
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Mng4. The third terminal 1228d of the fourth transistor Mns is coupled to the first terminal
1228a of the fourth transistor MNS.

[0094] In one embodiment, the comparator 1100 may have an output terminal 1350
coupled between the control terminal 1308d of the sixth transistor Mps of the main
comparator unit 1102 and the control terminal 1310d of the seventh transistor Mn3 of the
main comparator unit 1102. The comparator 1100 may have a further output terminal
1352 coupled between the second terminal 1308b of the sixth transistor Mps4 of the main
comparator unit 1102 and the second terminal 1310b of the seventh transistor Mns of the
main comparator unit 1102.

[0095] In one embodiment, a voltage DCout (e.g. a DC voltage) may be applied to
the first input terminal 1106a of the main comparator unit 1102 and the first input
terminal 1108a of the secondary comparator unit 1104. A voltage RF+ may be applied to
the second input terminal 1106b of the main comparator unit 1102 and the second input
terminal 1108b of the secondary comparator unit 1104. A voltage RF- may be applied to
the third input terminal 1106c of the main comparator unit 1102 and the third input
terminal 1108c of the secondary comparator unit 1104. The voltage RF+ and the voltage
RF- may be a positive voltage value and a negative voltage value of an alternating (AC)
voltage. A voltage GND (ground) may be applied to the fourth input terminal 1106d of
the main comparator unit 1102 and the fourth input terminal 1108d of the secondary
comparator unit 1104.

[0096] In one embodiment, the dynamic body bias units 1302, 1304, 1316 may be
used to connect the substrate of the transistors Mpi, Mps, Mp7 respectively in the
comparator 1100 to a higher potential between RF+/RF- and DCout in order to avoid the
breakdown of the device.

[0097] In one embodiment, the first dynamic body bias unit 902 and the second
dynamic body bias unit 904 may be used to connect the substrate of Mrp1 and Mgp2 in the
rectifier 900 to a higher potential between RF+/RF- and DCout in order to avoid the
breakdown of the device.

[0098] In one embodiment, the first transistor Mpy, the third transistor Mp,, the fifth
transistor Mps, the sixth transistor Mps of the main comparator unit 1102 are p-channel

metal oxide semiconductor field effect transistors (PMOS). The second transistor M,
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the fourth transistor Mn; and the seventh transistor Mys of the main comparator unit 1102
are n-channel metal oxide semiconductor field effect transistors (NMOS). The first
terminal 1202a of the first transistor Mp;, the first terminal 1204a of the second transistor
My, the first terminal 1206a of the third transistor Mp,, the first terminal 1208a of the
fourth transistor My, the first terminal 1306a of the fifth transistor Mps, the first terminal
1308a of the sixth transistor Mps and the first terminal 1310a of the seventh transistor
My are source terminals. The second terminal 1202b of the first transistor Mp;, the
second terminal 1204b of the second transistor My, the second terminal 1206b of the
third transistor Mp,, the second terminal 1208b of the fourth transistor My, the second
terminal 1306b of the fifth transistor Mps, the second terminal 1308b of the sixth
transistor Mps and the second terminal 1310b of the seventh transistor My; are drain
terminals, The third terminal 1202d of the first transistor Mpi, the third terminal 1204d of
the second transistor My, the third terminal 1206d of the third transistor Mp;, the third
terminal 1208d of the fourth transistor My, the third terminal 1306¢ of the fifth transistor
Mps, the third terminal 1308c of the sixth transistor Mps and the third terminal 1310c of
the seventh transistor M3 are body terminals. The control terminal 1202¢ of the first
transistor Mp;, the control terminal 1204c of the second transistor My, the control
terminal 1206¢ of the third transistor Mp,, the control terminal 1208c of the fourth
transistor My, the control terminal 1306d of the fifth transistor Mps, the control terminal
1308d of the sixth transistor Mp4 and the control terminal 1310d of the seventh transistor
Mn; are gate terminals.

[0099] In one embodiment, the first transistor Mps, the third transistor Mps and the
fifth transistor Mp7 of the secondary comparator unit 1104 are p-channel metal oxide
semiconductor field effect transistors (PMOS). The second transistor My4 and the fourth
transistor Mns of the secondary comparator unit 1104 n-channel metal oxide
semiconductor field effect transistors (NMOS). The first terminal 1222a of the first
transistor Mps, the first terminal 1224a of the second transistor Mg, the first terminal
1226a of the third transistor Mpg, the first terminal 1228a of the fourth transistor Mys and
the first terminal 1318a of the fifth transistor Mp; are source terminals. The second
terminal 1222b of the first transistor Mps, the second terminal 1224b of the second

transistor Mg, the second terminal 1226b of the third transistor Mpg, the second terminal
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1228b of the fourth transistor Mys and the second terminal 1318b of the fifth transistor
Mp; are drain terminals. The third terminal 1222d of the first transistor Mps, the third
terminal 1224d of the second transistor Myg, the third terminal 1226d of the third
transistor Mpg, the third terminal 1228d of the fourth transistor Mns and the third terminal
1318c of the fifth transistor Mp; are body terminals. The control terminal 1222¢ of the
first transistor Mps, the control terminal 1224¢ of the second transistor Mns, the control
terminal 1226¢ of the third transistor Mpg, the control terminal 1228c of the fourth
transistor Mys and the control terminal 1318d of the fifth transistor Mp; are gate terminals.
[0100] The first comparator CC; shown in Figure 9 may have the configuration of the
comparator 1100 as described above. The second comparator CC; shown in Figure 9 may
also have the configuration of the comparator 1100 as described above.

[0101] The comparator arrangement 901 having the first comparator CC; and the
second comparator CC, may be a self-biased comparator for fast ON-OFF output
response. In order to improve the efficiency of the rectifier 900, the conduction time of
the active diodes (e.g. first transistor Mgp;, second transistor Mgy, third transistor Mgp3,
fourth transistor Mgy2) in the rectifier 900 in the positive cycle (when the load is being
charged) must be maximized while the reverse conduction time must be minimized.
[0102] An operation of the comparator arrangement 901 is described below using
only the first comparator CC;. With reference to Figure 9 and Figure 13, when the AC
voltage RF+ at the second input terminal 1106b of the main comparator unit 1102 of the
first comparator CC; (e.g. the second input terminal 916b of the first comparator CC,) is
higher than the DC voltage DCout at the first terminal 1106a of main comparator unit
1102 of the first comparator CC, (e.g. the first input terminal 916a of the first comparator
CC)), the third transistor Mp; is turned off while the fourth transistor My is turned on.
The output voltage at the output terminal 13501is equal to the AC voltage RF- applied at
the third terminal 1106¢ of the main comparator unit 1102 of the first comparator CC;.
The AC voltage RF- may be low in this operation cycle, and thus switching on the first
transistor Mgp) and the fourth transistor Mgy, of the rectifier 900. When the voltage RF+
at the second input terminal 1106b of the main comparator unit 1102 of the first
comparator CC; (e.g. the second input terminal 916b of the first comparator CC,) is

lower than the DC voltage DCout at the first terminal 1106a of main comparator unit
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1102 of the first comparator CC, (e.g. the first input terminal 916a of the first comparator
CC)), the third transistor Mp; is turned on while the fourth transistor My is turned off.
The output voltage at the output terminal 1350 is equal to DCout. The first transistor
Mzgp; and the fourth transistor Mgynz of the rectifier 900 are turned off. An additional
PMOS Mp; transistor is added to the third transistor Mp; for unbalanced sizing to improve
the pull-up response so that the reverse conduction time is minimized to reduce the
leakage current.

[0103] It can be understood by a skilled person that the opposite of the above
described operation of the first comparator CC, applies for the second comparator CC,.
This may be due to the cross-coupled connection between the first comparator CCy and
the second comparator CC,. The second input terminal 916b of the first comparator CC,
is coupled to the third input terminal 918c¢ of the second comparator CC,, and the third
input terminal 916c of the first comparator CC, is coupled to the second input terminal
918b of the second comparator CC,. Thus, when the voltage at the second input terminal
916b of the first comparator CC; is higher than the voltage at the first input terminal 916a
of the first comparator CC;, the voltage at the second input terminal 918b of the second
comparator CC; is lower than the voltage at the first input terminal 918a of the second
comparator CC,. When the voltage at the second input terminal 916b of the first
comparator CC; is lower than the voltage at the first input terminal 916a of the first
comparator CC), the voltage at the second input terminal 918b of the second comparator
CC: is higher than the voltage at the first input terminal 918a of the second comparator
CC,. Therefore, when the first transistor Mgp; and the fourth transistor Mrn2 of the
rectifier 900 are switched on, the second transistor Mrn; and the third transistor Mgp; are
switched off and vice versa.

[0104] In one embodiment, an input AC voltage to the first comparator CC; and the
second comparator CC; can be considered as a differential voltage (RF+ - RF-). The
output voltage can be considered as DCout — GND. There may be a first operation cycle
(e.g. positive cycle) and a second operation cycle (e.g. negative cycle). During the
positive cycle, RF- is equal to GND. During the negative cycle, RF+ is equal to GND.
[0105] In one embodiment, the first comparator CC; is configured to compare a first

voltage applied to the first input terminal 916a and a second voltage applied to the second
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input terminal 916b during the positive cycle. The second comparator CC, is configured
to compare a first voltage applied to the first input terminal 918a and a second voltage
applied to the second input terminal 918b during the negative cycle.

[0106] During positive cycle, when the second voltage is greater than the first
voltage, the first comparator CC, is configured to output a first voltage signal (e.g. a low
voltage signal) at the first output terminal 916e and a second voltage signal (e.g. a high
voltage signal) at the second output terminal 916f. During negative cycle, when the
second voltage is greater than the first voltage, the second comparator CC, is configured

to output a first voltage signal (e.g. a low voltage signal) at the first output terminal 918e

~ of the second comparator CC; and a second voltage signal (e.g. a high voltage signal) at

the second output terminal 918f of the second comparator CC,.

[0107] During positive cycle, when the second voltage is smaller than the first
voltage, the first comparator CC; is configured to output a second voltage signal (e.g. a
high voltage signal) at the first output terminal and a first voltage signal (e.g. a low
voltage signal) at the second output terminal. During negative cycle, when the second
voltage is smaller than the first voltage, the second comparator CC, is configured to
output a second voltage signal (e.g. a high voltage signal) at the first output terminal 918e
of the second comparator CC, and a first voltage signal (e.g. a low voltage signal) at the
second output terminal 918f of the second comparator CC;.

[0108] In order to speed up the output transient response of the comparator 1100 (e.g.
the first comparator CC; and the second comparator CC), a small speed-up comparator
(e.g. the secondary comparator unit 1104) is connected in a capacitively cross-coupled
latched configuration to the main comparator unit 1102 of the first comparator CC,; and
the second comparator CC, respectively. A similar 4-input common-gate topology can be
used with the inputs interchanged compared to the main comparator 1102 to enable this
technique. When the voltage RF+ at the second input terminal 1108b of the secondary
comparator unit 1104 is higher than the DC voltage DCout at the first input terminal
1108a of the secondary comparator unit 1104, the first transistor Mps will turn on while
the second transistor My is turned off, which will result in an output at node X to be high.
This can help the main comparator unit 1102 to turn on the fourth transistor My harder

during this operation cycle. A faster response in this cycle will increase the conduction
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time in the positive cycle so that more current flows into the output load. Likewise, when
the voltage RF+ at the second input terminal 1108b of the secondary comparator unit
1104 is lower than the DC voltage DCout at the first input terminal 1108a of the
secondary comparator unit 1104, the second transistor Mys will turn on while the first
transistor Mps is turned off. The node X may be shorted to ground, which can help the
main comparator unit 1102 to turn on the third transistor Mp; quicker, leading to a faster
pull-up of the voltage at the output terminal 1350 to DCout. The negative conduction
time may be minimized to reduce the reverse leakage current and consequently, improve
the power conversion efficiency (PCE).

[0109] In one embodiment, the comparator 1100 (i.e. the main comparator unit 1102
and the secondary comparator unit 1104) may have a common-gate configuration. The
main comparator unit 1102 and the secondary comparator unit 1104 may be connected in
a parallel way in a latched configuration to speed up the overall operation. The secondary
comparator unit 1104 may act as a parallel comparator to aid in achieving a faster output
response. The comparator 1100 may consume dynamic power (i.e. only turns-on when
the input signal is present), thus resulting in a lower average power consumption.

[0110] Figure 14 shows a transient simulation plot of the comparator 1100 and a
conventional comparator without the secondary comparator unit 1104. Figure 14a shows
voltage response of the input and output of the comparator 1100 and of the conventional
comparator. Figure 14a shows a graph 1400 of voltage plotted against time. Graph 1400
shows a plot 1402 of an input AC sigoal, a plot 1404 of the DCout voltage of the
comparator 1100, and a plot 1406 of an output voltage of the comparator 1100. Graph
1400 also shows a plot 1408 of the DCout voltage of the conventional comparator and a
plot 1410 of an output voltage of the conventional comparator.

[0111] Figure 14b shows the cumrent flow of the comparator 1100 and of the
conventional comparator. Figure 14b shows a graph 1450 of current plotted against time.
Graph 1450 shows a plot 1452 of the current flow of the comparator 1100 and a plot
1454 of the current flow of the conventional comparator.

[0112] It can be observed from graph 1400 and graph 1406 that due to the added
cross-coupled latched comparator (e.g. secondary comparator unit 1104), the comparator

1100 has a faster output response. Thus, the forward current flowing into the load can be
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increased. The reverse leakage current can be minimized and the PCE of the rectifier 900
can be improved from 75% to 85%.

[0113] Therefore, the rectifier 900 with 4-input cross-coupled latched comparator
1100 can provide faster output response and efficiency improvement.

[0114] The rectifier 900 can be fabricated in one-poly six-metal (1P 6M) 0.18-pm
CMOS process. The chip layout of the rectifier 900 is shown in Figure 15, where the total
chip area of the core is 0.009 mm?. Simulations can be carried out at 13.56 MHz with an
output load of 1 k! and 3 nF. Figure 16 shows a graph 1600 of the results of the
simulations. Graph 1600 shows a plot 1602 of the simulated power conversion efficiency
(PCE) plotted against an input AC voltage. Graph 1600 shows a plot 1604 of the
simulated voltage conversion efficiency (VCE) plotted against the input AC voltage.
Graph 1600 shows a plot 1606 of rectified output DC voltage plotted against an input AC
voltage.

[0115] It can be observed from graph 1600 that a peak PCE of 85% is achieved at a
small input signal voltage of 1.1 V. The operation of the self-biased comparator (CC; and
CC;) can start at around 0.95 V input and output DC voltage which results in a sudden

increase in both the PCE and VCE at this operating point. The output DC voltage

increases quite linearly according to the increase in the input voltage.

[0116] Figure 17 shows a graph 1700 illustrating simulated output load dependence
of power conversion efficiency (PCE). The simulation can be carried out at 13.56 MHz
input frequency. Graph 1700 shows a plot 1702 of power conversion efficiency plotted
against an input AC voltage when the output load is 1 k2. Graph 1700 shows a plot 1704
of power conversion efficiency plotted against the input voltage when the output load is
1.5k€2. Graph 1700 shows a plot 1706 of power conversion efficiency plotted against the
input voltage when the output load is 2 kQ.

[0117] It can be observed from graph 1700 that when the output load resistance is
increased, the PCE curve shifts to a smaller input voltage region. Thus, the maximum
PCE can be obtained at smaller input signal. The difference in the peak PCE depending
on the variation of the load resistance is because the optimal rectifier transistor size is

different according to the output loading condition.
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[0118]  The simulated rectifier 900 as shown in Figure 15 can obtain a maximum
power conversion efficiency of 85% at a 13.56 MHz frequency and at a low input signal
voltage of 1.1 V. The simulated rectifier 900 can also obtain a maximum power
conversion efficiency of 88% at a 1 MHz frequency and at a low input signal voltage of 1
V. As compared to conventional low-frequency comparator-based CMOS rectifiers, the
rectifier shows better performance.

[0119] Figure 18a shows a graph 1800 of simulated results of the rectifier 900. The
simulations can be carried out with an output load of 1 k2 and 3 nF. Graph 1800 shows a
plot 1802 of voltage conversion efficiency plotted against an input AC voltage. Graph
1800 also shows a plot 1804 of rectified DC output voltage plotted against an input AC
voltage. It can be observed that a maximum voltage conversion efficiency of about 90%
is obtained at an input voltage of about 1.3 V. The voltage conversion efficiency of about
90% can be maintained over an input voltage ranging from about 1.3 V to about 2.0 V.
The comparator operation starts at about 1 V. The DC output voltage increases linearly
according to the increase in the input voltage from 1 V onwards.

[0120] Figure 18b shows a graph 1850 of measured results of the rectifier 900. The
simulations can be carried out with an output load of 1 kQ and 10 pF. Graph 1850 shows
a plot 1852 of voltage conversion efficiency plotted against an input AC voltage. Graph
1850 also shows a plot 1854 of rectified DC output voltage plotted against an input AC
voltage. It can be observed that a maximum voltage conversion efficiency of about 94.5%
is measured. The voltage conversion efficiency above 90% can be maintained over an
input voltage ranging from about 1.3 V 1o about 2.0 V. The maximum voltage conversion
efficiency of about 94.5% can be obtained at an input voltage of about 1.1 V. The
comparator operation starts at about 1 V. The DC output voltage increases linearly
according to the increase in the input voltage from 1 V onwards.

[0121] Thus, the rectifier 900 can provide over 90% voltage conversion efficiency for
small input voltage and such voltage conversion frequency can be maintained for a
reasonable input signal range.

[0122] In one embodiment, the rectifier 900 may be a highly efficient rectifier for
wireless power transfer in biomedical applications which can be implemented using

0.18um CMOS process. The rectifier 900 may include active NMOS and PMOS diodes
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with cross-coupled latched comparators to maximize the power conversion efficiency. An
85% of maximum power conversion efficiency may be achieved at low input signal of
1.1 V at 13.56 MHz operating frequency due to the topology of the rectifier 900.

[0123] Regulator

For implantable devices, both power efficiency and off-chip components minimization
are crucial. Existing capacitor-less low dropout (LDO) regulator generally has a low loop
gain which limits the stability under low output power condition. Figure 19 shows a
conventional capacitor-less LDO regulator 1900. The regulator 1900 may have a loop
gain of 6gmro.

[0124] Figure 20 shows a schematic diagram of a regulator 2000 according to one
embodiment. The regulator 2000 includes a first transistor T1 and a second transistor T2.
The first transistor T1 has a first terminal 2002a, a second terminal 2002b and a control
terminal 2002¢. The second transistor T2 has a first terminal 2004a, a second terminal
2004b and a control terminal 2004c. The second terminal 2002b of the first transistor T1
is coupled to the first terminal 2004a of the second transistor T2. The control terminal
2004c of the second transistor T2 is coupled to a first voltage reference (e.g. Viias) 2050.
[0125] The regulator 2000 includes a feedback arrangement 2006 coupled between
the control terminal 2002c of the first transistor T1 and the second terminal 2004b of the
second transistor T2. The feedback arrangement 2006 includes a current comparator
2008, a third transistor T3 and a fourth transistor T4. The current comparator 2008 has an
input terminal 2010a and an output terminal 2010b. The third transistor T3 has a first
terminal 2012a, a second terminal 2012b and a control terminal 2012¢c. The fourth
transistor T4 has a first terminal 2014a, a second terminal 2014b and a control terminal
2014c.

[0126] The input terminal 2010a of the current comparator 2008 is coupled to the
second terminal 2004b of the second transistor T2. The output terminal 2010b of the
current comparator 2008 is coupled to the control terminal 2012¢ of the third transistor
T3 and the control terminal 2014c of the fourth transistor T4. The second terminal 2012b
of the third transistor T3 is coupled to the second terminal 2014b of the fourth transistor
T4 and the control terminal 2002¢ of the first transistor T1. The first terminal 2014a of
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the fourth transistor T4 is coupled to a second voltage reference 2052. The second
voltage reference 2052 may be ground.

[0127]  The regulator 2000 includes a fifth transistor T5 having a first terminal 2016a,
a second terminal 2016b and a control terminal 2016¢. The first terminal 2016a of the
fifth transistor T5 is coupled to the second voltage reference 2052. The second terminal
2016b of the fifth transistor TS is coupled to the second terminal 2004b of the second
transistor T2. The control terminal 2016c of the fifth transistor TS is coupled to a third
voltage reference (e.g. Vi.r) 2054.

[0128] In one embodiment, the regulator 2000 has an input terminal 2018 coupled to
the first terminal 2002a of the first transistor T1 and the first terminal 2012a of the third
transistor T3. A voltage Vpp may be applied to the input terminal 2018. The regulator
2000 has an output terminal 2020 coupled between the second terminal 2002b of the first
transistor T1 and the first terminal 2004a of the second transistor T2.

[0129] In one embodiment, the first transistor T1, the second transistor T2 and the
third transistor T3 may be p-channel metal oxide semiconductor field effect transistors
(PMOS). The fourth transistor T4 and the fifth transistor TS may be n-channel metal
oxide semiconductor field effect transistors (NMOS). The first terminals of the transistors
T1-TS may be source terminals. The second terminals of the transistors TI-TS may be
drain terminals. The control terminals of the transistors T1-T5 may be gate terminals.
[0130] The regulator 2000 may utilize a flipped voltage follower (FVF) structure to
achieve low output impedance. Hence, it can be stable under the absence of off-chip
capacitor. Such structure has limitation in its loop gain which in turn limits the load
regulation performance of the LDO. In order to improve the loop gain, a 2-stage current
mode feedback mechanism is applied. The output voltage variation is converted to
current by the FVF structure and is compared with a current reference using the current
comparator 2008. The output of the current comparator 2008 may control the switching
of a thick-gate charge pump (e.g. the third transistor T3 and the fourth transistor T4) to
charge/discharge the gate voltage of the output power MOSFET (e.g. the first transistor
T1). .

[0131]  The two stage current mode feedback mechanism can improve the loop gain

of the regulator 2000 to 50dB. The loop gain of the regulator 2000 can be represented by
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(gmfo)>. Compared to the conventional regulator 1900, the regulator 2000 has lower
output impedance because of the higher loop gain. As the input impedance of the current
comparator 2008 is low, it does not introduce additional low frequency poles to the
regulator 2000. As a result, the LDO regulator 2000 can remain stable without an off-chip
capacitor. The stability performance of the regulator 2000 under low load condition can
be improved. The capacitor-less LDO regulator 2000 with current mode feedback
mechanism can achieve high loop-gain and better stability under low output power
conditions.

[0132] The line regulation of the regulator 2000 may be improved by using a better
designed current comparator which is not sensitive to supply. Nonlinear circuits can be
applied in the regulator 200 to reduce the power consumption.

[0133] Figure 21 shows a graph 2100 of power efficiency plotted against load current
for the regulator 2000. It can be observed that the regulator 2000 can achieve more than
70% power efficiency under 10pA low load condition. The regulator 2000 can achieve
high power efficiency (70.7%) for low power application with power consumption of
1.43uW.

[0134] Figure 22 shows a graph 2200 of a transient response of the regulator 2000.
Graph 2200 shows a plot 2202 of a load current. The load current may vary between 3uA
and 100pA. Graph 2200 shows a plot 2204 of an output voltage. It can be observed that a
glitch occurs in the output voltage when the load current changes.

[0135] Power Transfer Device

[0136]  Referring back to Figure 24, the power transfer device 2400 may include the
circuit arrangement 100 (circuit arrangement 2402), the rectifier 900 (rectifier 2404) and
the regulator 2000 (rectifier 2406) as described above. In the power transfer device 2400,
the voltage source 906 of the rectifier 900 may be a representation of the circuit
arrangement 100. In other words, the voltage supplied by the voltage source 906 may be
an output voltage of the circuit arrangement 100. Therefore, the first terminal 932a and
the second terminal 932b of the voltage source 906 may be the first input terminal and the
second input terminal of the rectifier 900 respectively. The resistor Ry of the rectifier 900

may be a representation of a load of the rectifier 900. Therefore, the first terminal 936a
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and the second terminal 936b of the resistor Ry may be a first output terminal and a
second output terminal of the rectifier 900 respectively.

[0137] The rectifier 900 is coupled between the circuit arrangement 100 and the
regulator 2000. The rectifier 900 is coupled to the circuit arrangement 100 such that the
first input terminal 932a of the rectifier 900 is coupled to the first terminal 120 of the
inductor 112 of the load transformation unit 110 of the circuit arrangement 100 and the
second input terminal 932b of the rectifier 900 is coupled to the second terminal 122 of
the inductor 112 of the load transformation unit 110 of the circuit arrangement 100. The
regulator 2000 is coupled to the rectifier 900 such that the first output terminal 936a of
the rectifier 900 is coupled to the input terminal 2018 of the regulator 2000.

[0138] The power transfer device 2400 may include a power amplifier 2408 in an
external side 2450. The power transfer device 2400 may include a comparator 2410, and
a series arrangement 2412 of a first resistor R1 and a second resistor R2 in an implanted
side 2452 of the power transfer device 2400. The power amplifier 2408 may have an
input terminal 2414a, an output terminal 2414b, a first control terminal 2414¢ and a
second control terminal 2414d. The comparator 2410 may have a first input terminal
2416a, a second input terminal 2416b and an outpuf terminal 2416¢. The power transfer
device 2400 may include an input terminal 2418, a first output terminal 2420 and a
second output terminal 2422.

[0139] The input terminal 2418 of the power transfer device 2400 may be coupled to
input terminal 2414a of the power amplifier 2408. The output terminal 2414b of the
power amplifier 2408 may be coupled to the first terminal 134 of the inductor 104 of the
circuit arrangement 100. The first control terminal 2414c of the power amplifier 2408
may be coupled to a voltage reference 2424. The second control terminal 2414d of the
power amplifier 2408 may be coupled to the second terminal 136 of the inductor 104 of
the circuit arrangement 100. The series arrangement 2412 may be coupled between a first
line 2426 between the rectifier 900 and the regulator 2000 and a second line 2428
between the rectifier 900 and the regulator 2000. The first input terminal 2416a of the
comparator 2410 may be coupled b(;,tween the first resistor R1 and the second resistor R2.
A reference voltage Vs may be applied to the second input terminal 2416b of the
comparator 2410. An output signal 2430 may be transmitted from the output terminal
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2416c of the comparator 2410 to the power amplifier 2408. An output voltage V, may
be measured between the first output terminal 2420 and the second output terminal 2422,
[0140]  In one embodiment, the power transfer device 2400 may be a high-efficiency
wireless powering link with large power dynamic range. An optimal resonant load
transformation is used in the circuit arrangement 100 to overcome the loading effect on
the resonant inductive coupling caused by the rectifier 900 and thus greatly boost the
efficiency especially in high power cases. The efficiency of the circuit arrangement 100
(inductive coupling) can be improved to about 80% for high power case as compared to
40% of conventional inductive coupling arrangements. The circuit arrangement 100 is
compact, easy for integration and tuning, and biocompatible.

[0141] The rectifier 900 with a cross-coupled latched comparator to maximize the
forward current and minimize the reverse leakage current, and an output capacitor-less
LDO regulator 2000 with high loop-gain current mode feedback are used to improve the
efficiency and keep stability in low power cases. A reduction in reverse leakage of the
rectifier 900 and a high loop-gain current mode feedback of the regulator 2000 can keep
the regulator 2000 stable without an output capacitor. The reverse current leakage of the
rectifier 900 can be minimized to improve the efficiency to about 85% for low power
case as compared to 70% for conventional rectifiers. An efficiency of about 70% can be
achieved for the regulator 2000 for low power case as compared to 60% for conventional
regulators. The regulator 2000 can have higher loop gain and lower output impedance.
Thus, the regulator 2000 can be more stable.

[0142] More than 40% of the overall link efficiency can be achieved for the power
transfer device 2400 over the power range from micro watt to watt level. In comparison,
conventional designs may cause performanée degradation, added complexity, or
difficulty for integration and tuning to realize high efficiency (>40 %) and large power
dynamic range (1pW ~ 1 W),

[0143]  The power transfer device 2400 is compact, easy for tuning, integration and
mass production, as well as biocompatible due to no incorporation of ferromagnetic core
and no high resonant current induced. The power transfer device 2400 can be robust for

variations of coupling and load impedance.
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[0144] The power transfer device 2400 can be applicable to biomedical electronics,
near field communication (NFC), RFID, contactless power charging and other potential
industrial applications where wireless power transfer is needed.

[0145] While embodiments of the invention have been particularly shown and
described with reference to specific embodiments, it should be understood by those
skilled in the art that various changes in form and detail may be made therein without
departing from the spirit and scope of the invention as defined by the appended claims.
The scope of the invention is thus indicated by the appended claims and all changes
which come within the meaning and range of equivalency of the claims are therefore

intended to be embraced.
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CLAIMS

What is claimed is:
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A power transfer device, comprising:
a circuit arrangement comprising:

a primary side having a primary coil;

a secondary side having a secondary coil inductively coupled to the
primary coil and a load transformation unit;

wherein the load transformation unit comprises an inductor and a
capacitor;

wherein the secondary coil, the inductor and the capacitor each comprise a
first terminal and a second terminal;

wherein the first terminal of the secondary coil is coupled to the first
terminal of the capacitor, the second terminal of the capacitor is coupled to the
first terminal of the inductor, and the second terminal of the inductor is coupled to

the second terminal of the secondary coil.

The power transfer device of claim 1,

wherein an optimal resonant load of the load transformation unit is represented by

wL2V1+k2Q1Q2 .

joL
0, ’

whereby o is a power carrier frequency, k is a coupling coefficient between the

primary coil and the secondary coil, L, is an inductance of the secondary coil, Q;
1s a quality factor of the primary coil and Q: is a quality factor of the secondary

coil.

The power transfer device of claim 1, further comprising:
a rectifier comprising:
a first transistor, a second transistor, a third transistor and a fourth

transistor each having a first terminal, a second terminal and a control terminal;
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a first comparator and a second comparator each having a first input
terminal, a second input terminal, a third input terminal, a fourth input terminal, a
first output terminal and a second output terminal;

wherein the first input terminal of the first comparator is coupled to the
first input terminal of the second comparator, the second input terminal of the first
comparator is coupled to the third input terminal of the second comparator, the
third input terminal of the first comparator is coupled to the second input terminal
of the second comparator, and the fourth input terminal of the first comparator is
coupled to the fourth input terminal of the second comparator;

wherein the first terminal of the first transistor is coupled to the first
terminal of the second transistor, the second terminal of the first transistor is
coupled to the second terminal of the third transistor, the second terminal of the
second transistor is coupled to the second terminal of the fourth transistor, and the
first terminal of the third transistor is coupled to the first terminal of the fourth
transistor;

wherein the first output terminal of the first comparator is coupled to the
control terminal of the first transistor, the second output terminal of the first
comparator is coupled to the control terminal of the fourth transistor, the first
output terminal of the second comparator is coupled to the control terminal of the
third transistor, and the second output terminal of the second comparator is
coupled to the control terminal of the second transistor;

wherein the first comparator is configured to compare a first voltage
applied to the first input terminal of the first comparator and a second voltage
applied to the second input terminal of the first comparator during a first
operation cycle, and the second comparator is configured to compare a first
voltage applied to the first input terminal of the second comparator and a second
voltage applied to the second input terminal of the second comparator during a
second operation cycle;

wherein when the second voltage is greater than the first voltage during

the first operation cycle, the first comparator is configured to output a first voltage
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signal at the first output terminal of the first comparator and a second voltage
signal at the second output terminal of the first comparator;

wherein when the second voltage is smaller than the first voltage during
the first operation cycle, the first comparator is configured to output the second
voltage signal at the first output terminal of the first comparator and the first
voltage signal at the second output terminal of the first comparator;

wherein when the second voltage is greater than the first voltage during
the second operation cycle, the second comparator is configured to output a first
voltage signal at the first output terminal of the second comparator and a second
voltage signal at the second output terminal of the second comparator;

wherein when the second voltage is smaller than the first voltage during
the second operation cycle, the second comparator is configured to output the
second voltage signal at the first output terminal of the second comparator and the

first voltage signal at the second output terminal of the second comparator.

4. The power transfer device of claim 3,

wherein the first comparator comprises a first NOT gate having an input terminal
and an output terminal and the second comparator comprises a second NOT gate having
an input terminal and an output terminal,

wherein the input terminal of the first NOT gate is coupled to the first output
terminal of the first comparator and the output terminal of the first NOT gate is coupled
to the second output terminal of the first comparator;

wherein the input terminal of the second NOT gate is coupled to the first output
terminal of the second comparator and the output terminal of the second NOT gate is

coupled to the second output terminal of the second comparator.

5. The power transfer device of claim 3,
wherein the first transistor, the second transistor, the third transistor and the fourth

transistor each comprise a third terminal;
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wherein the rectifier further comprises a first dynamic body bias unit having a
first terminal, a second terminal and a third terminal, and a second dynamic body bias
unit having a first terminal, a second terminal and a third terminal;

wherein the first terminal of the first dynamic body bias unit is coupled to the first
terminal of the first transistor, the first terminal of the second transistor, the second input
terminal of the first comparator and the third input terminal of the second comparator;

wherein the second terminal of the first dynamic body bias unit is coupled to the
second terminal of the first transistor, the first input terminal of the first comparator, the
first input terminal of the second comparator, the second terminal of the third transistor
and the second terminal of the second dynamic body bias unit;

wherein the third terminal of the first dynamic body bias unit is coupled to the
third terminal of the first transistor;

wherein the first terminal of the second dynamic body bias unit is coupled to the
first terminal of the third transistor, the first terminal of the fourth transistor, the third
input terminal of the first comparator and the second input terminal of the second
comparator,

wherein the third terminal of the second dynamic body bias unit is coupled to the
third terminal of the third transistor;

wherein the third terminal of the second transistor is coupled to the second
terminal of the second transistor and the third terminal of the fourth transistor is coupled

to the second terminal of the fourth transistor.

6. The power transfer device of claim 5,

wherein the rectifier further comprises a first input terminal and a second input
terminal;

wherein the first input terminal is coupled to the first terminal of the first dynamic
body bias unit and the second input terminal is coupled to the first terminal of the second

dynamic body bias unit.

7. The power transfer device of claim 6,
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wherein the rectifier further comprises a capacitor having a first terminal and a
second terminal, and a first output terminal and a second output terminal;

wherein the first terminal of the capacitor is coupled to the first output terminal
and the second terminal of the second dynamic body bias unit;

wherein the second terminal of the capacitor is coupled to the second output
terminal, the second terminal of the second transistor, the fourth input terminal of the first
comparator, the fourth input terminal of the second comparator and the second terminal

of the fourth transistor.

8. The power transfer device of claim 7,

wherein the second terminal of the capacitor, the second output terminal, the
second terminal of the second transistor, the fourth input terminal of the first comparator,
the fourth input terminal of the second comparator and the second terminal of the fourth

transistor are coupled to a reference voltage.

9. The power transfer device of claim 7, further comprising
a regulator comprising:

a first transistor and a second transistor each having a first terminal, a
second terminal and a control terminal, wherein the second terminal of the first
transistor is coupled to the first terminal of the second transistor and a control
terminal of the first transistor is coupled to a first voltage reference;

a feedback arrangement coupled between the control terminal of the first
transistor and the second terminal of the second transistor;

wherein the feedback arrangement comprises:

a current comparator having an input terminal and an output
terminal;

a third transistor and a fourth transistor each having a first
terminal, a second terminal and a control terminal;

wherein the input terminal of the current comparator is coupled to

the second terminal of the second transistor, and the output terminal of the
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current comparator is coupled to the control terminal of the third transistor
and the control terminal of the fourth transistor;

wherein the first terminal of the third transistor is coupled to the
first voltage reference and the second terminal of the third transistor is
coupled to the second terminal of the fourth transistor and the control
terminal of the first transistor;

wherein the first terminal of the fourth transistor is coupled to a

second voltage reference.

10. The power transfer device of claim 9,

wherein the regulator further comprises a fifth transistor having a first terminal, a
second terminal and a control terminal;

wherein the first terminal of the fifth transistor is coupled to the second voltage
reference, the second terminal of the fifth transistor is coupled to the second terminal of
the second transistor, and the control terminal of the fifth transistor is coupled to a third

voltage reference.

11.  The power transfer device of claim 9,

wherein the regulator further comprises:

an input terminal coupled to the first terminal of the first transistor and the first
terminal of the third transistor;

an output terminal coupled between the second terminal of the first transistor and

the first terminal of the second transistor.

12.  The power transfer device of claim 9,

wherein the rectifier is coupled between the circuit arrangement and the regulator.

13. The power transfer device of claim 11,
wherein the first input terminal of the rectifier is coupled to the first terminal of

the inductor of the load transformation unit of the circuit arrangement, and the second
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input terminal of the rectifier is coupled to the second terminal of the inductor of the load
transformation unit of the circuit arrangement;
wherein the first output terminal of the rectifier is coupled to the input terminal of

the regulator.

14.  The power transfer device of claim 1,

wherein the power transfer device is a wireless power link device.

15. A rectifier, comprising:

a first transistor, a second transistor, a third transistor and a fourth transistor each
having a first terminal, a second terminal and a control terminal;

a first comparator and a second comparator respectively having a first input
terminal, a second input terminal, a third input terminal, a fourth input terminal, a first
output terminal and a second output terminal;

wherein the first input terminal of the first comparator is coupled to the first input
terminal of the second comparator, the second input terminal of the first comparator is
coupled to the third input terminal of the second comparator, the third input terminal of
the first comparator is coupled to the second input terminal of the second comparator, and
the fourth input terminal of the first comparator is coupled to the fourth input terminal of
the second comparator;

wherein the first terminal of the first transistor is coupled to the first terminal of
the second transistor, the second terminal of the first transistor is coupled to the second
terminal of the third transistor, the second terminal of the second transistor is coupled to
the second terminal of the fourth transistor, and the first terminal of the third transistor is
coupled to the first terminal of the fourth transistor;

wherein the first comparator is configured to compare a first voltage applied to
the first input terminal of the first comparator and a second voltage applied to the second
input terminal of the first comparator during a first operation cycle, and the second
comparator is configured to compare a first voltage applied to the first input terminal of
the second comparator and a second voltage applied to the second input terminal of the

second comparator during a second operation cycle;
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wherein when the second voltage is greater than the first voltage during the first
operation cycle, the first comparator is configured to output a first voltage signal at the
first output terminal of the first comparator and a second voltage signal at the second
output terminal of the first comparator;

wherein when the second voltage is smaller than the first voltage during the first
operation cycle, the first comparator is configured to output the second voltage signal at
the first output terminal of the first comparator and the first voltage signal at the second
output terminal of the first comparator;

wherein when the second voltage is greater than the first voltage during the
second operation cycle, the second comparator is configured to output a first voltage
signal at the first output terminal of the second comparator and a second voltage signal at
the second output terminal of the second comparator;

wherein when the second voltage is smaller than the first voltage during the
second operation cycle, the second comparator is configured to output the second voltage
signal at the first output terminal of the second comparator and the first voltage signal at

the second output terminal of the second comparator.

16. The rectifier of claim 15,

wherein the first transistor, the second transistor, the third transistor and the fourth
transistor each comprise a third terminal;

wherein the rectifier further comprises a first dynamic body bias unit having a
first terminal, a second terminal and a third terminal, and a second dynamic body bias
unit having a first terminal, a second terminal and a third terminal;

wherein the first terminal of the first dynamic body bias unit is coupled to the first
terminal of the first transistor, the first terminal of the second transistor, the second input
terminal of the first comparator and the third input terminal of the second comparator;

wherein the second terminal of the first dynamic body bias unit is coupled to the
second terminal of the first transistor, the first input terminal of the first comparator, the
first input terminal of the second comparator, the second terminal of the third transistor

and the second terminal of the second dynamic body bias unit;
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wherein the third terminal of the first dynamic body bias unit is coupled to the
third terminal of the first transistor;

wherein the first terminal of the second dynamic body bias unit is coupled to the
first terminal of the third transistor, the first terminal of the fourth transistor, the third
input terminal of the first comparator and the second input terminal of the second
comparator;

wherein the third terminal of the second dynamic body bias unit is coupled to the
third terminal of the third transistor;

wherein the third terminal of the second transistor is coupled to the second
terminal of the second transistor and the third terminal of the fourth transistor is coupled

to the second terminal of the fourth transistor.

17.  The rectifier of claim 16, further comprising:

a first input terminal and a second input terminal;

wherein the first input terminal is coupled to the first terminal of the first dynamic
body bias unit and the second input terminal is coupled to the first terminal of the second

dynamic body bias unit.

18.  The rectifier of claim 17, further comprising;

a capacitor having a first terminal and a second terminal, and a first output
terminal and a second output terminal;

wherein the first terminal of the capacitor is coupled to the first output terminal
and the second terminal of the second dynamic body bias unit;

wherein the second terminal of the capacitor is coupled to the second output
terminal, the second terminal of the second transistor, the fourth input terminal of the first
comparator, the fourth input terminal of the second comparator and the second terminal

of the fourth transistor.

19. The rectifier of claim 18,
wherein the second terminal of the capacitor, the second output terminal, the

second terminal of the second transistor, the fourth input terminal of the first comparator,
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the fourth input terminal of the second comparator and the second terminal of the fourth

transistor are coupled to a reference voltage.

20. A regulator, comprising:

a first transistor and a second transistor each having a first terminal, a second
terminal and a control terminal, wherein the second terminal of the first transistor is
coupled to the first terminal of the second transistor, a first terminal of the first transistor
is coupled to a first voltage reference and a control terminal of the second transistor is
coupled to a second voltage reference;

a feedback arrangement coupled between the control terminal of the first
transistor and the second terminal of the second terminal;

wherein the feedback arrangement comprises:

a current comparator having an input terminal and an output terminal;

a third transistor and a fourth transistor each having a first terminal, a
second terminal and a control terminal;

wherein the input terminal of the current comparator is coupled to the
second terminal of the second transistor, and the output terminal of the current
comparator is coupled to the control terminal of the third transistor and the control
terminal of the fourth transistor;

wherein the first terminal of the third transistor is coupled to the first
voltage reference and the second terminal of the third transistor is coupled to the
second terminal of the fourth transistor and the control terminal of the first
transistor;

wherein the first terminal of the fourth transistor is coupled to a third

voltage reference.

21.  The regulator of claim 20, further comprising:
a fifth transistor having a first terminal, a second terminal and a control terminal;
wherein the first terminal of the fifth transistor is coupled to the third voltage

reference, the second terminal of the fifth transistor is coupled to the second terminal of
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the second transistor, and the control terminal of the fifth transistor is coupled to a third

voltage reference.



