wO 2021/019542 A1 |0 00000 KRN0 O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
04 February 2021 (04.02.2021)

‘O 000 0O O 0 A
(10) International Publication Number

WO 2021/019542 Al

WIPO I PCT

(51) International Patent Classification:
H02M 3/07 (2006.01) HO3F 3/193 (2006.01)
HO3K 3/03 (2006.01) HO02M 1/084 (2006.01)

(21) International Application Number:
PCT/IL2020/050844

(22) International Filing Date:
30 July 2020 (30.07.2020)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

62/881,436 01 August 2019 (01.08.2019) us

(71) Applicant: ARIEL SCIENTIFIC INNOVATIONS
LTD. [IL/IL]; Kiryat HaMada, P.O. Box 3, 4070000 Ariel
(IL).

(72) Inventors: BERNSTEIN, Joseph B.; 4 Arvei Nahal Street,
7312700 Hashmonaim (IL). AHARON, Ilan; 35 HaHail
Street, 7194600 Bruchin (IL).

(74) Agent: EHRLICH, Gal et al.; G. E. Ehrlich (1995) Ltd.,
11 Menachem Begin Road, 5268104 Ramat-Gan (IL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
of inventorship (Rule 4.17(iv))

(54) Title: POWER CONVERTER SUITABLE FOR HIGH FREQUENCIES

Input

30 321-------- 32.n 34
Ring oscillator Ring oscillator
with with
enhancement enhancement
Fig 2 mode mode
ig. i
g transistor transistor
|
—— Output

(57) Abstract: A switching circuit comprises a main switch element having a gate as a control input; and a ring oscillator connected
as a driver circuit to the gate to drive the main switch via the gate. The basic circuit is used to build various components which have

the property that they can work at very high frequencies.

[Continued on next page]



WO 20217019542 A JI 000000000 OO O 00 0 0O

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2021/019542 PCT/IL2020/050844

1
POWER CONVERTER SUITABLE FOR HIGH FREQUENCIES

RELATED APPLICATION SECTION

This application claims the benefit of priority of US Provisional Application
No. 62/881,436 filed 1 August 2019, the contents of which are incorporated herein by reference

in their entirety.

FIELD AND BACKGROUND OF THE INVENTION

The present invention, in some embodiments thereof, relates to a power converter that is
suitable for high frequencies and, more particularly, but not exclusively, to such a power converter
that may be built into an integrated circuit.

Power converters rely on externally applied periodic signals to transfer energy from a
source to a load through inductors, capacitors and switches. The limitation of externally controlled
power converters is that the external periodic signals require critical design and complex design
issues. Furthermore, the frequency of operation is limited by the efficiency of the drive transistors
and diodes (including, generally, synchronous rectifiers).

Self-oscillating power converters exist that use one or two transistors in a simple
multivibrator circuit or in a fly-back configuration. Generally, the power efficiency is limited by
the transistor power dissipation.

Existing converters, particularly for high frequencies, are relatively large in size and their
efficiency gets poorer as the frequency rises. Yet, a high frequency converter that is small enough
to be built into an integrated circuit is highly desirable for fields as diverse as autonomous cars,
space equipment and others.

Electric energy converters, which can effectively interface energy storage devices such as
batteries, supercapacitors and reversible fuel cells to power conversion systems within applications
of electrical vehicles (EVs), renewable energy generation (REG), uninterruptible power supplies
(USPs) etc., have gained increasing attention in academia and industry over the last decade.
Moreover, with the emergence of applying wide bandgap devices such as Silicon Carbide (SiC)
and Gallium Nitride (GaN) based power switches, power electronic converters tend to be even
faster, smaller and more efficient, due to the increased electrical field strength and electron
mobility compared to silicon (Si) based counterparts. A high switching frequency, to some extent,
can certainly offer opportunities for converter volume reduction and thereby obtain higher power
density and more compact design. However, it is also accompanied by new challenges, for

instance, increased switching losses even with wide bandgap devices, worse electromagnetic
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interference (EMI) and more stress on magnetic components. Therefore, soft-switching

technologies, including zero-voltage switching and zero-current switching, are still widely used in
the field of applications of wide band-gap semiconductors. High-frequency soft-switching GaN-
based implementations under boundary conduction mode have been reported in the literature, in
which the reduction of switching loss can well compensate for the increased conduction loss. For
instance, a 5-MHz boost converter with efficiency up to 98% was demonstrated. A boost converter
is a converter that converts a lower voltage into a higher voltage. A non-inverting Buck-Boost
converter, as shown was proposed, and it is able to achieve full good operation, as well as flexible
and easy control, which is significantly better than resonant converters such as Class- E DC-DC
converters. More recently a high switching frequency GaN-based bidirectional DC-DC converter
has been presented, which may achieve relatively high efficiency and high power density by
careful design, in particular selecting an optimum dead time. The converter shows that the
conduction loss increases accordingly when the dead time is longer due to the larger forward
voltage drop of GaN devices, and thus a problem arises in that setting up ideal switching conditions
for GaN devices is more difficult than for their silicon-based counterparts.

A similar issue arises with class-D amplifiers. Class D, or switching, amplifiers are those
in which the amplifying devices act as switches. The existing class-D amplifiers today are
relatively large in size and their efficiency is poor. These characteristics are particularly crucial

when applied in autonomous cars, space equipment and others.

SUMMARY OF THE INVENTION

The present embodiments may overcome the problem of switching dead time by using a
three phase or three stage ring oscillator as the basis for the converter. The ring oscillator may
inherently provide a more effective power conversion due to precise timing within the ring
oscillator stages.

The present embodiments may implement a converter using GaN technology in a ring
oscillator configuration. The ring oscillator circuit may generate its own conversion frequency
which may be much higher than controlled circuitry. The ring oscillator may be provided in
multiple stages, for example two stages, three stages, five stages etc. Increasing the number of
stages or phases decreases the ripple and allows for higher voltages. Arranging multiple stages in
a sequence of steps allows for an increase in current and thus power as well.

In the case of a class D amplifier, embodiments may provide an odd-phase switching

(Class-D) power amplifier based on GaN devices and ring oscillator circuitry. The amplifier may



10

15

20

25

30

WO 2021/019542 PCT/IL2020/050844

3
be efficient to very high frequencies, even RF, with high efficiency and small size compared to

the existing systems.

According to an aspect of some embodiments of the present invention there is provided a
power converter comprising an input, a power output and a plurality of ring oscillator stages
connected between said input and said power output, the ring oscillator stages each comprising at
least one enhancement mode transistor.

In an embodiment, said ring oscillator stages respectively comprise a second enhancement
mode transistor.

In an embodiment, the at least one enhancement mode transistor is at least one member of
the group consisting of a SiC transistor and a Gallium Nitride transistor.

In an embodiment, the enhancement mode transistor is a wide bandgap transistor.

In an embodiment, a drive connection of a first stage is connected via an impedance to a
following stage.

In an embodiment, at least one of said ring oscillator stages comprises a pull-up transistor
and a pull-down transistor.

In an embodiment, said drive connection is between said pull-up transistor and said pull-
down transistor.

In an embodiment, said impedance comprises an inductor.

In an embodiment, a drive connection of a final oscillator stage is connected via an
impedance to a first ring oscillator stage.

In an embodiment, each ring oscillator stage is connected via an input impedance to said
input.

In an embodiment, said input impedance comprises an inductance.

Embodiments may include a cascade of at least three of said ring oscillator stages.

According to a further aspect of the present invention there is provided a power converter
comprising an input, a power output and a plurality of ring oscillator stages connecting said input
to said output, wherein a drive connection of a first stage is connected via an impedance to a
following stage.

In an embodiment, the impedance comprises at least an inductor.

In an embodiment, said ring oscillators respectively comprise at least two enhancement
mode transistors.

In an embodiment, a drive connection of a final oscillator stage is connected via an

impedance to a first ring oscillator stage.
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The power converter may include three of said ring oscillators, each of said three ring

oscillators driving a switch for a different phase of a three phase system.

According to a yet further aspect of the present invention there is provided an amplifier
comprising an input, a power output and a plurality of ring oscillator stages connected between
said input and said power output, the ring oscillator stages each comprising at least one
enhancement mode transistor.

In an embodiment, a drive connection of a first ring oscillator stage is connected via an
impedance to a following ring oscillator stage.

A drive connection of a final oscillator stage of the amplifier may be connected via an
impedance to a first ring oscillator stage.

The amplifier may be a D-type switching amplifier.

A yet further aspect of the present invention may provide a switching circuit comprising:
A main switch circuit having a gate as a control input; and
A ring oscillator connected as a driver circuit to said gate to drive said main switch via said gate.

Unless otherwise defined, all technical and/or scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the invention pertains.
Although methods and materials similar or equivalent to those described herein can be used in the
practice or testing of embodiments of the invention, exemplary methods and/or materials are
described below. In case of conflict, the patent specification, including definitions, will control. In
addition, the materials, methods, and examples are illustrative only and are not intended to be

necessarily limiting.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

Some embodiments of the invention are herein described, by way of example only, with
reference to the accompanying drawings. With specific reference now to the drawings in detail, it
is stressed that the particulars shown are by way of example and for purposes of illustrative
discussion of embodiments of the invention. In this regard, the description taken with the drawings
makes apparent to those skilled in the art how embodiments of the invention may be practiced.

In the drawings:

Fig. 1 is a simplified diagram showing a ring oscillator according to the existing art;

Fig. 2 is a theoretical diagram showing ring oscillator connected with enhancement mode
transistors to drive an output according to a first embodiment of the present invention;

Fig. 3 is a circuit diagram of a simplified circuit using ring oscillators according to

embodiments of the present invention;
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Fig. 4 is a graph showing voltages at two different locations in the simplified circuit of

Fig. 3;

Fig. 5 is a simplified circuit diagram of a circuit using three ring oscillators according to
embodiments of the present invention;

Fig. 6 is a graph of the switching voltage of the circuit of Fig. 5;

Fig. 7 is a diagram of a single stage of a multi-stage circuit in which an amplifier is isolated
by pull up and pull down networks in a ring oscillator;

Fig. 8 is a three-ring-oscillator-stage circuit built using the units of Fig. 7 to form a buck
circuit;

Fig. 9 is a three-ring- oscillator-stage circuit forming a boost circuit;

Fig. 10 is a simplified graph showing voltage outputs from the circuit of Fig. 9;

Fig. 11 is a simplified diagram of a D-type amplifier constructed using ring oscillators
according to embodiments of the present invention;

FIG. 12 shows the oscilloscope output for voltages at the three gates of a three-ring
oscillator stage amplifier according to embodiments of the present invention;

Fig. 13A and 13B illustrate the underside of an integrated circuit with connector pins and
an indication of how an additional pin can be used to connect between the different ring oscillator
stages in an embodiment of the present invention;

Fig. 14 is a simplified circuit diagram of a three-ring-oscillator boost circuit according to
embodiments of the present invention; and

Figs. 15 to 18 are three different five-ring-oscillator-stage circuits according to

embodiments of the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE INVENTION

The present invention, in some embodiments thereof, relates to a high frequency power
converter and, more particularly, but not exclusively, to a power converter that may be built on an
integrated circuit.

The present embodiments may provide a multiple phase, interleaved power converter
based on enhancement-mode only devices. Implementations may be employed in any electric
storage system where high efficiency and miniature size are required and embodiments may
achieve efficiencies of 90% at frequencies of 100MHz and may be built into individual integrated
circuits. The converter circuit consists of a ring oscillator having at least 2 stages with an ideal
phase shift of 360%N that may trigger the signal timing, and the converter circuit may be connected

to the power output terminals. The converter circuit is related to the Ring Oscillator test circuit
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described in US Patent Application Pub. No US 2018 / 0246161 Al, the contents of which are

hereby incorporated by reference herein in their entirety.

Ring oscillators are self-oscillating circuits whereby when sufficient voltage is applied to a
chain of inverters, they are inherently unstable and immediately begin oscillations with applied
voltage. This phenomenon is generally used in CMOS circuits to determine the characteristic
properties of the transistors in use. The present embodiments address the problem of control by
operating the devices at the natural ring frequency of 2 or 3 stage enhancement-mode only
transistors, thus allowing a power converter to be built on the basis of ring oscillators. Feedback
from the output voltage allows the boost converter to control either voltage or current at the output
up to a maximum current or voltage that the transistors will allow.

The present embodiments may use a wide bandgap transistor, such as a high electron
mobility transistor (HEMT) and an exemplary candidate is an enhancement mode, normally off
Gallium Nitride (GaN) device, which may operate at very high natural frequencies and very low
switching losses. An HEMT, also known as a heterostructure FET (HFET) or modulation-doped
FET (MODEFET), is a field-effect transistor which incorporates a heterojunction as the channel.
The heterojunction replaces the doped region that is used in a MOSFET. Indeed, in recent
years, gallium nitride HEMTSs have attracted attention due to their high-power performance.

While there are self-oscillating converters, these are limited to one or two transistors as
mentioned, and certainly none of them use multiple stages or a ring-oscillator configuration. A
configuration of three equally phased ring oscillator stages may give a smooth power output at a
maximum frequency determined by the speed of the switches, which for GaN-based transistors
may be relatively high.

The current embodiments aim to provide an exemplary three or five phase power converter
based on GaN devices. SiC devices may alternatively be considered. The converter may be
employed in any electric storage system, with high efficiency and small size compared to the
existing systems. The converter circuit may consist of multiple stages based on a ring oscillator,
for example three stages. The three stage embodiment may have an ideal phase shift of 120° that
may trigger signal timing which may be connected to the power output terminals.

In the case of a class-D amplifier, an odd-phase switching (Class-D) power amplifier based
on GaN devices may be provided. The amplifier may be efficient to very high frequencies, even
RF, with high efficiency and small size compared to the existing systems. The amplifier circuit
may consists of a ring oscillator having say three or more stages, with an ideal phase shift of 360%N
that will trigger signal timing which may be connected to the power output terminals. The amplifier

input may be the gate voltage of a common node connected to the load transistors of each phase
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7
(stage) so the input power will be very low compared to the power delivered at the output. The

construction according to the present embodiments may guarantee high gain and high efficiency
even at frequencies approaching, and even exceeding, GHz.

For purposes of better understanding some embodiments of the present invention, reference
is first made to the construction and operation of a standard boost converter as illustrated in
Figure 1.

Figure 1 shows simplified representations of a switching mode power converter 10 in boost
configuration. High electron mobility transistor HEMT 12 is driven by driver 14 to operate load
16 from power supply 18 across inductor 20. The HEMT 12 is connected to load 16 across
capacitor 24, and diode 26 prevents reverse voltages. Graph 28 is a simplified graphical
representation of off and on states for the different operating regimes of the transistor in a boost
converter.

In principle, in the boost converter of Fig. 1, each phase may have its own converter and
high electron mobility transistor HEMT 12 may be provided as two GaN transistor devices in
series, an upper device and a lower device. In such a case, the lower device would act as a control
transistor and its voltage never goes above the gate voltage as guaranteed by the voltage of the
upper transistor.

Before explaining at least one embodiment of the invention in detail, it is to be understood
that the invention is not necessarily limited in its application to the details of construction and the
arrangement of the components and/or methods set forth in the following description and/or
illustrated in the drawings and/or the Examples. The invention is capable of other embodiments or
of being practiced or carried out in various ways.

Reference is now made to Fig. 2, which is a simplified block diagram showing a circuit
according to the present embodiments. An input 30 applies a signal via a sequence of ring
oscillators 32.1...32.n to a power output 32 to provide an amplified version of the input. The ring
oscillator stages are thus connected between the input and the power output, and as will be
explained in greater detail below, each of the ring oscillator stages comprises at least one
enhancement mode transistor.

Reference is now made to Fig. 3, which is an exemplary circuit diagram 40 corresponding
to the block diagram of Fig. 2. In Fig. 3, a signal input V1 42 feeds three ring oscillators 44, 46
and 48. Each ring oscillator has an upper enhancement mode 52 transistor and a lower
enhancement mode transistor 54. Power input 50 drives the gates of the upper enhancement mode

transistors 52, and the outputs of the ring oscillators — in between the upper and lower enhancement
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mode transistors, drive the gates of the lower enhancement mode transistors 56 of the following

stages.

The enhancement mode transistor may for example be a SiC transistor or a Gallium Nitride
transistor, or more generally a wide bandgap transistor.

As shown in Fig. 3, a drive connection of any given stage is connected via an impedance
58, 60, to a gate of the following stage.

The ring oscillator stages may include a pull-up transistor and a pull-down transistor
respectively, and the drive connection that is connected to the gate is between the pull-up transistor
and the pull-down transistor. The impedance 58, 60, may be one or more inductors.

As shown in Fig. 3, the drive connection 64 of a final oscillator stage 48 is connected via
an impedance 66 to the gate of transistor 54 of the first ring oscillator stage 44.

Each ring oscillator stage 44, 46, 48 is connected via an input impedance 68, 70, 72, to the
input 42. The input impedances may be inductances as illustrated.

As shown in Fig. 3, a cascade of three of the ring oscillator stages may be used. In other
embodiments, there may be five or seven such stages.

Thus, as shown in Figs. 1 and 3, a power converter may be constructed from an input, a
power output and ring oscillator stages connecting the input to the output. A drive connection of a
first stage is connected via an impedance to a following stage, as discussed.

Likewise, as well as a power supply circuit, an amplifier may be constructed in the same
way, to comprise an input, a power output and a plurality of ring oscillator stages connected
between the input and the power output. As before, the ring oscillator stages each include one
enhancement mode transistor and may include two such transistors in a pull-up, pull-down pair.

The embodiments may further comprise a switching circuit having a main switch circuit
having a gate as a control input. A ring oscillator is connected as a driver circuit to the gate to drive
the main switch via the gate.

In more detail, Figure 3 illustrates a power converter according to the present
embodiments, which is based on a ring oscillator circuit using GaN HEMT devices in a cascade
configuration as linear drivers forming a 3-stage ring oscillator. The current in each leg flows only
when both upper (load) and lower (drive) transistors are high. The upper transistors are all
connected to the same voltage as the upper limit for the gate-to-source voltages for both upper and
lower transistors. The voltage on the upper transistors is limited by the applied voltage plus the
maximum drop across the top (load) inductors.

'The principle of the circuit of Fig. 3 is that there is no control and all three phases are

guaranteed to be 1207 out of phase. The current in each phase is controlled by the voltage supply,
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V1 - 42. The resulting average voltage across the upper drain device is V1, while the current

charges the inductors. The output current is taken from the secondary leads of each of the inductors
indicated. A sample output showing the gate voltages of the lower transistor along with the drain
voltage of the upper transistor is shown in Figure 4.

More particularly, Fig. 4 shows a SPICE simulation of one phase showing lower gate
voltage 200 and upper Drain voltage 210. The Ring Oscillator (RO) platform of power converter
delivers continuous power without any need for external frequency modulation or circuits. The
result is an efficient boost converter operating at high enough frequency (16MHz or greater) to
minimize the needed inductors. A variation of the design of the present embodiments is shown in
figure 5 in which a DC-DC converter 70 sends output from the drain to an output capacitor C2 72.
Again three ring oscillators are shown 74, 76, and 78, although other numbers of oscillators may
be used, in particular but not exclusively odd numbers such as 5 and 7. The ring oscillators are
connected together as before, so that the oscillator drives the gate of the lower transistor of the
following oscillator and the final oscillator is connected back to the first. An inductance of 10nH
is easily achieved by inserting a 1 cm trace in the circuit board. Such a self-oscillating device is
based on a RO circuit using all GaN devices, having extremely low on-state resistance and very
low gate capacitance, allowing for much higher frequency conversion in a self-regulating RO
circuit.

The resulting voltage and current waveforms have been simulated and are seen in Fig. 6
which shows that the voltage increases with each oscillation until the output power is met by the
limitations of the boost trausistors.

Reference is now made to Fig. 7, which is a simplified diagram showing a four transistor
embodiment. It is known in the field that a rectifier can be replaced with a transistor to provide a
Synchronous Rectifier. Simply, the synchronous rectifier is another power switch that can be
controlled with isolated complimentary inputs. Since GaN devices are limited to operating as
enhancement-mode only devices with limited allowed gate voltages, a specialized converter can
be made with a basic ring oscillator acting as a rectifying switch connected to ground and the upper
transistor of the ring oscillator can be connected to the high voltage. In circuit 80, a driver 82 is
fully isolated by four transistors 92, 94, 96 and 98. The four transistors are of different sizes and
hence of different capacitances, and numbered in order from largest to smallest the transistors viz:
92, 94, 96 and 98. The four transistors are connected in series to make oscillator converter. The
circuit may be stacked in place of a rectifying switch since it is isolated.

Any number of tiles of the illustrated circuit maybe connected in series to get the

appropriate power, although odd numbers such as 3, 5, 7 etc. are preferred.
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An advantage of the circuit is that the only current drawn is to charge the main switch.

Thus the power dissipated = Qgs x Vg x F and is thus proportional to frequency, giving for example
at 50MHz, 20nC*3V*50MHz ~ 3 Watts per Stage.

The energy may be recovered, thus the loss in the switch is due to charging of the main
switch. The loss may be recovered by discharging into the next gate. Hence, the use of inductances
as pull up and pull down drivers and to provide feedback to the next stage.

Just recently (2018), a high switching frequency GaN-based bidirectional DC-DC
converter was mentioned in the professional literature. It has shown that the conduction loss
increases accordingly when the dead time is longer due to a larger forward voltage drop of GaN
devices, thus setting up ideal switching conditions for GaN devices are more severe than their Si
counterparts. The present embodiment may solve this problem in that three phase RO converters
may inherently provide a more effective three phase conversion due to ideal precise timing within
the ring oscillator stages.

Reference is now made to Fig. 8, which is a simplified diagram showing a buck converter
140 made with ring oscillators 142, 144 and 146 according to embodiments of the present
invention. It is well known in the field that the rectifier can be replaced with a transistor as a
Synchronous Rectifier. Simply, the buck converter is another power switch that can be controlled
with isolated complimentary inputs.

Since GaN devices are limited to operating as enhancement-mode only devices with
limited allowed gate voltages, a specialized converter can be made with the basic ring oscillator
having upper and lower transistors, the lower device acting as the rectifying switch connected to
ground and the upper device can be connected to the high voltage, as shown in Figure 8.

Reference is now made to Fig. 9, which is a simplified circuit diagram of a Boost converter
made using ring oscillators according to an embodiment of the present invention. It is generally
known in the field that a Boost converter, as mentioned, one that converts a lower voltage to a
higher voltage, may be configured by reversing the coil and diode from a buck converter. The
principle of operation involves having a switch short a supply voltage to ground through the
inductor until the current increases to a maximum value before the switch is turned off. The voltage
then commutates to the output diode (or synchronous switch). Such a converter can also be
connected through a ring oscillator as shown in Figure 9, where the gate of a main switch 100 is
driven via a sequence of three ring oscillators 102, 104 and 106.

In Fig. 9, the main Switch 100 is connected to the output of the third RO circuit 106 at the
gate. The gate is connected to the common node connection from stage 106, which RO stage is in

turn connected to the common node connection of the preceding stage 104, and that to the common
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node connection of the first RO stage 102. Connected to the main switch 100 is main inductor

108. The main inductor 108 is the circuit element that transfers current from the supply voltage
110 to the output capacitor 112 and the output network 114. The output can be any electrical means
of withdrawing the electrical energy from the output capacitor 112. In this example, the load is a
current source 116. Frequency is determined by the gate resistors 120, 122, 124, which are
combined with the input capacitance of the RO transistors (the gate capacitance). Two or more
options can lead to control of the output voltage. The fixed gate voltage (Vg) selects the maximum
gate-to-source voltage on all the transistors, which is a feature required by today’s GaN power
devices. The resulting output of the RO circuit drives the operation of the converter by modulating
the oscillator voltage (Vosc). The voltage is chosen with respect to the threshold voltage of the
main switch relative to the output of the common node from the RO circuit. Each circuit element
is repeated N times based on the number of stages of the RO circuit. A prototype according to Fig.
8 was able to work at a frequency of 50 MHz.

The output voltage from the RO cascade in Fig. 9 is shown in Figure 10. Reference numeral
130 indicates the voltage seen at the gate-input to the main switch. In this example, Vosc = 1V
and Vg =7V. The result is a triangle wave, typical of a Pulse-Width Modulation (PWM) input of
a standard buck, boost or buck-boost converter. In today’s technology, there is a very strict
requirement that the gate to source voltage never exceed 6 volts. The upper, load transistor
guarantees this by maintaining a maximum voltage Vg, above which the common node may not
exceed. Where there is an offset voltage applied at Vosc, the maximum voltage would be 6+Vosc,
so 7V is the applied voltage at the gate node. Fig. 10 illustrates a voltage waveform 130 typical of
the RO circuit measured at the common node and 132 the gate-to-source voltage for the load
transistor of the RO circuit.

Reference is now made to Fig. 11 which is a circuit diagram of a D-type amplifier using
ring oscillators according to embodiments of the present invention.

The D-type amplifier 130 sends output from the drain to an output 132. Again three ring
oscillators are shown 134, 1366, and 138, although other numbers of oscillators may be used, in
particular but not exclusively odd numbers such as 5 and 7. The ring oscillators are connected
together as before, so that the oscillator drives the gate of the lower transistor of the following
oscillator and the final oscillator is connected back to the first.

The resulting DC to DC converter puts out a voltage signal that is directly proportional to
the control voltage at the gate (V2) in the illustrated circuit. Hence, if the input signal is slow
compared to the oscillation frequency, then the filtered output voltage will be a direct amplified

image of the input voltage. In an example, the input voltage of 2.5V gives an output of over 12V,



10

15

20

25

30

WO 2021/019542 PCT/IL2020/050844

12
but that is driving a load of 1000 Ohms. Considering the input is only the gate voltage of the Load

transistors (as shown) then the input power may be as low as 1W with an output power as high as
100W, giving very high power transfer gain.

The amplifier makes use of the ring oscillator circuit of the present embodiments and may
include GaN HEMT devices in a cascade configuration as linear drivers forming a 3-stage ring
oscillator. The current in each leg flows only when both upper (load) and lower (drive) transistors
are in a "high" state. The upper transistors are all connected to the same voltage as the upper limit
for the gate-to-source voltages for both upper and lower transistors. The voltage across the upper
transistors is limited by the applied voltage plus the maximum drop across the top (load) inductors,
indicated in the SPICE model.

The principle of this circuit is that there is no need for a precise pulse control and all the
three phases are guaranteed to be 120° out of phase. The current in each phase is controlled by the
main voltage supply, V1. The resulting average voltage across the upper drain device is V1, while
the current charges the inductors. The output current is taken from the secondary leads of each of
the inductors. The circuit may operate at over 100MHz and prototypes have demonstrated GaN
RO circuits up to 650 MHz. The output control occurs via simply providing feedback to the gate
voltage (V2) so that the output is at the desired level. This has been implemented both in buck and
boost versions. Buck-Boost and other applications are in the plans with the ability to make the
converters as efficient as possible while maintaining very high frequency oscillation.

A working prototype of the device used small coils and inductances can be implemented
as wire traces on the circuit board. The output voltage is across a 200 Ohm load showing about
2.5 to 1 conversion from the input voltage of 3.6 Volts. The prototype had an output voltage across
a 200 Ohm load, for a main input voltage of 3.6 V and a control gate voltage of 2.3 V.

The oscillation waveform is seen in Figure 12, showing all 3 phases of the gate voltage,
that is the gate voltage for each of the three oscillators. We see that the peak-to-peak voltage is
2.44 Volts, demonstrating excellent control on the lower voltage device. This teaches that the
lower devices can be much lower capacity with high current while the upper devices can be very
high voltage GaN devices. The circuit is operating at about 7.8 MHz allowing implementation
with very small components.

Reference is now made to Figs. 13A and 13B, which are simplified diagrams illustrating
how a circuit according to the present embodiments may be implemented on a single integrated
circuit. Fig. 13A shows the underside of an integrated circuit 150 with pins 152 for electrical

connections, not all of the pins being used in all cases. In order to construct a gate driver circuit
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154 according to the present embodiments, a single additional pin 156 is needed to connect the

common node to the next phase, account being taken of the need to reduce total gate resistance.

A prototype was made using the EPC2031 GaN enhancement mode power transistor.
The following features were noted:

* C(input) 1640pF 2000pF max

* (Rgate + Rdriver (pull-down)) <250 mW

* Achieved using Rgate = 200mW.

* Rdriver kept to less than 50mW (EPC2040 as the driver).

*  Pull-Down time ~ Ins.

*  Pull-Up time is made longer to allow control of Duty Cycle.

*  With EPC2037 (0.5W Rds,ON) Pull-Up time ~ 3ns.

* Saturation time is ~1ns *2 (high and low)

* With 3 phases per ring chain, Fmax = 1GHz/[3*(4ns+2ns)] = S5MHz.

Reference is now made to Fig. 14, which is a simplified circuit diagram of a switching
circuit 160, again having three ring oscillators 162, 164 and 166. Two GaN transistors in each ring
oscillator 168, 170, act as a pull up network and operate as a single PMOS. The corresponding
pull-down network includes a single GaN transistor 172 that acts as a single NMOS. A
connecting inductance between each ring oscillator, 174, acts as a filter and allows the drivers to
be separated on different chips and connected together at package level.

Reference is now made to Fig. 15, which is a simplified diagram of a five stage switching
circuit. In this circuit, working at 120 Watts per phase, pull down time is short compared to pull
up time. More particularly the on time is three times as long as the off time, giving a 3 : 1 duty
cycle. The duty cycle can be controlled by increasing the pull-up resistance. However if heading
above 3:1, the efficiency goes down, as energy gets lost in the capacitors and the physical limits of
the device are reached.

Fig. 16 is a similar five stage circuit and may be built as a single integrated circuit. Again
the circuit has five ring oscillator stages, and a driver and pulse width modulation PWM together
on the chip. Compared to the circuit of Fig. 15, this circuit has the same voltage but higher current
and thus a greater energy density. As a result, it requires a slightly bigger inductor.

It is expected that during the life of a patent maturing from this application many relevant
enhancement mode transistors, GaN transistors, ring oscillators, wide bandgap transistors etc. will
be developed and the scopes of the corresponding terms are intended to include all such new

technologies a priori.
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The terms "comprises”, "comprising”, "includes”, "including", “having” and their

conjugates mean "including but not limited to".

The term “consisting of” means “including and limited to”.

As used herein, the singular form "a", "an" and "the" include plural references unless the
context clearly dictates otherwise.

It is appreciated that certain features of the invention, which are, for clarity, described in
the context of separate embodiments, may also be provided in combination in a single
embodiment, and the text is to be construed as if such a single embodiment is explicitly written
out in detail. Conversely, various features of the invention, which are, for brevity, described in the
context of a single embodiment, may also be provided separately or in any suitable subcombination
or as suitable in any other described embodiment of the invention, and the text is to be construed
as if such separate embodiments or subcombinations are explicitly set forth herein in detail.

Certain features described in the context of various embodiments are not to be considered
essential features of those embodiments, unless the embodiment is inoperative without those
elements.

Although the invention has been described in conjunction with specific embodiments
thereof, it is evident that many alternatives, modifications and variations will be apparent to those
skilled in the art. Accordingly, it is intended to embrace all such alternatives, modifications and
variations that fall within the spirit and broad scope of the appended claims.

All publications, patents and patent applications mentioned in this specification are herein
incorporated in their entirety by reference into the specification, to the same extent as if each
individual publication, patent or patent application was specifically and individually indicated to
be incorporated herein by reference. In addition, citation or identification of any reference in this
application shall not be construed as an admission that such reference is available as prior art to the
present invention. To the extent that section headings are used, they should not be construed as
necessarily limiting. In addition, any priority document(s) of this application is/are hereby

incorporated herein by reference in its/their entirety.
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WHAT IS CLAIMED IS:

1. A power converter comprising an input, a power output and a plurality of ring
oscillator stages connected between said input and said power output, the ring oscillator stages each

comprising at least one enhancement mode transistor.

2. The power converter of claim 1, wherein said ring oscillator stages respectively

comprise a second enhancement mode transistor.

3. The power converter of claim 1 or claim 2, wherein the at least one enhancement
mode transistor is at least one member of the group consisting of a SiC transistor and a Gallium

Nitride transistor.

4. The power converter of any one of claims 1 to 3, wherein the enhancement mode

transistor is a wide bandgap transistor.

5. The power converter of any one of the preceding claims, wherein a drive connection

of a first stage is connected via an impedance to a following stage.

6. The power converter of claim 5, wherein at least one of said ring oscillator stages

comprises a pull-up transistor and a pull-down transistor.

7. The power converter of claim 6, wherein said drive connection is between said pull-

up transistor and said pull-down transistor.

8. The power converter of any one of claims 5 to 7, wherein said impedance comprises
an inductor.
9. The power converter of any one of claims 5 to 8, wherein a drive connection of a

final oscillator stage is connected via an impedance to a first ring oscillator stage.

10. The power converter of any one of the preceding claims, wherein each ring

oscillator stage is connected via an input impedance to said input.
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11. The power converter of claim 10, wherein said input impedance comprises an
inductance.
12. The power converter according to any one of the preceding claims, comprising a

cascade of at least three of said ring oscillator stages.

13. A power converter comprising an input, a power output and a plurality of ring
oscillator stages connecting said input to said output, wherein a drive connection of a first stage is

connected via an impedance to a following stage.

14. The power converter of claim 13, wherein the impedance comprises at least an
inductor.
15. The power converter of claim 13 or claim 14, wherein said ring oscillators

respectively comprise at least two enhancement mode transistors.

16. The power converter of claim 15, wherein a drive connection of a final oscillator

stage is connected via an impedance to a first ring oscillator stage.

17. The power converter of any one of the preceding claims, comprising three of said
ring oscillators, each of said three ring oscillators driving a switch for a different phase of a three

phase system.
18. An amplifier comprising an input, a power output and a plurality of ring oscillator
stages connected between said input and said power output, the ring oscillator stages each

comprising at least one enhancement mode transistor.

19. The amplifier of claim 18, wherein a drive connection of a first ring oscillator stage

is connected via an impedance to a following ring oscillator stage.

20. The amplifier of claim 19, wherein a drive connection of a final oscillator stage is

connected via an impedance to a first ring oscillator stage.

21. The amplifier of any one of claims 18 to 20 being a D-type switching amplifier.
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22. A switching circuit comprising:

A main switch circuit having a gate as a control input; and

A ring oscillator connected as a driver circuit to said gate to drive said main switch via said gate.
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