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ABSTRACT Wireless power transfer (WPT) is now ubiquitous, having penetrated almost every industry
within the last 20 years, due to certain desirable attributes explained in this paper. Furthermore, WPT is now
in an advanced state whereby it is now technically feasible to apply the methods of WPT to the connector
industry and surmount commonplace problems that have plagued the electrical connector industry since the
invention of the first electrical connector in 1885. Whereas other common technologies have evolved greatly
over the last two centuries with the emergence and development of new primary mechanisms, the primary
mechanism used in electrical connectors—the electrical contact—has not changed. The electrical contact is
the source of many failure modes, several of which can be eliminated by applying the WPT methodology
through a new type of connector called the Non-Metallic Connector (NMC). As a result, connectors can
now be made entirely contactless, possessing a hermetically sealed interface that is also shockproof. The
NMC concept is applicable to both signal transfer and power transfer. NMCs fall into the categories of both
near-zone and far-zone technologies, necessitating thereby the introduction of the uWPT in the commonly
accepted WPT hierarchy. Appropriate circuit topologies as well as major design challenges are identified
for power-transfer NMCs with appropriate methods to overcome those challenges, based on the electrical
power handling requirement.

INDEX TERMS Contactless connectivity, electrical contacts, extremely high frequency (EHF),
metamaterial, non-metallic connector (NMC), Q-factor, wireless power transfer (WPT).

I. INTRODUCTION
An electrical connector can be defined as an electromechan-

with the line or main wires” [2]. The driving force behind its
invention was the electrification of homes and buildings that

ical system that provides a separable interface between two
subsystems of an electronic system without an unacceptable
effect on the system performance [1]. One of the first
connectors was invented in 1885 by Thomas Tylar Smith and
was called the electric-circuit connection. It was a separable
interface created to ‘“‘enable the electric conductor or
conductors. . . to be rapidly and safely brought into connection
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in turn was partly driven by the demand for the newly invented
incandescent bulb patented in 1880 by Thomas Edison in the
U.S.A. [3] and independently in the U.K. by Joseph Swan [4].
Edison proposed a way to connect electric lamps using the
infrastructure that was already in place at the time. His
proposal was to use gas pipelines to ground the first terminal
on incandescent bulbs [5]. The second terminal connection
would have to be wired to the building separately.

A major drawback of Edison’s system was that each
incandescent bulb needed to be hardwired into the house,
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FIGURE 1. Examples of how the primary mechanisms for several industries have changed over time, giving rise to rapid changes
within that industry. The connector industry is the only industry that has not undergone any changes to the primary mechanism

over this time period until recently.

which made replacements inconvenient. This is where the
invention of the first connector concept developed by
Smith really showed its value; it was a way to provide a
mechanically separable interface between two subsystems of
an electrical system. It did not take long after this innovation
for other electrical household devices to be introduced such as
fans, heating irons, and vacuum cleaners, with all of them to
be connected to the electricity mains. The invention by Smith
and many other inventions by Harvey Hubbel in the early 20"
century introduced different ways to make the contemporary
electrical devices of their time compatible with ubiquitous
light sockets [6], [7], [8].

When electrical wiring started to be installed in new
homes and buildings in the early 20" century, the only
method of making connections with wiring was dangerous
as it involved: first, twisting a stripped end of each of two
wires; second, coating the stripped ends with solder; and
third, twisting them together for a firm connection. This
method was also very time consuming, and it eventually was
eliminated by a new connector design in 1914 by Bill Marr at
Eaton Company.

Marr eventually went on to start his own connector
company that focused on commercializing his new set-screw
connectors from 1926 onwards [9]. That company became
the largest manufacturer of the early set-screw connectors
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for appliances until times changed again and other industries
demanded more.

The separable interface made the transportation of radio
communications equipment for military aircraft and ships
possible during the Second World War, whereas earlier
such equipment had to be manually assembled and soldered
on site. The invention of solderless termination by AMP,
Inc. changed the scenario in 1941 [10], and many other
connector companies entered the competition soon after.
During the 1940s, a plethora of connectors came on the
market for electrical devices of many types, and it was well
understood that signal and power connectors had different
requirements that would impact electrical performance to
determine connector reliability [11], [12], [13]. Therefore,
many connector companies in the 1940s and 1950s invested
heavily in connector-contact physics, the quality of the
electronic connection becoming a major driving force that
continued in the decades that followed.

While the specific type of goods or services that an industry
offers may never change (e.g., the lighting industry has
always been about producing light), the primary mechanisms
by which those goods or services are delivered (e.g., better
ways of producing light) have changed significantly since the
Industrial Revolution began and continue to change. Figure 1
shows several illustrations of the technological evolution over
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FIGURE 2. lllustration of two electrical contacts making physical contact at the connector interface. On the
macroscale, the interface between Contact 1 and Contact 2 appears continuous and smooth, electrical current is

restricted to the real contact area on a microscale.

the last two centuries in the automotive, computing, lighting,
and connector industries. Over time innovation has given way
to better primary mechanisms that have delivered impactful
changes for every industry except for one: the connector
industry. As a result, the same problems associated with the
primary mechanism in standard connectors —- the electrical
contact —- continue to this day.

Today, the competition in the connector industry shows no
signs of slowing down. Since the turn of the 21% century, the
demand for smaller, thinner, and faster consumer-electronics
devices continues to rise. Fast urbanization and industrial
expansion around the world have given rise to growth
within the automotive and telecommunications sectors and
the burgeoning adoption of 5G and IoT devices is further
propelling the demand for new connectors. The forecasted
demand for connectors is expected to grow by a compound
annual growth rate of 7.80%, raising the connector-industry
value from US $83.5B in 2022 to US $176.13B by 2032
[14]. As the world population and standards of living continue
to increase, the demands for energy and different electronic
devices will also continue to increase and, consequently,
and so will the volume of e-waste [15]. The need for more
sustainable engineering practices and cleaner technologies is
nowadays more critical than ever.

The rest of this paper is organized as follows. Section II
presents the most common failure modes for connectors
in terms of electrical-contact physics. Common connector
failure modes are exemplified by actual data from connector
stress tests to accelerate wear and simulate real-world
conditions. Section III introduces a new primary mechanism
for connectors using the methods of wireless power transfer
(WPT), thereby creating a new connector concept called the
non-metallic connector (NMC). This section also identifies
the three factors why WPT has remained technically infea-
sible for connector applications until recently. A historical
overview of WPT advancements over the last 150 years
shows that WPT technology can now be made both small
and efficient enough to make NMCs technically feasible.
Section IV introduces NMCs for high-speed signal transfer,
establishes how NMCs differ from other WPT systems,
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introduces micro-WPT (uWPT), and inserts £ WPT in the
WPT hierarchy [105]. Section V introduces NMCs for
power transfer and identifies the relevant circuit topologies
that apply to NMCs and engineering basis for it. Three
major design constraints limiting NMC power applications
are discussed along with potential ways to surmount the
constraints. The paper closes with Section VI on the future
of NMCs as a new sustainable connector technology that is
more energy efficient, less wasteful, and has a lower carbon
footprint.

Il. PROBLEMS WITH ELECTRICAL CONTACTS

In theory, the creation of a low-resistance separable interface
is simple: place two conductive surfaces in contact and apply
a sufficient normal force on them. The surfaces must be
clean initially and must stay clean to maintain the total area
of metal-to-metal contact. Factors which can degrade an
existing interface include: (i) reduction of normal force due
to stress relaxation and other factors, (ii) electrical contact
wear, and (iii) corrosion of various types [16], [17], [18],
[19], [20]. The connector industry has done excellent work
in managing these problems through the use of specialized
plating systems to reduce corrosion and wear, through proper
design of contacts to achieve the normal force of appropriate
magnitude, and by the judicious use of alloys to manage stress
relaxation.

Of the many possible factors that can negatively affect
efficiency of electrical contacts, four have been identified
as having the most impact. Three of those factors are
electrical transition voltage, commutation noise, and erosion
resistance. The fourth factor is tribological: physical contact
wear that can increase contact resistance via damage to the
plating systems in general and fretting corrosion of non-
noble plating. These factors can and often do lead to failure,
as discussed next.

A. REGIONS OF CONTACT SURFACE AREA, ASPERITIES,
AND CONSTRICTION RESISTANCE

In order to create an electrical interface, a region of metal-
to-metal contact must be established for electrical current
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to freely flow without an unacceptable level of electrical
resistance. Figure 2 is an illustration of two electrical contacts
at a contact interface. On a macro scale, the contact interface
looks continuous and smooth and gives the impression that
electrical current can flow freely from Contact 1 to Contact
2 through what is referred to as the apparent contact region.
This region is made up mostly of empty space and comprises
of several other regions, as illustrated in Fig. 3 [21]. When
viewed on a micro scale, the contact interface is not planar but
has some level of surface roughness. The real contact region
comprises a quasi-metallic zone containing metal oxides that
can allow for some current but not enough to be reliable [22],
[23], [24]. The load-bearing regions contain oxide films and
dust particles, for which they do not provide dependable
pathways for the current. The actual electrical interface
that allows for good current is made up of many small
points of contact, referred to as asperities that exist on the
highest points of contact between the two contact surfaces.
Much smaller relative to the apparent surface and randomly
distributed, asperities typically make up less than 1% of the
apparent contact region. All asperities contribute together
to the total constricted resistance R¢ that is conventionally
estimated as

Re=p(L+1), (1)
D nd

where p = p; = po is the resistivity of both Contact
1 and Contact 2 in Fig. 2, D and d are the diameter of
the apparent contact region and the average diameter of an
individual asperity, respectively, and # is the total number of
asperities [22].

From (1) it is clear that electron flow would be less
constricted if n were to become very large. Therefore, as the
number of asperities increases, the resistance across the
contact interface decreases. With sufficient normal force
F pressing the two contact surfaces together, the interface
resistance Rg between the two contacts is not equal to p/D
but can be approximated as

H
Rs ~ py/ & @)

where H is the contact surface hardness [28], [29]. Clearly,
increasing F' will reduce Ry, and vice versa.
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FIGURE 3. A cluster with diameter D illustrating the different regions of
contact and how current flow is constricted to contact asperities.
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A primary intrinsic cause that can influence the reduction
of F is stress relaxation which is greatly impacted by
temperature.

B. STRESS RELAXATION AND TEMPERATURE

Stress relaxation is a concern in many connector applications
and is a potential failure mode of electrical contacts. When
two electrical contacts are mated as in Fig. 2, they are
deformed resulting in stress that creates the initial normal
force F. If the stress in a contact spring formed by two
asperities in direct contact were somehow reduced, F would
also be reduced causing an increase in Rg as implied by (2).
However, while the majority of each asperity’s deformation
is plastic, the remainder of the deformation is elastic [25].
Thus, due to elastic recovery, relatively large reductions in
F can occur with little increase in interface resistance if the
interface is undisturbed.

The ability of an electrical contact to maintain a stable
interface resistance depends on the degree of plastic defor-
mation and also on the amount of elastic recovery present for
individual asperities. The amount of plastic deformation and
elastic recovery must vary for each asperity since the original
separation distances between asperity pairs are different [26],
[27]. Therefore, not all asperities break at once. Since the
interface resistance is based on the resistance of each asperity
acting with the resistances of all other asperities in some
series/parallel combination, many asperities can fail before
a significant change in resistance is seen.

Stress relaxation is intrinsic to any metal under load. The
main contributing factors to the rate of stress relaxation over
time are the resistance to stress relaxation of the alloy used for
the contact spring and the temperature to which the contact
is subjected. Stress relaxation can accelerate rapidly with
increased temperature. Tests have been performed on mated
contact pairs to simulate field use over time to evaluate the
effect of stress relaxation on interface resistance. Figure 4
shows the loss of normal force for three groups of a specific
connector type with each group exposed to a different
temperature for 200 days [28]. The near-parallel lines of
percent reduction in normal force, which correlates directly
to reduction in stress, when plotted on a log-linear scale,
are typical of an Arrhenius relationship expected for stress
relaxation [28]. Note that the rate of stress relaxation is rapid
early in the exposure but declines over time. The exposure
temperatures used in the test which provided the data in Fig. 4
are typical of the conditions of actual use of many connectors.

Figure 5 shows the effect that a reduction in F' can have
on the interface resistance of electrical contacts of the same
type as those used in the tests that provided the data in
Fig. 4. The contacts were checked for interface resistance
change periodically. What is of interest is that despite the
reduction in normal force of the contacts during the initial
182 days of exposure, there was negligible change in the
interface resistance. During this period, the contacts had not
been unmated. However, on the 182" day, immediately after
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the interface resistances were measured, the connectors were
unmated and remated, and the interface resistances were
measured again. It was at this point that larger changes in
interface resistance occurred with the largest change being for
the connectors exposed at the highest temperature. The reason
for this is that, as explained above, the loss of normal force
may not directly cause a significant reduction in the number
and size of the asperities due to elastic recovery at asperity-
asperity interfaces. But when the connectors were unmated
and remated, new asperities were created at the now lower
normal force and thus per (2) would have a higher interface
resistance [29].
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FIGURE 4. Stress relaxation study on phosphorus-bromine contacts
showing contact normal force F at three different temperatures.

100 200 300
Exposure Duration [Days]

FIGURE 5. Heat age testing with cycling at three different temperatures
showing how Rg changes with time.

Thus, stress relaxation by itself will not necessarily result
in an increase in interface resistance. However, it will reduce
frictional forces at the interface. This will reduce the stability
of the interface making it more likely to move. Under
these conditions, stresses such as vibration and temperature
cycling at levels which would not result in increased interface
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resistance in a new connector may cause increases as the
connector ages.

C. THE IMPACT OF WEAR ON ELECTRICAL CONTACTS

It was mentioned at the beginning of Sec. II that most
connector electrical contacts use a plating system consisting
of a thin layer of one or more metals deposited over the
contact base metal. These plating systems are designed
to optimize electrical performance of the contact surfaces
to both minimize the initial interface resistance and to
maintain a low interface resistance under normal conditions.
Degradation of the plating system during the life of the
connector can lead to failure. The plating material can
be displaced and/or lost if wear due to relative motion
between the contact surfaces occurs. The end result of the
loss of plating material is an increase in Rg. The primary
causes of wear include vibration, temperature cycling (due to
expansion and contraction of the contacts), and a high number
of mating cycles. As the various types of motions increase, the
degree of contact wear typically increases.

The plating systems chosen for a specific connector will,
in part, take the issue of contact wear into consideration. For
example, a connector which will be subjected to only a few
mating cycles during its lifetime and used in applications
with limited vibration and temperature cycling may have a
soft plating such as tin or silver plating. Being relatively soft
materials, tin or silver tend to create a larger area of metal-to-
metal contact for a given normal force. Connectors that are
designed to undergo hundreds or thousands of mating cycles,
either because of operation in high-vibration environments
or because they will be subjected to many large temperature
excursions, will have hard plating of, e.g., cobalt-hardened
gold or palladium-nickel alloy. Most contact plating systems
usually have an underplating of nickel to reduce the rate
of wear if some sections of the upper plating wear into the
surface of the nickel underplating.

Since contact platings are specifically applied for their
ability to maximize the electrical performance of the
electrical contact interface, the loss of plating material due to
wear can lead to failure. With the plating system degraded,
the asperities that were originally created on the electrical
contact surface will be replaced by new asperities on the
underplating or even the contact base metal. For electrical
contacts plated with materials such as tin or silver, since the
underplating and the contact base metal are harder than the
tin or silver, then by (2) Rg will increase. In the case of gold
and palladium platings, the underplating may have similar
hardness, but being a non-noble metal, it may develop a hard
non-conductive oxide layer which increases Rg.

Even connectors that are designed to undergo hundreds
or thousands of mating cycles will eventually fail due to
wear [30], [31] if operated beyond their design life. Consider
the Lightning Bolt connector at the beginning of its life cycle
in Fig. 6a. All the gold plating material is on the contact
surface with no signs of wear. As time goes on, and as the

VOLUME 12, 2024



J. S. Benjestorf et al.: Non-Metallic Electrical Connector: A New Connector Technology Based on WPT

IEEE Access

connector undergoes field use, this plating material wears off,
as shown in Fig. 6b, and causes Ry to increase.

In the case of connector applications with few mating
cycles, wear can still occur due to vibration. It is not necessary
for the wear to penetrate through the surface plating. Non-
noble platings such as tin are susceptible to fretting corrosion.
Small-amplitude contact interface motion in the range of
0.05 mm can displace the tin asperities, thereby exposing
the tin to air leading to rapid oxidation. The resulting tin-
oxide particles are non-conductive and hard; over many
vibration cycles or temperature changes, these particles can
build up and lead to electrical contact failure. This failure
may be complete or may be in the form of microsecond-
level electrical discontinuities. Electrical contacts can often
operate without failure when subjected to one stress or
another but will fail when subjected to multiple stresses
simultaneously.

(a)

FIGURE 6. Electrical contact plating (a) on a new connector and (b) on a
well-used connector from continuous in-field use.

Figure 7 shows an example of this behavior [28]. For this
figure, the test combined vibrations and exposure to elevated
temperature. The vibrations were performed along three
translational axes and three rotational axes simultaneously,
with a random temporal profile. The test started with
temperature near the room temperature and 10 Gy, of
vibration total across all vibration axes. The vibration was
stepped up to 20 G, after 6 min, and to 30 G, after
another 6 min, returning to 10 G, in the 18" minute. The
temperature was then increased to 60°C and the 10-20-30-
10 G5 vibration cycle was implemented thereafter. At the
conclusion of the second vibration cycle, the temperature was
raised to 90°C and the 10-20-30-10 G, vibration cycle was
repeated a final time.

Electrical discontinuities of a micro-second or longer are
indicated in Fig. 7 by yellow spikes. No discontinuities
were detected at any of the vibration levels at room
temperature. The first discontinuities were observed at the
highest vibration level during the mid-range temperature
phase of 60 °C. During the final phase of the test at 90 °C,
discontinuities occurred at both the 20 G, and 30 G,y
vibration levels. Accordingly, it can be concluded that
disturbances such as vibrations can engender discontinuities
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=Temp. (°C) =Vibration (Grms) —Discontinuity (uS)

100
80
60
40
20

0

11:31:12 12:00:00 12:28:48

Time

12:57:36 13:26:24

FIGURE 7. Temporal profiles of temperature, vibration, and discontinuity
demonstrating how vibration and temperature can disrupt the electrical
performance in connectors.

in electrical contacts, with operating conditions playing a
major role.

D. THE CAUSES AND EFFECTS OF CORROSION

Another common connector failure mode is corrosion.
Figure 8 shows what corrosion can look like on exposed
metallic contacts. There are different types of corrosion and
all of them are generally non-conductive. Because corrosion
products are non-conductive, they have a negative impact on
electrical performance by increasing Rg.

There are various sources of corrosion which must be
managed to maintain an acceptable resistance across a contact
interface. Methods of mitigating corrosion include the use of
appropriate plating systems such as noble metals like gold
or palladium for applications involving exposure to pollutant
gasses and nickel for acidic applications such as battery
connectors. It is also common to use contact lubricants and
connector housings to prevent ingress of corrosion elements.

Another type of corrosion is fretting corrosion. It often
occurs in non-noble metals, when mated contacts have
repeated small movements or micro-motions relative to each
other such as from repeated expansion and contraction due to
temperature cycles or vibration. These micro-motion cycles
can expose asperities, which are normally airtight, and allow
the newly exposed electrical contact surface to oxidize. Over
many micro-motion cycles, the oxide particulates build up
in the electrical contact interface and may eventually cause
the contacts to fail. Common mitigation methods for fretting
corrosion include the use of normal forces of sufficient
magnitude to prevent micro-motions. Lubricants are also
commonly used to prevent exposure of electrical contacts
to oxygen or other corrosive gasses that may be in the
environment.

A phenomenon known as super-temperature, commonly
seen in power connectors, is also known to cause corrosion.
Since power connectors carry higher electrical currents, they
tend to operate at higher temperatures, about 30 °C above
the ambient temperature. At these elevated temperatures,
the asperities within the power contacts, being very small,
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(b)

FIGURE 8. Corrosion built up on (a) a power connector and (b) an
electrical light socket due to open exposure to the elements.

have current densities leading to very high local temperatures
which can cause rapid oxidation. Mitigating these effects
typically requires the use of a high normal force on the
contact so that the number and size of the asperities is
increased in order to decrease the current density. A higher
normal force also helps in preventing motion at the contact
interface.

Ill. BRIEF HISTORY OF WIRELESS POWER TRANSFER

As is clear from Section II, electrical contacts have many
potential failure modes that can be traced back to a single
cause: exposed metallic contacts. The best way to eliminate
these failure modes in connectors is to eliminate metallic
contacts completely. The non-metallic connector (NMC) does
exactly this. And it does that by using the methods of wireless
power transfer (WPT) which has become technically feasible
only recently. This section explores the reasons why.

A. THE DISCOVERY AND EXPERIMENTAL VALIDATION OF
WIRELESS POWER TRANSFER

The first two decades of the 21 century were a time of
rebirth for the field of WPT and its applications. While the
theoretical fundamentals of WPT had been firmly established
by Maxwell before 1873 [32], with a major contribution from
Poynting in 1884 [33], WPT remained technically infeasible
for the remainder of the 19" century and most of the 20"
century.

The theoretical foundations of electromagnetic wave
propagation in free space from a transmitter to a receiver
were experimentally validated by Hertz in 1888 using the
450-MHz oscillator shown in Fig. 9 [34]. Shortly thereafter,
Tesla and Marconi came up with the first WPT applications.
Whereas Tesla transmitted high power with a 150 kHz
carrier wave in 1890, Marconi transmitted signals with
a 250 MHz carrier wave in 1895 [35], [36], [37], [38].
However, Tesla’s equipment received a small fraction of
the power transmitted because of the low directivity of
his transmitter. Furthermore, the low operating frequency
corresponded to an extremely large free-space wavelength
and required the use of physically large components [39],
[40], [41] unsuitable for WPT applications.
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At the start of the Second World War, there came an
urgency for better radio communication and radar systems
which, in turn, gave incentives to develop robust microwave
WPT (MWPT) systems. The 35 years that followed saw
significant breakthroughs in the subsystems required to
make up a complete MWPT system. It was also during
this period that MWPT applications became possible for
space exploration. The late 1980s and early 1990s saw
an acceleration in semiconductor technology that helped to
surmount some limitations and brought in the next wave
of WPT innovation, but this time it was for applications
that would be classified as non-radiative in the near zone
and eventually give way to the various types of WPT
technologies in widespread use today that are impacting
multiple industries.

There are several reasons why it took an entire century
for WPT to evolve into its current state with a seemingly
endless potential for applications. The three main factors that
limit WPT applications are: (i) the transmitting and receiving
power-conversion methods, (ii) the physical sizes and weights
of the transmitting and receiving antenna systems, and (iii)
the inefficiencies of both [42], [43], [44].

FIGURE 9. Illustration of Hertz oscillator, the first experimental
demonstration of wireless power transfer. [Image license
Gettylmages-921869042].

B. THE FIRST COMMERCIAL APPLICATIONS OF MWPT

The first breakthrough that eventually helped overcome the
physical limitations arising from low operational frequencies
took place at Stanford University in 1937 with the invention
of the klystron by the Varian brothers [45]. The vacuum
diode had been invented in 1904 by Fleming and the triode
in 1906 by De Forest, but both had significant power
and efficiency limitations. With a power-handling capability
several orders of magnitude higher relative to the vacuum
diodes and triodes [46], the klystron was the first vacuum
tube used in radar, radio communication systems, and linear
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particle accelerators. In addition, klystrons were able to
operate at much higher frequencies from UHF onwards.

The magnetron, invented in 1940 at the University
of Birmingham by John Randall and Harry Boot, was
significantly smaller than the klystron [47]. Additionally,
the magnetron permitted operational frequencies well within
the ISM band of 2.4-2.5 GHz. However, there still was no
efficient way to convert the received power in MWPT systems
into DC, as is common today in both radiative MWPT
applications in the far zone and non-radiative WPT systems
in the near zone [42], [48], [49], [50].

The space race during the beginning of the Cold War
between USA and the USSR in the 1950s gave impetus
for new MWPT applications. Advances in vacuum-tube
technology eventually enabled MWPT power transmission,
a development led by organizations such as the Raytheon
Company, the Marshall Space Flight Center at NASA,
and the Jet Propulsion Laboratory, funded by the U.S.
Department of Defense [51]. The primary applications of
interest were robotic space probes, solar-powered satellites,
ballistic missile systems, microwave-powered helicopters,
and microwave power transmission from solar-powered
satellites to earth [52], [53], [54]. However, in the early years,
the physical size, weight, and efficiency of vacuum tubes
began to play larger roles for technical feasibility over the
physical size of antennas.

A breakthrough in technical feasibility for MWPT came in
the 1960s with the emergence of the much smaller rectifier
diodes made of semiconductors. The original rectifier diodes
were demonstrated [50] to work in a rectenna design of
28 half-wave dipole antennas that were each terminated with
a full bridge rectifier using point-contact rectifier diodes.
With these diodes, the power- handling capacity of the
original rectenna system reached 7 W, with reported collec-
tion and power conversion efficiencies (PCE) between 40%
and 50%. While this experiment proved to be a significant
breakthrough in size reduction for MWPT systems, they
needed to be made more energy efficient; also, the power
density needed to be higher for the concept to be extended
to more applications. This improvement came in the form
of Type-2900 Schottky-barrier diodes, which significantly
increased efficiency with lower capacitance, higher switching
speeds, and power-handling capability [55]. The development
of Type-2900 Schottky-barrier diodes is what eventually gave
rise to modern WPT systems that are used today.

C. THE DEMAND FOR A NEW WPT SYSTEM

From the early 1970s to the late 1990s, improvements in
size reduction, operational frequency, and power-conversion
efficiency became dependent on advances in semiconductor
technology. The interest and demand for a different kind
of WPT system besides MWPT systems arose that was
based on inductive coupling [56] in the near zone. Proposals
for dynamic charging of electric vehicles were introduced
as early as the 1970s [56], [57]. By the 1990s, proposals
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for the first wireless charging devices for consumer elec-
tronics, as we know them today, began to be introduced
[58], [59], [60].

It was also during the 1990s that 3- and 4-axis robotics
dominated automobile-manufacturing assembly lines. The
cabling used in these robotic systems would often experience
mechanical strain, leading to bent and broken connector pins.
Therefore, proposals were made for WPT (i.e., cableless)
systems that could transfer both power and signals over
a coupler for cableless motor drive systems [61], [62],
[63], [64], [65]. High-power inductive power transfer (IPT)
systems for robotic systems were operated at 25 kHz
and 650 V by the early 1990s.

Contemporaneously, significant breakthroughs in inverter
and rectifier architectures, circuit designs, and device physics
were made. The resulting improvements in power-conversion
efficiency gave way to the WPT revolution [66], [67], [68],
[69], [70], [71], [721, [73], whose salient features have been
reviewed extensively [44], [74], [75], [76], [77], [78], [79],
[80], [81], [82], [83], [84]. These review papers all confirm
that the technical feasibility of WPT has been limited from
the time of Hertz and Tesla by the physical sizes of the
transmitting and receiving coils, the physical size and weight
of power-electronic devices, the efficiencies of both, and the
operational frequency. The technical breakthroughs over time
that have improved these areas has given way to new WPT
applications that is a trend that continues today.

Not coincidentally, from the early 2000s, efforts to
standardize WPT systems began to be made by the Wireless
Power Consortium, IEEE, and other organizations, aimed at
ensuring device compatibility and addressing public safety
concerns regarding electromagnetic exposure [85].

D. THE CONVENTIONAL WPT CLASSIFICATION

WPT has been classified into two main types: near zone
and far zone. The delineation of the two zones depends
on the free-space wavelength A and the size of the
transmitter, because both determine the transfer distance that
the electromagnetic wave travels from the transmitter [49],
[86], [87], [88]. Near-zone WPT is commonly split into two
subtypes: radiative and reactive (or non-radiative).

It has become common in WPT literature to classify the
transfer modes as short-range, mid-range, and long-range,
from the range r as the radial separation distance between
the transmitter and the receiver. With D,,,; as the diameter of
the transmitter’s aperture, the short range is confined to the
near zone r < rs, where

3

D
rs = 0.62 }"L“’. 3)

The long range extends throughout the Fraunhofer zone r >
rr., where

2D?
==, “)
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Between these two zones lies the Fresnel zone rg < r < r,
[86], wherein mid-range WPT is taken to occur.

The three zones are illustrated in Fig. 10 and a high-
level WPT hierarchy is illustrated in Fig. 11. Both signal-
transfer and power-transfer WPT are categorized in the WPT
hierarchy. Prior to the 1980s, nearly all of the MWPT
applications operated in the Fraunhofer zone. The industry
demand for a new WPT system for robotics applications
and electric vehicles are examples of WPT applications that
operate in the near zone. The Fresnel zone began to be
considered from 2000 onwards.

Today, wireless charging for electric vehicles, and con-
sumer electronics applications (such as ear buds, digital
watches, and smartphones), biomedical applications and
many others dominate in the near zone. IPT is mostly used for
these applications but it is also common for capacitive power
transfer (CPT) to be used for both signal and power transfer
without cabled connections [89].

Due to technical progress during the 1990s, new multi-
coiled magnetic resonance WPT systems were introduced in
the early 2000s to efficiently transfer higher power levels over
larger distances [90], e.g., transferring 120 W of power over
2.5 m to power a lightbulb [91]. Metamaterials also were
introduced and came to be used to improve WPT efficiency in
new ways [92]. Communication protocols such as USB, Wi-
Fi, Bluetooth, ultra-wide band (UWB) transmission, etc. have
also been developed and are widely used for signal transfer
in many digital devices today [93].

Fraunhofer
(long-range)

Fresnel
(mid-range)

Reactive
(short-range)
Ts
U4
]
J
Ui

| 4 rL

r

FIGURE 10. Illustration of the three field regions in WPT. Given a fixed
transmitting outer coupler diameter Dl’l‘l , the wavelength 1 determines
the field region the system will operate in.

As the historical trends show, technical breakthroughs
in different industries have often laid the foundations for
breakthroughs for new technologies in both technical and
economic feasibility. This section demonstrated how this has
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FIGURE 11. lllustration of the conventional WPT hierarchy showing the
classification criteria of near-zone and far-zone WPT technology.
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Magnetic
Resonance

happened for the field of WPT. Yet, as explicated in Section I
the connector industry has remained largely untouched in
the way they connect devices together by using electrical
contacts. As explicated in Section II, electrical contacts have
many failure modes. Sections IV and V shows how this
situation can be improved for both signal transfer and power
transfer NMCs, respectively.

IV. SIGNAL TRANSFER THROUGH NON-METALLIC
CONNECTORS

Electrical contacts have overwhelmingly dominated the
connector industry for some 150 years, even though they are
plagued by diverse performance problems, often to the point
of failure, necessitating high monetary expenses to maintain,
avoid, and rectify. Additionally, these types of efforts are
deleterious to the ecosystem [94].

As discussed in Section III, much progress has occurred
over the last two decades in WPT where it is now advanced
enough to be applied as a replacement for electrical contacts,
and the NMC era can be ushered in.

The NMC concept for signal transfer is introduced here
and applied to the USB flash drive. The USB flash drive
is a consumer-electronics device that undergoes multiple
insertion cycles and routinely suffers from wear and corro-
sion, as illustrated in Fig. 6. The NMC-based USB concept
envisages a hermetically sealed waterproof interface that is
corrosion free and, therefore, can withstand an unlimited
number of insertion cycles — an outstanding benefit of the
NMC concept.

A. HIGH-SPEED SIGNAL TRANSFER NMCs

Too many different kinds of high-speed connectors exist to
be listed here, Ethernet and USB operating at speeds up
to 10 Gbps and 40 Gbps, respectively, being two ubiquitous
examples. At such high data-transfer rates, several deleterious
factors such as signal reflections, near-end cross talk, and
bit error rates, must be considered in the context of signal
integrity.

VOLUME 12, 2024



J. S. Benjestorf et al.: Non-Metallic Electrical Connector: A New Connector Technology Based on WPT

IEEE Access

(RX) POWER
T INDUCTOR

o
~N

EHF CHIP

FIGURE 12. Illustration of how the NMC concept is applied to the USB flash drive application using EHF for high-speed data transfer and IPT for power

transfer.

Connectors create a break in an otherwise continuous
electrical pathway and ultimately impacts the rise time of the
signal according to [95]

RT?

out

= RT;, +RT;, )

mtc*

Here, RT,,; is the rise time of the output signal, RT;, is
the rise time of the input signal, and RT ;. is the rise time
intrinsic to the connector. No matter how well engineered
a connector might be, RT ;. will always exist and increase
RT ,,;. As a consequence, the bandwidth

0.35
BW ~

(6)
out
will be reduced.

By eliminating connector failure modes by using NMC,
either with inductive or capacitive coupling methods [96],
[97], [98], [99], [100] or by repurposing extremely high
frequency (EHF, f € [30, 300] GHz) radio technology with
a system-on-a-chip antenna [101], [102], [103], [104], the
bandwidth can be significantly improved. The latter strategy
has shown to be superior to the former for three reasons.
First, IPT limits the operational frequency due to the skin and
proximity effects by increasing the effective impedance of an
inductor coil at higher frequencies [105]. The second reason
arises from limitations on the switching speed of MOSFETSs
used in conventional WPT inverter and rectifier architectures.
The third reason is the proven extremely low latency of EHF
technology and the significant energy savings in comparison
to other methods.

To buttress the third reason, Table 1 compares the measured
Upload/Download performance of common wireless proto-
cols by testing the effective data rate, power consumption, the
time to transfer 1 GB of data, and battery consumption. These
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TABLE 1. Comparison of common WPT technologies on performance for
data upload / download transfer.

Method D(a(t}i;{:)te (l;:l:;te;) : C(}s]?ecrf)?élss)fer ]:-;Cact)::.y
EHF 4/4 0.05/0.05 2/2 <8;3 122 !
LTE  0.005/0.02  3.4/2 1,600 / 400 247.67&2/

Wi-Fi  0.02/0.04 15/2 400 /200 32'906:@0/
0
UWB  025/025  03/03 32/32 06?055&/

data demonstrate the low latency of EHF technology relative
to other common wireless technologies. Table 1 makes it
clear that EHF technology delivers an effective data transfer
rate 16 times faster than ultrawideband (UWB) technology,
consumes six times less power, can transfer 1 GB of data
32 times faster, and has five times less impact on battery
consumption. EHF technology is also superior to long-term
evolution (LTE) and Wi-Fi technologies. For these reasons,
the EHF technology is very appropriate for high-speed signal-
transfer NMCs.

B. FIELD ZONES FOR HIGH-SPEED NMCs

Common WPT-enabled devices such as cellphone chargers,
smart toothbrush chargers, and smart watches provide
multiple degrees of freedom in physical space for the design
of Tx-Rx coil pairs. This is not the case for NMCs, for which
the form factor is constrained to which the WPT system
must be made to fit. Hence, the EHF technology must be
adopted for high-speed signal transfer NMCs in preference to
IPT and CPT.
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To illustrate this important point, consider the application
of the NMC concept to a USB flash drive shown in
Fig. 12. The USB 4.2 operates at a data rate of 120 Gbps
and can simultaneously deliver 100 W power. While it is
possible to support both power transfer and signal transfer
over the same inductive interface [105], that is not true
at the high data transfer rates that USB 4.2 must deliver.
Power transfer and high-speed signal transfer must happen
separately, as shown in drawing in Fig. 12 with the 60 GHz
EHF chip positioned in towards the front and the power
inductor behind the chip. The Rx power inductor occupies
most of the physical space and it must also comply with the
Qi2 standard at 150 kHz for power transfer. Therefore, the
Rx diameter is very small for high-speed signal transfer and
the 60 GHz EHF chip is positioned at the very front of the
USB plug.

When inserted into a USB Type-A receptacle, the Rx chip
is coaxial with the Tx chip. Both Tx and Rx are encapsulated
with a polymer of relative permittivity €. Also, both Tx and
Rx silicon-on-chip antennas are encapsulated by silicon of
relative permittivity ¢; = 11.7, as shown in Fig. 13(a), and the
Rx and Tx are separated by a gap g when the plug is inserted
into the receptacle. Figure 13(b) shows how the EHF chips
are mounted onto a PCB substrate.

In addition to a small form factor, the field zone (Fig. 10)
must be considered in order to define the power-transfer
efficiency (PTE), which depends on the data transfer rate
and system operating frequency. To illustrate this point, outer
diameter of the transmitting antenna aperture, DI%,, is plotted
in Fig. 14 as a function of ry and r; from (3) and (4).
In practical situations, g < 1 cm. With fixed A and DOTEI, itis
possible that r;, 2 r, and the design equations stemming from
PTE for signal transfer will change whether g 2 ryorg 2 rp.
orry 28 2rL.

C. NMCs IN THE FAR-ZONE

To find PTE at fixed A when g lies in the Fraunhofer zone and
the apertures are assumed to be coaxial, the Friss transmission
equation [106]

P AZDTX DRx
PTE = 255 = eqyep,—— 240 @
Pry 4mg)

must be used. Here, Pr, and Pg, are the transmitted power
and received power, respectively; ey and eg, are the radiation
efficiencies of the Tx and Rx antennas, respectively; and DI¥,

and DR, are the outer diameters of the Tx and Rx antenna
apertures, respectively. Incorporating 'z, and g, as the
complex-valued reflection coefficients in the circuitries of the

Tx and Rx antennas, respectively, (7) becomes

lzDTx DRx
PTE = eryepx (1 - |FTx|2) (1 — |FRx|2) . Tour”out 2”’” .
(47g)
(®)
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FIGURE 13. (a) NMCgyf diagram showing input modulated signal being
transmitted over an air gap g and (b) the small size of the Tx-Rx EHF chips.

In terms of antenna gains Gy, = ey (1 — |I‘Tx|2) DI* and
Gry = ey (1 — [Tre|?) DRX, (8) can be rewritten as

out?
2 2
PTE = GrxGre | — ) - ©)
(4ﬂg)

Equations (7) and (8) show the dependence of PTE on the
size of antenna apertures. Physical space is limited in NMC
applications so that D’* and DR¥, are very small, and other
parameters will need to be adjusted in order to maximize
PTE. With A and g also very small, NMC operation will
typically depend on G7y and Gg, for optimal PTE. Therefore,
due to the very low latency of antenna circuitry in the EHF
band, EHF is preferable to UWB and other lower-frequency
technologies.

The Friss transmission equations (7)—(9) assume that elec-
tromagnetic waves between the two antennas are propagating
in unobstructed free space and that the operational polar-
ization states of both antennas are the same. Furthermore,
(7)—-(9) only apply when g > ry (i.e., the NMC system
operates in the far zone).

For the Ethernet application where the operational fre-
quency f = 5 GHz (10 Gbps), which lies within the UWB
range, the NMC system will operate in the far zone for Dg’u‘, <
5.76 mm. As illustrated in Fig. 14 there will be a transition
from the far zone to the near zone as D', increases beyond

5.76 mm.

D. NMCs IN THE NEAR-ZONE

Since the USB 4.2 in Fig. 12 operates at f = 60 GHz
(120 Gbps) and since the NMC is physically restricted to
DI¥, < 3mmand g < 1 cm as shown in Figs. 13(a) and 13(b),
respectively, the NMC will not operate in the far zone.
Instead, it will operate in the near zone and be reactive,
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as illustrated in Fig. 15. In this case the transition between
the near and the far zones takes place at DI}, = 0.01 mm.
Moreover, the electromagnetic waves will not propagate in
unobstructed free space because the dielectric material with
relative permittivity e, will create signal reflections. For these
reasons, the Friis transmission equations (7)—(9) do not apply,

and a new model is needed to better describe PTE.

Figure 16 shows a plot of D({fjt vs. f when the Fresnel
region in Fig. 10 is absent, i.e., rs = rr. In that case,
(3) and (4) yield

0.0961 ¢
Dl = 7 (10)

where c is the speed of light in free space.

A better way to model the scenario in Fig. 13(a) for
determining the PTE in the near zone is with a dielectric
multilayer. Figures 17(a)-(c) represent a model of Fig. 13(a)
where both Tx and Rx antennas are encapsulated in silicon
chips (so that &1 = &g;), each chip fronted l()ly a polymer slab
with relative permittivity ¢, and thickness /2 such that g >
d. When the USB receptacle and plug are mated, as shown in
Fig. 17(b), the Tx antenna is switched on. Maximum power
transfer requires that

\rlz + Taye 28| = g, (11)

where T'1y = =21 = (2 — n1) / (2 4 n1), M1 = No//e1,
n = 770/«/52, B = Znﬁz/l and 7, is the intrinsic
impedance of free space [107]. Equation (11) simplifies to

Ty ‘1 — e 2P| =, (12)

|
0.8
g
E. 0.6
® 35
= Transition
Qo 0.4 Po?nt0
0.2 Fraunhofer
——Reactive
0
0 0.1 0.2 0.3
g [cm]

FIGURE 14. Near-zone (2) and far-zone (3) approximations at f = 5GHz
within the UWB band showing field transition at

(g,Dz’t) =(1.10,5.76) mm.
By Euler’s formula, the condition (12) requires that

m c
d:EfT(gz,mE{l,z,:%,...}. (13)
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FIGURE 15. Near-zone (2) and far-zone (3) approximations at f = 60GHz
within the EHF band showing field transition at

(9.0%,) = (0.48,0.01) mm.
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FIGURE 16. Boundary between far-zone and near-zone after plotting (9)
for Dz:t as a function of operational frequency f.

Provided that &; is purely real and positive, the smallest value
of d is

c
2 Vey
Equation (14) suggests that both f and &, should be as large
as practicable. The minimum value of d as a function of &
is plotted in Fig. 18 for f € {30, 45, 60} GHz, showing that
a range of dielectric materials can be used and that there is
greater choice of materials in the low-frequency portion of
the EHF band.

Provided (12) holds, PTE = 1. In practice, that will not be
true because of (i) variations in material quality from lot to
lot [108], (ii) manufacturing imperfections [109], (iii) tem-
perature fluctuation [110], and (iv) contamination of contact
surfaces by particulate materials in the environment [111].
Corrosion during use is not a significant issue because the
plug and receptacle are hermetically sealed, as indicated
in Fig. 12.

min{d} =

(14)
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FIGURE 17. Model of the NMC in Fig. 13(a) showing both Tx and Rx
antennas encapsulated by silicon of relative permittivity ¢, that is also
encapsulated by a polymer of relative permittivity ¢, of thickness d.
Conditions for (a) unmated, (b) mated, and (c) mated contamination with
changing dielectric ¢, (2).

In case that significant deformations and contamination
occur, the gap g may have to modeled as a multilayered
rejglon Wlth la'yers of thickness on th'e or(?er of NJ«/,#T)I with
piecewise uniform &; (z) as shown in Fig. 17(c), in order to
determine PTE. For the details, the reader is referred to a
textbook [112].

This section demonstrated that the spatial zone — reactive,
Fresnel, or Fraunhofer — in which a WPT system operates
determines how PTE should be calculated. For WPT over
small distances, and in NMCs, DI* and DE* are typically
3 mm or less. The classification of the gap g will change
from the near zone to the far zone, or vice versa, if the
communication protocol (e.g, UWB and EHF) is changed.
Therefore, NMCs must be distinguished from other WPT
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FIGURE 18. Optimized value of d as a function of the relative permittivity
of ¢, for several values of f within the EHF band.

systems. A new category WPT, called u WPT, must be created
to accommodate NMCs. The WPT hierarchy shown in Fig. 11
must be modifed to the one shown in Fig. 19.

V. POWER TRANSFER THROUGH NON-METALLIC
CONNECTORS

There are four categories of WPT systems in the near zone,
depending on the number of inputs that supply power on
the Tx side and the number of outputs that receive power
on the Rx side. These categories are commonly referred
to single-input-single-output (SISO), multiple-input-single
output (MISO), single-input-multiple-output (SIMO), and
multi-input-multi-output (MIMO) [84].

The most common category of NMC applications is
SISO, due to limitations on space. Applications include
charging devices in consumer electronics, household kitchen
appliances, biomedical applications, and EV charging sta-
tions, in order to eliminate wires and cables and improve
convenience for end users [113]. This section concentrates
on power transfer for NMCs, introduces applicable circuit
topologies, and presents ways to improve the PTE and power
density.

A. POWER TRANSFER MODALITIES FOR NMCS

There are two modalities of WPT for power transfer
in the reactive zone classified as either inductive power
transfer (IPT) or capacitive power transfer (CPT). There are
advantages and disadvantages in both and the modality that
ends up being used depends on the application [44], [81],
[89], [114], [115].

Both reactive modalities of WPT use the same basic setup,
as shown in Figs. 20(a) and (b). Each modality comprises
the following four devices: a DC voltage Vv is fed to
(i) a controller that implements a pre-programmed timing
sequence to create an AC waveform that is sent to (ii) a
power inverter-amplifier. The amplified AC waveform passes
through (iii) a primary circuit for which multiple choices
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FIGURE 19. Proposed new WPT hierarchy showing the inclusion of xWPT
as either near-zone or far-zone WPT technology with a small Tx-Rx
separation distance.
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FIGURE 20. Basic setup for a WPT system showing (a) inductive power
transfer (IPT) and (b) capacitive power transfer (CPT).

of topology exist. The primary circuit is connected to a
primary coupler (Tx) that wirelessly transfers the power to
a secondary coupler (Rx). The secondary coupler, in turn,
is connected to a secondary circuit whose output is fed into
(iv) a rectifier that delivers a DC voltage Voyr to the load.
Like the primary side, multiple choices of topology also exist
for the secondary circuit.

Many kinds of inverter architectures exist [71], [72], [73],
but most WPT applications typically use half-bridge or full-
bridge inverters configured using two or four MOSFETs,
respectively. The MOSFETSs contain either gallium arsenide
or gallium nitride, the later having better efficiency and
higher power density due to its low electron mobility [116].
In typical WPT applications, the operating frequency of the
waveform can range from the low kHz to the low MHz.
Compensation components must be chosen: (i) to ensure
that the input has a lower VA rating for maximum PTE to
the load, (ii) to tolerate Tx-to-Rx misalignment, and (iii) to
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avoid frequency splitting [79], [120]. Some of the passive
components have to be inductive and others capacitive, with
the circuit topology such that they resonate together at the
same operating frequency generated by the inverter.

In addition, the primary and the secondary couplers contain
a non-metallic interface. The interface is either capacitive or
inductive depending on whether the modality is IPT or CPT.
The contact interface has a mutual inductance L, for IPT and
mutual capacitance Cys for CPT.

For both setups shown in Fig. 20, designing the WPT
system for the maximum PTE is the main goal. Therefore,
not only is it important to minimize the component count,
but also that the chosen components be small in size. The
designs of inverters, timing sequences, and rectifiers as well
as the choices of the topologies of the primary and secondary
circuits for both IPT and CPT have been covered extensively
in literature [79], [80], [81], [82], [83], [84].

Cy Rry Lrx—Ly  Lpx—Ly Rpe G
) b 2
(a)
Cl RTx LTX LM LRx - LM RTx

(b)

Cl RTx LTX - LM LRx - LM ka

(d)

FIGURE 21. Four circuit topologies for NMCs: (a) SS-topology,

(b) SP-topology, (c) SN-topology, and (d) LCC-LCC-topology. Circuit
topologies for NMCs do not need to be designed to address common
WPT issues such as misalignment, power transfer over large distances,
or multi-coil systems.

For NMCs, the three main design challenges for power
transfer are:
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(1) very poor PTE over a fixed Tx and Rx separation,

(2) power-handling limitations on Tx and Rx, and

(3) thermal dissipation.
The first design challenge for NMC:s is due to the small form
factor whereby both DI¥, and DI* are physically restricted.
Since the self-inductance of an inductor coil depends on
the physical size, this results in restrictions on the self-
inductances L7, and Lg, of the two coils. The mutual
inductance Ly between the Tx and Rx coils in Fig. 20(a) is
defined as

Ly =k (LrxLrx) "', (15)

where k is the coupling coefficient [118]. As the PTE is
strongly dependent on Ly, restrictions on DZ;t and DZZ: are
restrictions on PTE.

The mutual capacitance Cj; between the transmitter
capacitor Cry and the receiver capacitor Cg, in Fig. 20(b) is

defined by
Cu=I[(P11+Px) — (Pi2+P2)] ", (16)

where P11, P12, P21, and Pj) are the coefficients of potential
from the elastance matrix for capacitors Cry and Cgy [121].
Like Ly in IPT, Cyy strongly affects PTE in CPT systems.

The second design challenge for NMC:s is also related to
small form factor. If the power requirements of the system
are greater than what a small coupler can handle, the NMC
may not be technically feasible for certain applications. CPT
allows larger power-handling capacity than IPT does relative
to the coupler’s physical size. However, small plates in the
capacitors Crx and Cg, will deliver a mutual capacitance
Cy that is too small. IPT requires materials besides copper
that can withstand higher power densities, which may be
uneconomical.

The third design challenge for NMCs is related to the
second. High temperatures arise when the power density is
large. Therefore, thermal dissipation characteristics must be
included in the design of IPT systems.

The remainder of this section focuses on IPT systems and
the ways to surmount the three major design challenges.
Analogous issues arise for CPT systems, as the reader will
easily surmise.

B. WPT CIRCUIT TOPOLOGIES FOR NMCS

The choice of circuit topology is critical for tuning a WPT
circuit. This choice depends on the category (SISO, MISO,
SIMO, or MIMO), the desired output for constant voltage
or constant current, changes in load, tolerance to Tx and
Rx misalignment, etc. Many methods have been devised to
address each of these factors [84], but many do not apply to
NMCs. In fact, the choices of circuit topology for NMCs can
be narrowed down to only a few.

Since form factors play an important role in NMCs,
circuit topologies that minimize component count are ideal.
Misalignment is irrelevant to NMCs; as is evident from the
USB flash-drive example in Fig. 12, the plug and receptable
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will be coaxial in the same location each time they are mated
and will also be very close to each other. Therefore, circuit
topologies designed with high misalignment tolerance, which
typically have a higher component count, or circuit topologies
designed for a large separation distance between Tx and Rx
can also be eliminated as choices for NMCs.

For NMCs, the circuit topologies must have a high
tolerance to changes in load. There will be applications that
may require a constant voltage or constant current (or both)
where the maximum PTE can be realized with high stability
and immunity to frequency splitting. Therefore, the four
circuit topologies with the lowest component count to meet
this criterion for NMCs are: series-series (SS), series-parallel
(SP), series-none (SN), and LCC-LCC. Figure 21 shows these
four circuit topologies.

For each circuit topology in Fig. 21, Vs is the AC source
voltage generated by the inverter, L7y — Ly and Lgy — Lys are
the linkage inductances on the primary and secondary sides,
respectively, and Z;, is the load impedance. Each inductor
will have a parasitic resistance denoted by Ry, and Rg,.
All capacitors in Fig. 21 compensate for the accompanying
inductors and give rise to resonances.

The angular resonance frequency wy = 1 / L1nC1 =
1/J/LgcC; of the SS-topology in Fig. 21(a) is weakly
affected by changes in Z;. For this reason alone, the SS-
topology is ideal for use in NMC applications, compared
to other topologies with only two compensation circuit
elements. Maximum PTE can be realized at both low and high
frequencies for smaller magnitudes of Z; . Another advantage
of SS-topology over other circuit topologies is its superior

stability when both couplers are equal in size (i.e., DI¥ =

out
DR*). For NMCs this means more flexibility in design and
the two inductors can be chosen to be identical. This added
flexibility does not exist for other circuit topologies. Since Co
is in series on the receiving side, the SS-topology functions
as a constant-current source for Zj .

Higher stability at higher magnitudes of Z; is possible
for the SP-topology in Fig. 21(b) in comparison to the SS-
topology. Moreover, because C is in parallel with Z; , the SP-
topology functions as a constant-voltage source for Zy . If the
NMC design requires DI¥, > DR SP-topology delivers
higher performance relative to the SS-topology [122].

The SN-topology shown in Fig. 21(c) is commonly
referred to as primary side series, because it only has
a series compensation capacitor on the primary side and
no compensation on the secondary side. For this reason,
the SN-topology has the lowest possible component count
of all circuit topologies and is often used for biomedical
applications [79]. The same reason also makes SN-topology
ideal for NMC applications. The physical conditions where
this topology is ideal is when the gap g between the two
inductors is very small and the coupling coefficient k is
large. In addition, the quality factors (Q-factors) of both
inductors are very high. When these conditions hold, the
SN-topology delivers performance characteristics similar to
the SS-topology [123]. However, if the operating angular
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frequency becomes high enough such that the Lg, resonates
with its internal parasitic capacitance, the SN-topology
delivers the same performance as the SP-topology [124].

Figure 21(d) shows the LCC-LCC topology. The higher
component count may render it inappropriate for certain
NMC applications. However, the LCC-LCC topology has
superior stability in PTE over changes in wog and Z.
Also, the LCC-LCC topology is flexible when choosing the
compensation elements. In the case where L1, = Lg,, and the
compensation inductors can be chosen such that L1 = L =
Lgy, all four compensation capacitors in Fig. 22(d) will be
equal accordingto C1 = Cp = C3 = C4 = l/a)%Lz.

C. CHARACTERIZATION PROCEDURE FOR NMCs

Circuit topologies are critical to the design of any WPT
system, but they do nothing to help surmount the three design
challenges for NMCs stated in Section V-A. To surmount
these challenges, (i) ways to improve PTE when g is fixed
without increasing the component count are needed and (ii)
the electrical power density and the thermal power density
of both inductors need to be increased without increasing
their physical size. The best way to achieve these goals is to
increase the Q-factor of both inductors using materials other
than copper. The Q-factors

woLrx

= , 17
QTx RTx ( a)
and
L
Ope = 20Rx (17b)
RRx

hold for the Tx coil and Rx coils, respectively.

Many NMC applications will have a fixed value of wy due
to industry regulations. Therefore, a high Q-factor requires
higher inductance, lower (parasitic) resistance, or both.
Knowing how much the Q-factor needs to be increased (if
at all) is important for the cost estimates in the NMC design
process. Therefore, it is important to fully characterize the
electrical performance for any NMC design conforming to
the physical space constraints.

For that purpose, the relationship between PTE and g must
be understood. This is a three-step process that involves: first,
the establishment of a relationship between find PTE and
Ly for the chosen circuit topology; second, the establishment
of a relationship between Ly; and g for the chosen inductor
geometry; and third, the combination of the two in order to
relate PTE and g.

As an example, consider the evaluation of SS-topology
in Fig. 21(a) using Kirchhoff’s laws. The input power
Piv = |Is|*>Re{Ziy} / 2 and the output power Poyr =
I Re {ZL}/Z, where Is is the source current, I; is the load
current, and Zzy is the input impedance as seen by the source.
Assuming that C; = C, = C and Ly, = Lg, = L for the SS-
topology, we get

Ry
(Rgx +Rp) |:—(RR”+2RL)RTX + 1:|

2
@yLiy

PTEgss =

(18)
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for power transfer at the operating angular frequency, with
w%LC = landR; = Re{Z;}. When both the Tx and Rx coils
are identical, Q7 = Qry = Q, R7y = Rpy = R = woLQ™!,
and (18) becomes

Ry

(coLQ" +Ry) [—(‘”"LQ1+RL)L + 1]

wol, 0

PTEgs =

19)

With C = InF, R = 0.6, Ry = 5022, fo = wo/2n =
1.2MHz, Fig. 22(a) shows that PTE gs first rises steeply and
then saturates as Ly increases from 0 to 18 pH. Typically, the
knee in such plots occurs when k = 0.3 [125].

The inter-coil axial distance g is fixed when the plug and
the receptacle are mated. As a result, the Tx and Rx coils must
be carefully chosen. Different inductor coil shapes give rise
to different self-inductances and therefore different mutual
inductance by (15). Therefore, the determination of the coil
shape is a very important step.

The relationship between Ly, and g for any two coils is
defined by the Neumann formula

dly, - dl
Ly = & // Tx Rx’ (20)
4 r

where dlry, and dlg, are differential wire lengths in the two
coils, and r is the distance between the location of dl7, on
the Tx coil and the location of dlg, on the Rx coil [126].
Application of (19) to the Archimedean spirals used for the
power inductors in Fig. 12 for the USB application has been
considered in detail in Ref. [127]. With both coils having an
inner diameter 4 mm, outer diameter 8.3 mm, and screw pitch
0.15 mm, the variation of Ly; with g is given in Fig. 22(b). Ly,
decreases hyperbolically as g increases.

Combining the information in Figs. 22(a) and (b),
we obtain the variation of PTE g5 with g depicted in Fig. 22(c).
Note that PTE sg is large when g is small, and vice versa. So,
higher PTE requires as small a value of g as possible.

D. PROPOSED TECHNIQUES TO ENHANCE THE Q-FACTOR
FOR NMCs

Industry specifications may require a certain PTE for an
NMC to be technically feasible. It is important to quantify
the minimum acceptable PTE so that costs can be minimized.
As an example, consider two NMC applications. For both,
the Tx and Rx coils have reached the maximum number of
turns allowed by the NMC geometry, both D’¥ and DRY,
are similarly maximal, and it is required that PTE > 90%
when ¢ = S5mm. Initial design delivers PTE = 81.3%
for the first application with DI¥, and DY, specified. These
outer diameters have been reduced to one fifth for the second
application, leading to PTE = 30%.

Since the initial designs must be improved so that PTE =
90% at least for both applications, the Q-factors will
have to be enhanced by different multiples for the two
applications. Then, the first application requires only a 10.7%
improvement but the second requires that the PTE be tripled.
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FIGURE 22. Plots of (a) PTE g5 vs. Ly, from the circuit topology in (18), (b) Ly, vs. g from applying the Neumann formula in (20) to the Archimedean spiral

geometry, and (c) PTE g vs. g from numerically combining (a) and (b).

TABLE 2. Proposed methods for enhancing Q-Factor and the associated costs.

Q-factor Carbon Footprint | Component Count Monetary _ Doy
Ref. Method or PTE Cost Cost D= g
0,
[128] CNT Wire ( Q*_?fct/ o Low High D, >1
Reduced inner
!urf,{!\u:l.n\:ss Coll +11 50/
[129] Thickness e Medium Low Low D, >1
Variation (Q-factor)
[130] Iron Core (i?]?,?::) Medium Medium Medium D, <1
+ 0,
[131] Metamaterial (in4l(3g1{30) Medium Low Medium D, <1
+ . .
[132] NIC (1rz(l)>§fOEX) High High D, K1

The cost of improving the Q-factor to meet the 90%-PTE
requirement will be much different for the two applications.

Considering the design constraints for NMCs, there are
five methods for enhancing the Q-factor: (1) use a coil
material with lower parasitic resistance [128], (2) implement
a gradient in the wire diameter of each coil [129], (3)
increase the permeability of the core and the substrate of each
coil [130], (4) employ a metamaterial lens to sculpt the spatial
profile of the magnetic field [131], and (5) use a negative
impedance converter (NIC) [132]. Each of these five methods
delivers a different enhancement level of the Q-factor, and the
cost of implementing each method is different.

Table 2 summarizes the performance benefits of different
Q-factor-enhancement methods along with the associated
costs. Each method has carbon-footprint, component-count,
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and monetary costs. To properly analyze the costs, a relative
distance between the two coils must be considered [83]. With
DI = DR — D,,,, this relative distance is given by
D, = Dout 1)
8
The first NMC application needs marginal performance
enhancement. Provided that D, > 1, the first two methods
listed in Table 2 can be used. However, if a carbon-nanotube
(CNT) wire is used instead of a metallic wire, the present-day
cost of adopting the first method are much higher than of the
second method.
The second NMC application needs a lot of performance
enhancement for it to meet requirements, since D, < 1.
In this case, the last three methods in Table 2 are viable. Note
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that using an NIC would have the highest cost of all methods
listed in Table 2 and therefore should only be considered as
a last option. Very likely, the incorporation of a metamaterial
lens is the best option. With these proposed techniques and
analysis, the first major design challenge in Sec. V-A for
NMCs can be surmounted.

If the first NMC application requires a high-power level
such that the small-space restrictions would render small
copper coils technically infeasible for both inductors, the first
method in Table 2 would be more attractive than the second
method. The reason has to do with the superior electrical and
thermal properties of CNTs compared to copper. Experiments
on WPT systems have shown copper wire to deliver a PTE
of 76.5% for 3-A current at 59.2 °C, whereas the CNT wire
can deliver a PTE of 83.5% at only 36.8 °C under the same
operating conditions [128]. Currently, CNT wire is not a
viable candidate for general WPT applications due to the
high procurement costs. Other materials such as graphene and
borophene are also candidates to enhance the electrical and
thermal properties compared to copper in wWPT systems.
These new materials are expected to help surmount the
second and third major design challenges stated in Sec. V-A
for NMCs. Such materials are much cleaner technologies,
offer higher sustainability, and can be 3D printed.

VI. CONCLUDING REMARK

Electrical connectors have been commonplace for more
than 130 years for the purpose of connecting two electrical
devices together with a separable interface, which may
make some electrical engineers wonder as to the need
for novel connectors. This paper identifies several well-
known failure modes associated with electrical contacts, their
mitigation requiring tremendous ongoing efforts, especially
to accommodate emerging technologies.

Perhaps the best way to eliminate the problems associated
with electrical contacts is to eliminate electrical contacts
altogether. The NMC concept aims exactly in that direction,
using WPT methods. A brief historical overview of the
evolution of wireless power transfer was provided in Sec. III,
wherein the three technical areas were identified to scale
WPT architectures for NMCs. In Secs. IV and V, the NMC
concept was categorized into two types: high-speed signal
transfer and power transfer. Section IV went into detail on the
different ways high-speed NMCs could be realized showing
original efforts of using capacitive and inductive coupling
modalities and the superior performance of EHF relative
to other communication protocols. Based on the physical
design limitations of connector applications, NMCs were
shown to fall into both near-zone and far-zone technologies
in the WPT hierarchy. The concept of uWPT for NMC
applications was introduced to modify the currently accepted
WPT hierarchy so that the unique requirements of NMCs can
be accommodated therein.

Section V outlined the current state of NMC develop-
ment for power transfer and provided a comparison of
four different circuit topologies. With future operational
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requirements in mind, three major design challenges to the
technical feasibility of NMCs were identified. A design
process for characterizing NMCs was introduced followed
by five methods on how to surmount the three major design
challenges. A procedure to characterize NMCs for power
transfer was provided, keeping three diverse costs in the
foreground. The future of the NMC concept hinges on the
development of new materials besides copper for inductor
coils. These new materials need to allow higher power density
and possess far better thermal properties so that uWPT
systems can operate at greater power levels and perform well.
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