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(57) Abstract: Methods and systems for maximum efficiency achievable in near-field coupled wireless power transfer systems are
disclosed and may include configuring coil geometry, independently of load impedance and source impedance, for a transmit (Tx)
coil and a receive (Rx) coil based on a media expected to be between the coils during operation. A desired susceptance and conduct -
ance may be determined and an impedance of an amplifier for the Tx coil may be configured based on the determined susceptance
and conductance. A load impedance for the Rx coil may be configured based on the determined susceptance and conductance. A
matching network may be coupled to the amplifier. The Rx coil may be integrated on a complementary metal-oxide semiconductor
(CMOS) chip. One or more matching networks may be integrated on the CMOS chip for the configuring of the load impedance for
the Rx coil.
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Attorney Docket No. 27818WO01

METHOD AND SYSTEM FOR MAXIMUM ACHIEVABLE EFFICIENCY IN NEAR-FIELD
COUPLED WIRELESS POWER TRANSFER SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS/INCORPORATION BY REFERENCE
[0001] This application claims priority to United States Provisional Application
61/749,368, filed on January 6, 2013, and United States Provisional Application 61/878,021,
filed on September 15, 2013, each of which is hereby incorporated herein by reference in its

entirety.

FIELD

[0002] Certain embodiments of the invention relate to wireless power transfer. More
specifically, certain embodiments of the invention relate to a method and system for maximum

efficiency achievable in near-field coupled wireless power transfer systems.
BACKGROUND

[0003] Wireless power transfer (WPT) is important to many emerging applications and is
commonly realized by means of near-field inductive coupling. This type of power delivery
system is advantageously used for biomedical implants, neural activity monitoring/stimulation,

emerging lab-on-chip (LoC) applications, RFID, and non-contact testing.

[0004] Further limitations and disadvantages of conventional and traditional approaches
will become apparent to one of skill in the art, through comparison of such systems with the
present disclosure as set forth in the remainder of the present application with reference to the

drawings.
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BRIEF SUMMARY

[0005] A system and/or method for maximum efficiency achievable in near-field coupled
wireless power transfer systems, substantially as shown in and/or described in connection with
at least one of the figures, as set forth more completely in the claims.

[0006] Various advantages, aspects and novel features of the present disclosure, as
well as details of an illustrated embodiment thereof, will be more fully understood from the

following description and drawings.
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BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

[0007] FIG. 1 is a diagram illustrating inductive wireless transfer, in accordance with an

example embodiment of the disclosure.

[0008] FIG. 2 shows a general form of wireless power transfer through a passive

network, in accordance with an example embodiment of the disclosure.

[0009] FIG. 3 shows the maximum possible power efficiency from the two-port to the
load as a function of the variable %, in accordance with an example embodiment of the
disclosure.

[0010] FIG. 4 is a diagram illustrating example matching network circuits, in accordance
with an example embodiment of the disclosure.

[0011] FIG. 5 shows the geometry of a PCB based coil, in accordance with an example

embodiment of the disclosure.

[0012] FIG. 6A shows the coils for a fully integrated CMOS receiver, in accordance with
an example embodiment of the disclosure.

[0013] FIG. 6B shows example steps in the optimization process of coil geometry, in
accordance with an example embodiment of the disclosure.

[0014] Fig. 7 illustrates a load configuration for optimized coil power transfer efficiency,
in accordance with an example embodiment of the disclosure.

[0015] FIG. 8 illustrates a parallel load configuration for optimized coil power transfer
efficiency, in accordance with an example embodiment of the disclosure.

[0016] FIG. 9 shows two wire segments of length 2W and 2K, carrying current /, in
accordance with an example embodiment of the disclosure.

[0017] FIG. 10 illustrates a square four-wire loop carrying current /, in accordance with
an example embodiment of the disclosure.
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DETAILED DESCRIPTION OF THE INVENTION

[0018] Certain aspects of the invention may be found in a method and system for
maximum efficiency achievable in near-field coupled wireless power transfer systems. The
method and system may comprise configuring coil geometry, independently of load impedance
and source impedance, for a transmit (Tx) coil and a receive (Rx) coil based on a media
expected to be between the coils during operation. A desired susceptance and conductance
corresponding to the configured coil geometry and expected media may be determined and a
desired load impedance of an amplifier for the Tx coil may be configured based on the
determined susceptance and conductance. A load impedance for the Rx coil may be configured
based on the determined susceptance and conductance. A matching network may be coupled
to the amplifier for the configuring of the impedance of the amplifier. The Rx coils may be
integrated on a complementary metal-oxide semiconductor (CMOS) chip. One or more
matching networks may be integrated on the CMOS chip for the configuring of the load
impedance of the Rx coil. The one or more matching networks may comprise an impedance
bank consisting of circuit elements such as capacitors and/or inductors in various configurations
that may be adaptively configured by being switched in and out according to an algorithm. A
portion of a matching network for configuring the load impedance for the Rx coil may be
mounted to a surface of the CMOS chip. Similarly, a matching network may be coupled to the
Tx coil for the configuring the load impedance for the Tx coil. The Tx coil may be integrated on
a printed circuit board (PCB) or other insulating substrate. The desired susceptance and
conductance may be configured for a maximum power transmission efficiency. The coil
geometry and expected media may comprise a general two-port model. The coil geometry may
comprise one or more of: coil area, metal layer thickness, metal layer width, and metal layer
spacing. Control commands and/or data may be communicated by the Tx and Rx coils. The
expected media may comprise one or more of: biological liquid, organic or inorganic
substances, biological material, biological agents, biological tissue, chemical compositions,
buffer solutions.

[0019] FIG. 1 is a diagram illustrating inductive wireless transfer, in accordance with an
example embodiment of the disclosure. Referring to FIG. 1, there is shown a coil L1 adjacent to
coil L2, where both coils have a non-zero resistance indicated by resistors R1 and R2. The
mutual inductance due to the proximity of the coils is indicated by “M” and may be a measure of
the amount of current induced in one coil due to a changing current in the other coil.
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[0020] The arrangement shown in FIG. 1 represents a simple form of inductive wireless
power transfer through air. The maximum achievable power efficiency, Nmax, from the input to

the output may be given by

k0.0,

L ey

where O, and O, are the quality factor for each of the inductors and & is the coupling factor

(1)

between the two coils.

[0021] The power efficiency of a near-field link is a measure of: (i) the power loss in
circuits both at the transmitter and receiver, (ii) the absorbed electromagnetic energy in media in
between the coils that causes the local temperature to increase (possibly harming biological
tissue, or biological agents in a LoC application), and (ii) how often the battery has to be
recharged when used in the context of portable medical devices. Therefore, in the case of
biomedical implant applications, low-efficiency wireless power transmission implementations
may cause discomfort and possible complications for the patients using an implant. Similar
issues occur in the case of laboratory-on-chip applications where the local temperature of a
small 10 to 100uL biological sample being measured needs to be held within strict tolerances
(often within one Centigrade degree). Therefore, it is not possible to arbitrarily increase the
strength of the electromagnetic fields to realize greater power transfer to the embedded system.
In most applications, achieving high power-efficiency is extremely challenging due to the
restriction on the geometry of the inductive media.

[0022] The term “media’ in this disclosure may comprise any liquid, gas, solid, or
combination thereof and may include organic or inorganic substances, biological material,
biological agents, biological tissue, chemical compositions, buffer solutions, and solutes in a
solvent, for example. Accordingly, the coils may be configured based on what type of material,

or media, is to be measured or assessed.

[0023] Other techniques for link optimization use a simple inductor model in air for fixed
load impedance at low frequencies. In most practical applications, the inductive two-port may
be designed using numerical electromagnetic simulation software packages such as HFSS or
Momentum that return S parameters. Extracting the simple R, L model from these parameters,
especially at high frequency, is quite challenging. In addition, many wireless power transfer
applications require the electromagnetic waves to pass through biological material such as skin,
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muscle, fat, buffer solutions, etc., which we refer to as a general two-port model. These media
are conductive and have higher relative permittivity constants than air. Therefore, optimizing
the link using a simple two-port model alone and ignoring the media during the optimization
phase incurs large penalties in terms of achievable power efficiency. Ignoring the media results
in a non-optimal coil design with reduced efficiency through biological media, for example.

[0024] The limitations of the two-port model at high frequencies may be addressed by
using S-parameters under simultaneous conjugate matching. However, such matching resulting
in maximum power transfer does not necessarily result in maximum efficiency. In fact,
conjugate matching has a theoretical upper bound of 50% efficiency while a general two-port
may be designed to have power efficiencies approaching 100%.

[0025] The mathematical derivations presented in this disclosure prove that, unlike
conjugate matching, the optimum load is independent of the source impedance and solely
depends on two-port parameters. Another shortcoming in classical link optimization techniques
is the assumption of fixed load impedance. This assumption forces an extra unnecessary
constraint on the design of the coupled inductors that could result in sub-optimal coil
parameters. The power efficiency in such systems is generally between 30 to 50%.

[0026] The present disclosure introduces the concept of optimum load and source
impedances. As a result, it effectively adds new design parameters to the system, beneficially
decoupling the problem of loading effects from the optimization process of the link. This
approach achieves power efficiencies of greater than 80% at much greater coil separations with
significant advantage in practical realizations.

[0027] Previous techniques determined that there exists an optimum load for which the
efficiency is maximized but resorted to numerical methods to find the optimum load.
Furthermore, these previous techniques used a simple two-inductor model in air, which suffers
from the same shortcomings stated earlier. Other previous techniques used a four-coil coupled
system in an attempt to add a degree of freedom to the effect of load and source impedance on
the power efficiency of the system. However, any method of impedance transformation
introduces additional losses due to the finite quality factor of the components. In the case of
four-coil systems, the transformation may be carried out using coils with limited quality factor.
Furthermore, having four coupled coils increases the cost, size, complexity of design and

enforces several constraints on the inductor geometry.
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[0028] The method and system disclosed here may use discrete capacitors and
inductors as the matching network, where the capacitors may have Q values higher than 1000.
Matching networks that use only capacitors tend to have lower penalties in terms of efficiency
compared to a four-coil system. The present disclosure optimizes the near-field link based on
the general two-port parameters of the network. Accordingly, the present disclosure addresses
the concept of optimum load for any passive two-port network and a simple closed-form

expression for the maximum achievable power efficiency of the given two-port.

[0029] In this system, the circuits contained in the implant, the laboratory-on-chip or the
silicon substrate are remotely powered by means of a power amplifier operating at a fixed
carrier frequency. Additional functionality may be achieved by modulating the load, circuit
topology, carrier frequency, or signal amplitude, in some manner to realize unidirectional or
bidirectional control commands and data transfer between Tx and Rx coils. In another example
scenario, one or more antennas and associated transceiver circuitry may be integrated on a
CMOS chip or PCB for the Tx and Rx coils, with the one or more antennas copmmunicating
control commands and/or data while the Tx and Rx coils provide power and/or sensing
capability.

[0030] The present disclosure also introduces a simple criterion on the two-port
parameters to maximize power transfer efficiency. Moreover, the results are applicable to any
form of passive power transfer such as inductive or capacitive coupling. These derivations
provide a powerful tool for modifying the simple two-port inductor model to the more
complicated but realistic general form (e.g. adding the conductance between the two coils to
model the conductivity of media) and quickly observing the effects on the efficiency and
optimum loading in the system.

[0031] The improved efficiency realized by the present disclosure, without loss of
generality, allows for the useful and practical integration of the receiver coil on the same silicon
substrate as the circuits, and without requiring special processing layers or post-processing.

[0032] Aspects of the disclosure enable maximizing the power transfer efficiency
through a near field coupled network and providing a closed form analytical solution for
calculating the optimum load that would maximize the efficiency of power transfer through any
passive network. Aspects of the present disclosure enable techniques that are capable of
correctly predicting the power transfer efficiency at any frequency, through CMOS substrate and
biological or chemical media. Through the introduction of the concept called optimum load, the
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present disclosure decouples the design of the coils from the load. Therefore, the coils may be
optimized independently of the load while fully considering the media surrounding the coils. The
optimum load may be realized using matching networks. However, these matching networks
are usually lossy and affect the maximum achievable power efficiency. In this disclosure, these
issues are addressed and matching stages are provided to achieve optimum efficiency.

[0033] FIG. 2 shows a general form of wireless power transfer through a passive
network, in accordance with an example embodiment of the disclosure. Referring to FIG. 2,
there is shown a 2-port network 210 that may comprise a pair of mutually inductive coils in this
example, similar to the coils shown in FIG. 1. The matching networks 201A and 201B may
comprise networks, banks, or arrays of fixed or adjustable inductors and capacitors, or
alternatively only capacitors, that may be operable to provide a desired impedance that matches
a calculated impedance or impedances for the 2-port network 210. In an example scenario, the
matching networks 201A and 201B may comprise an array of switched capactors and/or, which
may be integrated on-chip with one of the coils in the 2-port network 210.

[0034] The matching networks 201A and 201B may be integrated on a CMOS chip, on a
PCB or other insulating substrate, or portions of them may be directly mounted on the CMOS
chip. Depending on the Q-factor requirement and/or the available space on-chip or PCB, the
matching networks and coils may be integrated in each of these locations or in any combination.
For example, a large portion of the matching networks 201A and 201B may be integrated on
one or more CMOS chips that may or may not also include the Tx or Rx coils, while large Q
capacitors and/or inductors may be formed in or on, or bonded to, a PCB or other insulating
substrate. Alternatively, large Q capacitors and/or inductors may be bonded directly to the one
or more CMOS chips. In addition, the matching networks 201A and/or 201B may be
dynamically configured to adapt to changing load or other conditions, such as temperature or
the media itself changing, for example. In an example scenario, the matching networks 201A
and 201B may switch inductance and/or capacitance elements in or out when a section of
circuitry is enabled or disabled.

[0035] An important attribute of such a network is power transfer efficiency, or simply
power efficiency. The power efficiency, n, or simply the efficiency, of the system may be

defined as:
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where P, is the power delivered to the load and P, is the power delivered by the source (V, ).

The value of 77 depends on various parameters such as the load (Z;), the source impedance
(Rs), the impedance loading the source (Rp) and the two-port parameters. Therefore, to
achieve the maximum possible efficiency in the system it is desirable to be able to freely choose
the load (Z;) and the desired input loading (Rp). As shown in FIG. 2, these impedance
conversions may be realized using the matching networks 201A and 201B. In order to obtain
the maximum possible efficiency of a two-port, the efficiency 7 for FIG. 2 may be derived, then
introduce the conditions on Z; and Rp that would result in the maximum possible value for

equation (2). A general linear two-port may be represented in terms of its ABCD parameters:

V,=AXV,+ BXxI, (3)
I, =CxV,+DxI,. (4)
[0036] Without loss of generality we choose the desired impedance, R,,, to be n times
smaller than R .
R
R, = —, (5)
n

where n is an arbitrary positive real number. Therefore, the voltage at the input of the two-port
due to the source is:

2

2_ n~|Zl.n 1
" Re{Z,}-R, (n+1)’

Vi
VS

(6)

where Z_ is the impedance at the input of the two-port and Re{} and Im{} denote the real

and the imaginary parts of the expression. In equation (6), it is assumed that the matching
networks are lossless. The voltage V; may then be transformed by the two-port gain and shows
up at the second port as V,:

2
V.| _ n-|z, ’ 1 o |2, (0pt)|2 )
Ve|  RelZ,}-Ry (n+1} " |D-Z, (opt)- B
[0037] This expression may be simplified by substituting 7, with its ABCD parameters:
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_D-Z (opt)—-B
" A=C-Z,(opt)’

which may be utilized to simplify equation (7) to:

v, i n 1 |ZL(0pt)|2
— = X =X = 9)
Vi|  Re(Z,}R; (n+1) |A-C-Z, (op1)

[0038] This relation may be utilized to calculate the power efficiency from V. to Z, ,

where Y, is the admittance of the Z, (opr):

= 1 X |ZL(0pt)|2'Re{YL}
n+1|A-C-7,(opt) - RelZ,}

(10)

[0039] As expected, 77 is a function of Z,. Therefore, there exists an optimum load
Z,(opr) that would maximize 7. By maximizing equation (10) with respect to the real and

imaginary parts of the load Z, (opt) and replacing the ABCD parameters with Z-parameters, it

may be shown that the maximum achievable efficiency under optimum loading conditions in any

passive two-port network is:

1 « X

n+l (1+ 1+;()2, )

nmax -

where

2

- A
rZ11rzzz_r2122 ’"anYzz_rYé

(12)

and rZ, =RelZ,}, iZ, =Im{Z,}, rY, = Re{Y,} and iY, = Im{Y,}. The value of Z, that allows

for the maximum efficiency in equation (11) is given by:

O 7 +IZ2) (7,770 — 172

rZ, (opt) = 7 . (13)
11
7
iZ, (opt) = 2220 _j7 (14)
rZ,,

10
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[0040] These relations illustrate that, in general, the proposed optimum load is not
matched to the two-port. Therefore, the optimum power efficiency does not happen when the
load is matched to the two-port. In fact, impedance matching would never result in efficiencies
1
higher than 50% while equation (11) can theoretically be as high as 100%. The term ,, in
equation (11) is a function of Rp and represents the efficiency from the source to the input of the

two-port for a linear voltage source. The choice for Rp depends on the input driver Vs In
1
practice, the two-port may be driven by a class-E power amplifier. Therefore, , .1 may be

replaced by the efficiency of the employed power amplifier. Thus a more realistic form of
equation (11) is given by:

nmax = nAmp X(L (1 5)

1+ 1+;()z’

where 77,,,, represents the power amplifier efficiency and

M, = (16)

_(1+ 1+;()2’

is the two-port efficiency. The efficiency of a power amplifier is a function of its load, which may
drive the choice of R,. There exists an optimum load, usually referred to as R, , which
maximizes the power delivery efficiency of a power amplifier. The value of R, , is completely

different from the small-signal output impedance of the power amplifier and is generally found
using load-pull techniques. Therefore, to maximize the power from the source to the load, the

two-port provides the appropriate (R, = R,,, ) loading for the power amplifier. The efficiency of
a class-E power amplifier 77,,, is theoretically 100% and in practice efficiencies higher than
75% are achievable. The second term in equation (11) is a function of two-port parameters. In

order to maximize the power efficiency of the two-port, ¥ may be maximized.

[0041] FIG. 3 shows the maximum possible power efficiency from the two-port to the
load as a function of the variable %, in accordance with an example embodiment of the

disclosure. Equations (13) and (14) represent the optimum series load. The equivalent parallel

11
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load is calculated in equations (17) and (18). These quantities are best represented in terms of
the network Y parameters.

Y,
R, (opi) = = —, (17)
\/(ranYn +iY5)(rY, 1Yy, — 1Y)
Y rY,
B, (opt) =222 _jy (18)
rry,
[0042] It is interesting to note that the well-established simultaneous conjugate

matching, that is widely used in microwave amplifiers and maximizes power transfer, occurs in

the special case where R, =R, . In this situation, the power efficiency = G, = P,/P,,, where

ave !

P, . is the maximum available power from the source, which is realized under a source

ave

matching condition (R, = R,). The result demonstrated in this disclosure agrees with the

under a matched source condition. G

Tmax

previously established G, has 50% as its upper

max

bound for the efficiency.

[0043] The conversion of load impedance to the optimum load Z and the input

Lopt
impedance Z, to the desired impedance R, may be conducted through a filter commonly

referred to as a matching network. Matching networks can transform any impedance with non-
zero resistance to any desired resistance. The reactive part of the desired load is then easily
adjusted by adding a reactive component in series or parallel. Therefore, without loss of
generality, it is assumed that the matching network is transforming a general complex load to a
purely resistive desired load. There are different types of matching networks to choose from,
such as z, T, or L. In situations where the quality factor of the matching network is not
enforced and efficiency is of primary concern, L-match is a good choice. Therefore, in this
disclosure, the analysis is based on multi-section L-match networks. However, it is not limited
to this type of matching network, as, similar derivations can easily be developed for other types
of matching networks (7, T, capacitive and inductive transformers). L-match networks are aptly

named as they consist of two elements that form an L-shape circuit.

[0044] FIG. 4 is a diagram illustrating example matching network circuits, in accordance
with an example embodiment of the disclosure. Referring to FIG. 4, there are shown two L-
match networks with circuit a) for instances when Rp > R, and circuit b) for instances where Rp
< RL.

12
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[0045] Depending on whether the real part of the impedance needs to be increased or
decreased, one of the two L-Section circuits in FIG. 4 may be used. The efficiency loss through
the matching network may be due to the resistance of components used in the matching
network. In the following analysis, it is assumed that the losses are small enough not to affect
the impedance conversion operation of the network. We will first address circuit (a) where Rp>
R,. The Q of the L-match network is defined as:

0= R,/R, —1. (19)

[0046] Using (19), the value of the reactance X and susceptance B are given by,
X=0R -X,, (20)

—1

B=(X+X,)-(1+0™) (21)

[0047] Using equations (20) and (21), the portion of power loss due to R,, and R

Ser

may be calculated to be:

Ploss (RPar ) — 2

Pin QP

: (22)
P R, (+0*)00...~0

P, Q0 +(0,.,+0,-0)"

(23)

where Q. = X/R,,. and Q, = BR,_  are the Q of the series and parallel components used in the

Ser

matching network and @, ., =l X,|/R, is the quality factor of the load. Assuming

Q, >> |QLM —Q| , the total efficiency through the matching network for circuit (a) is found to be:

Q0 |09

M. :1_Q_p_—Qs : (24)
[0048] The same procedure may be followed for circuit (b) where R, < R,. The quality
factor in this case is given by:

Q = \[Re{Y, }/Re{Y, } 1. (25)
[0049] The value of reactance X and the susceptance B for circuit (b) are given by:

B=0 RelY,}-Im{Y,}, (26)

13
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1

X = —. (27)
(B+Im{Y, H(1+Q™)
[0050] Using equations (26) and (27), the loss in the matching network is found to be:
Ploss (RSer) — 2, (28)
Pin QS
Ploss (RPar> — (1+Q2bP|QLoad _Q| (29)
B, Q0i+(01 Q-0
[0051] Assuming @, >>|0,,.. -0,
Oroua =€
qbzl_g_w' (30)
O Op
[0052] On the load side, the load may be stepped down (commonly circuit (b)) and

O.... =Q - On the source side, on the other hand, the load resistance may comprise the series

resistance of the transmitter coil and is therefore small, which will be referred to as Q and

coil ?

therefore is illustrated by circuit (a). It can be determined that high efficiency occurs when the

coils have high Q, such that Q, , >> Q. In such scenarios, the loss through the matching

networks can be simplified to:

nsource = 1_ Qcoil/QS’ (31 )
Thowa = 1= 0105 =00, (32)
[0053] Therefore, it is advantageous to use very high Q components. The transmitter

inductors made using printed circuit board (PCB) traces have a Q between 50 and 250 in air, so
that the series matching component on the source side may need to be a capacitor with a very
high Q. On the load side, however, efficiency may be improved by reducing the effective Q.
The Q of the matching network using one stage may become large, which may degrade the
power efficiency of the conversion. This may be remedied by using multiple stages, each stage

having Q. . Using equation (32), the efficiency of each section i is:

ni = 1_Qi/Q5 _Qi/QP' (33)

[0054] There exists an optimum number of stages that maximizes the total efficiency:

14
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N
n=[Tn. (34)
i=1
[0055] Using the proof presented in equations (53)-(59), all stages should provide equal

impedance conversion and the optimum number of stages for large Q is:
N =zIn(Q). (35)

[0056] Fig. 5 shows the geometry of a PCB based coil, in accordance with an example
embodiment of the disclosure. The coil 500 is one example of a possible coil that may be used,
and is shown as an example without loss of generality. PCB coils are popular due to the low
fabrication cost and geometry flexibility. In the case of power transmission through biological or
chemical media, the following design rules may be followed. The outer radius of the transmitter,

in the case of circular loops, may satisfy » < D2 where Dis the distance between the coils.

opt —

This constraint is modified to

d. < Dy2(1++5) (36)

for the case of square coils. In the case of power transmission through biological or chemical
media, the optimum transmitter, does not have many turns. In an example scenario, N <3 was
chosen. The trace width for the transmitter is generally large, in an example w >1000um was

used to achieve high Q. In addition, the transmitter coil may be tapered, especially at
frequencies above 100MHz.

[0057] FIG. 6A shows the coils for a fully integrated CMOS receiver, in accordance with
an example embodiment of the disclosure. In this example, the receiver coil, matching circuits
and other electronics for the application are co-integrated on a CMOS substrate or CMOS chip
610. CMOS integrated coils follow the following guidelines: The optimum frequency of
operation for integrated coils depends on the size of the receiver coil, substrate properties and
the media between the coils. The optimum frequency for a CMOS integrated receiver coil with
an area of 4mm?2 to 25mm? for a typical CMOS process tend to be between 80MHz to 250MHz,

with 40.68MHz as the closest ISM band. The outer dimension of the receiver coil (on a silicon
die) may be the largest value permitted by the die as determined by cost and application
constraints. In CMOS processes, two or three top metal layers in series or parallel or any
combination of the two, would be one appropriate strategy to realize the receiver coil. In

scenarios where the maximum allowed metal width is not satisfactory, one can use several
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parallel layers and short them as often as allowed by the process rules. Using metal layers in
series will increase the rectifier optimum load, R, which may be suitable for low power
electronic applications. Next optimizing two port power transfer efficiency may be performed
utilizing an electromagnetic simulation with varying trace width, spacing, and the number of
turns in the coil. This process typically converges quickly due to the constrained design space.
Once the optimum geometry has been found, the optimum load and desired loading for the
power amplifier can be independently realized using matching networks.

[0058] FIG. 6B shows example steps in the optimization process of coil geometry, in
accordance with an example embodiment of the disclosure. The example steps may begin with
step 601 where the transmitter coil quality factor may be maximized in the frequency range of
interest. During this optimization step, the electromagnetic properties of the media in between
the coils may be fully modelled. The optimization process may utilize a 2.5D or 3D

electromagnetic simulation.

[0059] In step 603, the receiver coil quality factor may be maximized in the frequency
range of interest. During this optimization step, the electromagnetic properties of the media in
between the coils may be fully modelled, which may be particularly important when the media
comprises biological material or liquids with biological agents, for example.

[0060] In step 605, the transmitter coil in the inductive link may be optimized in the

presence of the receiver coil by optimizing the maximum achievable efficiency Nmax-

[0061] In step 607, in situations where adding matching networks to the receiver side
are not desirable, the example steps proceed to step 609A where Rx optimization may be

carried out under optimum load constraint in accordence with nmax and equation (45).

[0062] If matching networks are to be utilized, the example steps may proceed to step
609B, where the receiver coil in the inductive link may be optimized in the presence of the

transmitter coil and matching network by optimizing the maximum achievable efficiency Mmax-

[0063] The special case of inductive coupling for high power transfer through air
requires hundreds of milliWatts to a few watts of power to be transferred to a receiver. In these

scenarios, very small resistance values may be utilized, on the order of a few to tens of ohms.

Therefore, in an example embodiment, R, , may be close to these values, thereby eliminating

Lopt
the need for a matching network on the load side and reducing the complexity. It is also worth
noting that even in the case where a matching network is used, the efficiency through the
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matching network depends on how large of a transformation is needed. A series load therefore
may be used for high power applications.

[0064] Fig. 7 illustrates a load configuration for optimized coil power transfer efficiency,
in accordance with an example embodiment of the disclosure. Referring to FIG. 7, there is
shown a 2-port network 710 and matching network 701. There is also shown a source signal
Vs, source resistance Rs, input current |4, input voltage V4, input impedance Z;,, a variable load
resistance R, and a load reactance X,.

[0065] In these applications the power transfer media is air and therefore rZ;, = 0. The
other assumption that may be applied is that the quality factor of the transmitter and receiver
coils are much larger than 1. Under the given conditions, the optimum load reactance, in
equation (14), and resistance in equation (13), simplify to

Z, = rZ I+ y —iQ,rZ,,. (37)
[0066] Equation (37) shows that the imaginary part of the load is now independent of x,

which makes it insensitive to misalignment and any change in the distance. Hence it may be
fixed by design and independent of the transmitter coil, their distance, etc,. The resistive part,
however, varies with ;¥. The input impedance looking into the two port is also relevant to the

transfer efficiency. Assuming a fixed load with an optimal reactance of X, =-iQ,7Z,, and a
resistance equal to R, = aR,,, = arZ,,4/1+ y , the parameter « indicates how far the load is

from the optimal load. Given the above load impedance, the input impedance of the two-port
network may be calculated. A matching network on the transmitter side might be required to
adaptively adjust the amplifier load according to the changes in the input impedance in equation
(38).

Z, =12, (0+—24 y+iz, (38)
I+a\l+y
[0067] In addition, the efficiency may be recalculated to be:
4
(@+J1+ )+ a1+ y)
[0068] Note that the efficiency becomes maximum when & =1 and the optimum load is

utilized. Therefore, optimum efficiency may be obtained by properly adjusting the load
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resistance or forcing «to be equal to 1. It is desirable for one to be able to choose any value of
load resistance to maximize the efficiency. However in most applications, it is also very
desirable for one to remove the complexity from the receiver side. Therefore one can eliminate
the matching network from the load side and only choose from a finite discrete set of load
values. Such adaptive systems are very well suited to electronic systems.

[0069] A practical question is how many different discrete resistances are needed to
stay within B percent of the maximum achievable efficiency. In practical design scenarios, the

maximum achievable efficiency through two-port systems for the fully aligned case would be
approximately 90%, which maps to =350 and the worst case power efficiency being

considered is approximately 10%, with a corresponding ¥ of 0.5. These numbers do not
account for losses through the power amplifier, rectifier and the internal circuitry. Using the
above assumption, the largest and smallest values for the optimal resistance according to
equation (37) are 18.8rZ,, and 1.22rZ,,. If this range is divided into n different values, it may

be calculated how far the system would be from optimum efficiency.

[0070] Table 1 shows the results for linear spacing of the load values. As seen by just
using five different linear values for load, the efficiency can be within 5% of the maximum
achievable efficiency. Table 2 shows the result for logarithmic spacing of the load values. It
should be noted that even better efficiency may be obtained using non-linear spacing. In fact,
with only 3 different values, the efficiency may be within 4% of the optimum efficiency.
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Table 1 Efficiency versus linear spacing
n o Worst case v Efficiency (%) Efficiency loss(%0)
i 6.05 223 23
2 21.94 504 15.5
3 1122 45.9 9.6
4 763 42.65 3.6
5 586 330 4.8
G 4,79 37.6 3.7
7 4.08 35.6 2.9
3 3.50 33.9 2.3
9 318 32,4 1.9
10 288 511 1.6

Table 2 Efficiency versus logarithmic load spacing

1 Worst case y Effidencv(%%)  Efficiency loss{(5%)

i (.05 22.3 23

2 21.494 50 15.5

3 4.587 378 3.8

4 2194 63.5 1.9

5 1.6 535 1.1

§ 21,094 G648 0.7

7 13.56 580 05

& G4.53 H2.5 .36
[0071] In the case of wireless power transfer through biological media for low power
applications (< 10mW at the receiver, for example), a parallel load as shown in FIG. 8, may be
utilized.
[0072] FIG. 8 illustrates a parallel load configuration for optimized coil power transfer

efficiency, in accordance with an example embodiment of the disclosure. Referring to FIG. 8,
there is shown matching network 801 and a 2-port network 810 comprising media 820. There is
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also shown a source signal Vs, source resistance R, input current |4, input voltage V4, input
impedance Z;,, a variable load resistance R, and a load reactance B,. Under the special case
of using mm-sized receiver coils, the coupling is very small (0.02 < y <0.2) which translates to
two port efficiencies between 0.5% to 4.5%. Under the given constraint of iZ,,,iZ,, <<rZ,,,iZ,,

the optimum load can be simplified to

B, (opt) = %, (40)
and

R, (opt) = rZ,(Q; +1). (41)
[0073] It is evident from equations (41) and (40) that the optimum load has a very weak

dependance on y. Therefore, the optimum susceptance and load may be fixed very close to

the optimum value by design. However, due to variations in the media, silicon active and
passive component mismaich, etc., the fixed load could be different from the optimum load by
up to 20%.

[0074] If we assume that the the optimum conductance is known and the susceptance is

different from the optimum susceptance by a, B, =(1+a)B, (opt), the efficiency is given by

e #2)

alyzern _lZlerYu X + (1+M)2

) itz
[0075] Equation (42) may be rewritten in terms of Z parameters,

e L (43)

plly —WLyll, X 2

o + 1+1/1+ )

[ | Z,, I ] Ji+y ( d

[0076] For cases where the power transfer occurs through air and therefore rZ, =0,

equation (43) simplifies to:

"= £ (44)

azQz 2
A
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[0077] A similar set of equations may be derived for the percentage of loss in two-port

efficiency due to the variations in the real part of the parallel load Ry =R, (op)x(1+a) ,

(1+ y)a* x100
. (loss(%)) = 45
T O = Tt 7+ a1+ 1+ @)1+ 2) o)
where loss is defined as MxlOO. It is evident from the above derivations that wireless

power transfer systems with low efficiency would greatly suffer from deviations in susceptance.
In fact, any time there is low power transfer efficiency due to distance or misalignment, but the
receiver coil has been designed with very high Q, deviations can further reduce the efficiency.

For example, in a design where the PCB based receiver coil size is limited to a 36 mm’ area,
the optimization process results in a high Q receiver coil in order to compensate for the smaller
receiver area. In this example scenario, the wireless power transfer system thus has a
maximum two-port efficiency of 61% in air and the receiver coil quality factor in air is 173. In
such a scenario, a 20% deviation from the optimum susceptance, would result in 92% loss in
efficiency. Since in most biomedical power transfer applications, the receiver coil is much

smaller than the transmitter coil, the power delivery would suffer from a similar sensitivity issue.

[0078] Wireless power transfer systems with on-chip coils may also be very sensitive to
susceptance variations. In these systems, the best achievable receiver quality factor is usually
less than 15, which helps the sensitivity but at the same time, achievable j is usually very

small (0.02 < ¥ <0.2). The main contributing factor in B, (opt) uncertainty for such systems is

the variation in the inductor fabrication and the circuitry inside the perimeter of the coil. On-chip
inductors have around 5% variation, but the effect of the active and passive components that
are fabricated along with the coil and are located inside the coil perimeter is hard to predict or
simulate. However, measurements show that variations of 20% are possible, which would

result in more than 50% loss in efficiency. It is also interesting to note that a conductive media
would theoretically have a higher rZ,, and thus lower sensitivity compared to wireless power

transfer through air. Therefore, the receiver may run an adaptation algorithm to optimize the
load susceptance. It can be mathematically proven that the optimum susceptance for a fixed
conductance that is not necessarily equal to the optimal conductance is the optimum
susceptance. However, the optimum conductance for a fixed susceptance,
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B, (fix)=(1+a)B, (opt) , that is not necessarily equal to the optimal susceptance is different

from the optimum conductance and is given by:

rY,
R, = 2 2 2/ . 2\ (46)
\/(ranYn +lY12)(rY11rY22 _rylz)_(a) (lyzern _lY12rY12) )
[0079] These derivations show that the receiver adaptation algorithm can first optimize

the susceptance for using an arbitrary load conductance and then optimize the load
conductance to achieve maximum power transfer efficiency. Using equation (10), the change in
the efficiency due to misalignments, change in the distance between the coils, or tilting, may be
calculated.

[0080] The following derivations assume that the structure is using the optimum load for
the no misalignment case. These derivations are based on the simple two inductor model
shown in FIG. 1. Any misalignment would result in change (usually reduction) in the mutual
inductance between the coils. However, at low frequencies, the other two-port parameters tend
to stay constant. Therefore, by taking advantage of this fact and in order to capture the
deviation from the optimum power efficiency the Taylor series may be derived for equation (10)

in terms of Z parameters with respect to iZ,, = M@ . The following transformations from ABCD
parameters to circuit parameters may be utilized for the simple case shown in FIG. 1.

A= Lw—iR,
Mao

2

—(LRI+LR)w+i\l-L L& +RR,+ M @’
B_ 2 2 2 14Y2
Mo '

i

C=—1om,
Mo

D:lﬂj“;—a;l. (47)

[0081] The Taylor series is therefore given by:

2 AM  4-3 1+;([AMT)

=n (1- 48
nA nopt( _\/1+Z M 1+z M ( )

M
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AM
[0082] The next step is to find YR as a function of geometry and misalignment. In this

disclosure, without loss of generality, we present the example case where both coils have
square spiral shape. Similar derivations can be performed on circular structures, for example.
Calculating the mutual inductance requires knowledge of the magnetic field generated by one of
the coils at each point in space. Without loss of generality, we will assume that the coils are in
the xy plane. Therefore, we need the B, component of the field. A square loop consists of four

wires, as illustrated in FIG. 10.

[0083] FIG. 9 shows two wire segments of length 2W and 2K, carrying current I, in
accordance with an example embodiment of the disclosure. FIG. 10 illustrates a square four-
wire loop carrying current /, in accordance with an example embodiment of the disclosure. The
z component of magnetic field, B,, generated by such a loop 1000 at an arbitrary point (x,y,z)
can be found using Biot-Savart’s law. In order to find the field, the loop may be divided into two
segments and the magnetic field may be derived for each portion. The z component of the

magnetic field at an arbitrary point (x, y,z) in the space is given by:

Iy 1 1
B, =f (< - )
AT 1 R+ (W) R+ (=W
+E( ! + ! )) X

noJR++W)? R+ (-W)’

K—x +,uol X 1
Ja—K?+22 47 1 2+ (x+K)’

1 K 1
)+—(
Jr22+(x—K)2 r, \/rf+(x+K)2

+

1 )x W-—y
VR +G=K)? J(y-W)+2?

where 1, = w/(x—K)2 +7z° and r, =+/(y=W)>+2z> . Now, using equation (49), the equation for

the current loop 1000 in FIG. 10 may be derived.

(49)

Ml x+W yv+W
A (x AW +2° (x4 W)> + 22 +(y+ W)’

Z
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y—-W
_ )+
JEAWY + 22+ (y=W)?

y+W x+W
VW) 427+ W) 427+ (y+ W)

x—-W

_ )+
JE=-WY + 22+ (y+W)?

x—W y-W
(=W +2° J(x=W)*+ 27 +(y-W)’

3 y+W
V=W + 22+ (y+W)?

)+

y—-W ( x—W
V=Wl +2" Jx-W) +22+(y=W)

- x+W ). (50)

VAW + 22 +(y-W)?

Where 2W is the length of the edge of the square loop as shown in FIG. 10. In practical cases

Edge Length—TraceWidth
2

where the coil has N turns, each turn may be treated as an individual loop carrying current I.

where the wire traces have finite width, W = . For the general case

Therefore, the generated magnetic field at each point in space is the superposition of the fields
due to each individual turn,

Btot(x’y’z):ZBi(x,y,Z). (51)

i=1

[0084] The mutual inductance between two spiral coils S, with N, and S, with N,

turns, respectively, can now be easily calculated using (51) and (50):

ZIBtot ’ d52 (])
M= - , (52)
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where |B,, -dsz( J) represents an integration over the area of each loop of the receiver, which

may be evaluated numerically. These derivations may be utilized to predict the change in

efficiency for small misalignments.

[0085] Furthermore, the optimum number of matching stages may be determined, as
discussed with respect to equation (35). The overall efficiency that we are trying to maximize,
using N stages is given by:

N
[(0.0,..00) == (53)
i=1
[0086] The matching network is used to realize a total impedance conversion ratio of

1+ Q" so that the following constraint exists on the impedance conversion of the subsections:

N
8(0,.0,...0y) = 1+ Q") -[Ja+0?) =0. (54)
i=1
[0087] Using Lagrange multipliers method, we can maximize the following equation:
J(Q1. Qs Q) +08(01. Q... Oy ) (55)
[0088] Using simple algebraic manipulations, we find that the maximum of the function
occurs when:
Q1:Q2:"':QN' (56)
[0089] Now assuming
1 1
—+—=0, (57)
0 0O

the optimum number of stages, N, is given by:

N:@, (58)

where k is a function of Q; and O, and is approximately 2 £ 0.05 for 50 < (Q,.0Q,) <1000,

therefore for large Q values

N =1n(Q) (59)
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as is utilized in equation (35).

[0090] In an example embodiment, a method and system are disclosed for maximum
efficiency achievable in near-field coupled wireless power transfer systems. In this regard,
aspects of the invention may comprise configuring, independently of load impedance and
source impedance, coil geometry for a transmit (Tx) coil and a receive (Rx) coil based on a
media expected to be between the coils during operation. A desired susceptance and
conductance corresponding to the configured coil geometry and expected media may be
determined and an impedance of an amplifier for the Tx coil may be configured based on the
determined susceptance and conductance.

[0091] A load impedance for the Rx coil may be configured based on the determined
susceptance and conductance. A matching network may be operatively coupled to the amplifier
for the configuring of the impedance of the amplifier. The Rx and/or Tx coil may be integrated
on a complementary metal-oxide semiconductor (CMOS) chip or on a PCB or other insulating
substrate. One or more matching networks may be integrated on the CMOS chip for the
configuring of the load resistance for the Rx coil. The one or more matching networks may
comprise a switched capacitor array.

[0092] A matching network may be coupled to the Rx coil for the configuring the load
impedance for the Rx coil. The desired susceptance and conductance may be configured for a
maximum power transmission efficiency. The coil geometry and expected media may comprise
a general two-port model. The coil geometry may comprise one or more of: coil area, metal
layer thickness, metal layer width, and metal layer spacing. Control commands and/or may be
communicated by the Tx and Rx coils. The expected media may comprise one or more of:
biological liquid, organic or inorganic substances, biological material, biological agents,
biological tissue, chemical compositions, buffer solutions.

[0093] As utilized herein, "and/or" means any one or more of the items in the list joined
by "and/or". As an example, "x and/or y" means any element of the three-element set {(x), (y),
(x, y)}. As another example, ", y, and/or z" means any element of the seven-element set {(x),
), (2), (x,¥), (X, 2), (v, 2), (X, ¥, 2)}. As utilized herein, the term “exemplary” means serving as
a non-limiting example, instance, or illustration. As utilized herein, the terms “e.g.,” and “for
example” set off lists of one or more non-limiting examples, instances, or illustrations. As
utilized herein, a device/module/circuitry/etc. is “operable” to perform a function whenever the
device/module/circuitry/etc. comprises the necessary hardware and code (if any is necessary) to
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perform the function, regardless of whether performance of the function is disabled, or not
enabled, by some user-configurable setting.

[0094] While the invention has been described with reference to certain embodiments, it
will be understood by those skilled in the art that various changes may be made and equivalents
may be substituted without departing from the scope of the present disclosure. In addition,
many modifications may be made to adapt a particular situation or material to the teachings of
the present disclosure without departing from its scope. Therefore, it is intended that the
present disclosure not be limited to the particular embodiments disclosed, but that the present
disclosure will include all embodiments falling within the scope of the appended claims.
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CLAIMS

What is claimed is:

1. A method for wireless power transfer, the method comprising:

configuring, independently of load impedance and source impedance, coil
geometry for a transmit (Tx) coil and a receive (Rx) coil based on a media expected to
be between the coils during operation;

determining a desired susceptance and conductance corresponding to the
configured coil geometry and expected media;

configuring a load impedance for an amplifier for the Tx coil based on the
determined susceptance and conductance; and

configuring a load impedance for the Rx coil based on the determined
susceptance and conductance.

2. The method according to claim 1, comprising operatively coupling a
matching network to the amplifier for said configuring said load impedance for the

amplifier.

3. The method according to claim 1, wherein the Rx coil is integrated on a
complementary metal-oxide semiconductor (CMOS) chip.

4. The method according to claim 3, wherein one or more matching networks
are integrated on the CMOS chip for said configuring the load impedance for the Rx

coil.
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5. The method according to claim 4, wherein the one or more matching
networks comprise a configurable impedance bank comprising capacitors and/or

inductors.

6. The method according to claim 5, comprising adaptively configuring the
load impedance for the Rx coil utilizing the configurable impedance bank.

7. The method according to claim 3, wherein a portion of a matching network
for configuring the load impedance for the Rx coil is mounted to a surface of the CMOS

chip.

8. The method according to claim 1, wherein the Tx coil is integrated on a
printed circuit board (PCB) or other insulating substrate.

9. The method according to claim 6, wherein matching networks are
integrated on said PCB or insulating substrate for said configuring the load impedance

for the amplifier for the Tx coil.

10. The method according to claim 1, comprising communicating control

commands and/or data utilizing the Tx and Rx coils.

11.  The method according to claim 1, comprising operatively coupling a
matching network to the Rx coil for said configuring a load impedance for the Rx coil.

12. The method according to claim 1, comprising configuring the desired

susceptance and conductance for a maximum power transmission efficiency.

13.  The method according to claim 1, wherein the coil geometry and expected

media comprises a general two-port model.
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14.  The method according to claim 1, wherein the coil geometry comprises
one or more of: coil area, metal layer thickness, metal layer width, and metal layer

spacing.

15.  The method according to claim 1, wherein the expected media comprises
one or more of: biological liquid, organic or inorganic substances, biological material,
biological agents, biological tissue, chemical compositions, buffer solutions.

16. A system for wireless power transfer, the system comprising:

a coil geometry for a transmit (Tx) coil and a receive (Rx) coil configured based
on a media expected to be between the coils during operation but configured

independent of a load impedance and source impedance;

a determined susceptance and conductance corresponding to the configured coil
geometry and expected media;

a load impedance for an amplifier for the Tx coil, said impedance configured

based on the determined susceptance and conductance; and

a load impedance configured for the Rx coil based on the determined
susceptance and conductance.

17. The system according to claim 16, wherein a matching network is
operatively coupled to the amplifier for said configured impedance of the amplifier.

18.  The system according to claim 16, wherein the Rx coll is integrated on a

complementary metal-oxide semiconductor (CMOS) chip.
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19. The system according to claim 18, wherein one or more matching
networks are integrated on the CMOS chip for said configuring the load impedance for
the Rx coil.

20. The system according to claim 19, wherein the one or more maitching
networks comprise a configurable impedance bank comprising capacitors and/or

inductors.

21.  The system according to claim 20, wherein the load impedance for the Rx
coil is adaptively configured utilizing the configurable impedance bank.

22. The system according to claim 17, wherein a portion of a matching
network for configuring the load impedance for the Rx coil is mounted to a surface of the
CMOS chip.

23. The system according to claim 16, wherein the Tx coil is integrated on a
printed circuit board (PCB) or other insulating substrate.

24. The system according to claim 23, wherein matching networks are

integrated on said PCB or insulating substrate for said configuring the load impedance
for the amplifier for the Tx coil.

25. The system according to claim 16, wherein a matching network is
operatively coupled to the Rx coil for said configured load impedance for the Rx coil.

26. The system according to claim 19, wherein the desired susceptance and

conductance are configured for a maximum power transmission efficiency.
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27. The system according to claim 16, wherein the coil geometry and
expected media comprises a general two-port model.

28. The system according to claim 16, wherein the coil geometry comprises
one or more of: coil area, metal layer thickness, metal layer width, and metal layer
spacing.

29. The system according to claim 16, wherein the expected media comprises
one or more of: biological liquid, organic or inorganic substances, biological material,

biological agents, biological tissue, chemical compositions, buffer solutions.

30. A system for wireless power transfer, the system comprising:

a coil geometry for a transmit (Tx) coil on a printed circuit board and a receive
(Rx) coil on a complimentary metal-oxide semiconductor (CMOS) chip, said Tx coil and
Rx coil configured based on a biological media expected to be between the coils during
operation but configured independent of a configurable load impedance and source
impedance, said Rx coil integrated on a chip with the configurable load impedance;

a determined susceptance and conductance corresponding to the configured coil
geometry and expected media;

a load impedance for an amplifier for the Tx coil, said impedance configured
based on the determined susceptance and conductance; and

a load impedance configured for the Rx coil based on the determined
susceptance and conductance.
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