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INTEGRATED SWITCHED-MODE POWER AMPLIFIERS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to and the benefit of, U.S. Provisional Patent
Application Nos. 62/477,009 and 62/477,014, both filed on March 27, 2017.

FIELD OF THE INVENTION

[0002] The field of the invention relates, generally, to nuclear magnetic resonance (NMR)
equipment, and in particular to managing output impedance and/or power levels in such

equipment.

BACKGROUND

[0003] Nuclear magnetic resonance (NMR) is a well-known analytic technique that has
been used in a number of fields, such as spectroscopy, bio-sensing and medical imaging. In
general, an NMR device includes transceiver circuits to transmit signals to a test sample and
receive echo signals therefrom. For example, with reference to FIG. 1, the basic components
a conventional NMR system 100 include an NMR coil 102 surrounding a sample 104 being
analyzed, a magnet 106 for generating a static magnetic field Bo across the sample 104 and
the coil 102, a duplexer 108 coupled to the NMR coil 102, and a controller 110 for
controlling operation of the various components. Typically, the duplexer 108 includes a
transmitter (Tx) portion for delivering RF signals to the NMR coil 102 and a receiver (Rx)
portion for receiving echo signals from the sample 104 vis the NMR coil 102.

[0004] NMR coil 102 and transceiver 108 are commonly known as an “NMR probe,” which
operates with large electromagnets or superconducting permanent magnets in conventional
NMR systems. The NMR probe is typically included in an environment having a 50 Q
impedance because of a long interconnection required between the probe and NMR
instrument.

[0005] The RF signals delivered by the duplexer 108 originate with an RF frequency source

115 and a pulse sequence generator 117. A modulator circuit 120 modulates the RF signal
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from the RF frequency source 115 in accordance with the pulse sequence supplied by the
pulse sequence generator 117. The modulated RF signal is amplified by a power amplifier
122.

[0006] During NMR measurements, the modulated RF signal having a Larmor frequency
oo 1s delivered to the coil 102 via the duplexer 108; the coil 102 generates an RF magnetic
field B:1 (which is typically orthogonal to the static magnetic field Bo) that resonantly excites
nuclei spins within the sample 104. After a time duration, At, the RF excitation signal is
stopped and the controller 110 causes the duplexer 108 to receive the echo signals from the
sample 104. Upon stopping the RF excitation, the nuclear spins within the sample 104
precess around the Bo-axis at the Larmor frequency mo. The nuclear spins slowly lose phase
coherence via spin-spin interactions, which manifest themselves in a macroscopic average as
an exponential relaxation or damping signal in the precession of the net magnetic moment.
This NMR signal relaxation can be detected by the coil 102. Because the spin-spin
interactions are peculiar to the material of the sample 104 being tested, the characteristic
time, commonly referred to as T», of the relaxation signal is material specific.

[0007] The duplexer 108 directs the received echo signals, representing the signal output of
the NMR probe, to an amplification block including a pre-amplifier (e.g., a low-noise
amplifier 125) and a programmable gain amplifier 127. The signal is ultimately converted to
digital form by an analog-to-digital converter (ADC) 130 for processing. But the frequency
of the “raw” NMR signal received by the pre-amplifier 125 is too high for the ADC 130, and
is therefore “down-converted” through comparison with the signal supplied by the RF
frequency source 115. A mixer 135 combines the amplified NMR signal, which oscillates at
the Larmor frequency, with the reference signal from the RF frequency source to generate a
new signal that oscillates at a lower “relative Larmor frequency.” Following filtering by a
low-pass filter 137, the signal varies slowly enough to be handled by the ADC 130 but
nonetheless retains the essential frequency characteristics of the received echo signals.
[0008] Thus, by measuring the Larmor frequency wo described above (e.g., for
spectroscopy) and characteristic time T» (e.g., for relaxometry), NMR techniques can be used
as an analytic tool in a number of fields, including but not limited to chemical composition
analysis, medical imaging, and bio-sensing.

[0009] Significant efforts have been devoted to miniaturizing traditional NMR systems.
For example, the entire NMR electronics, including the power amplifier (PA) 122, may be
integrated on a single semiconductor device. The numerous advantages of miniaturization

include low cost, portability, and the fact that a micro-coil tightly surrounding a small sample
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increases the signal quality. In addition, reducing the size of the magnet 106 allows use of a
much smaller power to excite (or polarize) the sample 104 than in a conventional system.
[0010] FIG. 2A depicts a traditional class-D PA 200 implemented in a miniaturized NMR
system; the input signal Vs to the PA 200 is typically a square-wave signal having low and
high amplitudes between the ground (Vsspa) and the PA source voltage (Vpppa). The input
signal is used to close and open switches 202, 204 in an alternating fashion for connecting an
output load 206 to either Vpppa or Vsspa. The power transferred to the load 206 depends on
the output impedance of the amplifier 200, the input signal amplitude Vs, and the load
impedance Rr. In a single-ended PA as depicted in FIG. 2, the delivered power can be

represented as:

|VS|2RL

1
P=—r——
L7 2(Roue + R)?

Eq. (1).

When the duty cycle of the input switching bipolar square-wave signal is not 50%, the total

average power at the fundamental frequency supplied by the PA can be computed as:

2
(% X Vpppa X sin(r X DUTYCYCLE) )

2 X (2Royr + Ry)

Py, = Eq.(2).

where DUTYCYCLE is the positive duty cycle of the waveform expressed as a decimal
fraction in the range from 0 to 0.5. Thus, the total average power is a direct function of the
supply voltage Vppra, the duty cycle of the input square-wave signals, the output impedance
of the PA, and the impedance of the load Ry.

[0011] The traditional class-D PA typically delivers a power ranging from watts to
kilowatts. The power may be adjusted by changing the supply voltage Vpppa while
maintaining the duty cycle of the switching waveform at 50% (DUTYCYCLE = 0.5)
corresponding to the maximum total average power of the fundamental. In addition, the
output impedance Rout and load impedance Ry are generally kept constant so as to ensure
impedance matching between the PA and the load resistor 206.

[0012] Recent developments in class-D amplifier technology have been exploited to
integrate the PA on a semiconductor device and generate excitation signals suitable for NMR
measurements, particularly in low-field time-domain NMR relaxometry. Controlling the

available power of the integrated class-D PA via adjustment of the supply voltage, Vopea,
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however, is not desirable. This is because such adjustment ordinarily requires
implementation of an additional power domain and associated pin(s) dedicated exclusively to
the PA output drivers; this introduces extra system complexity.

[0013] Alternatively, the total available power may be adjusted via changing the duty cycle
of the PA switching waveform as shown in FIG. 2B and Eq. (2). In this case a duty cycle
control block is inserted between RF signal source 115 and modulator 120 in FIG. 1

[0014] Efforts have been made to use analog duty-cycle-control circuits to adjust the duty
cycle of the input signals to an integrated PA. Conventional approaches, however, tend to
suffer from a high degree of variability and poor control of accuracy when environmental
conditions, such as a manufacturing process, supply voltage and operating temperature (PVT)
vary. Accordingly, there is a need for an approach that reliably and accurately controls the
total available power of the PA by adjusting the duty cycle of the switching input signals.
The approach should desirably account for effects resulting from various environmental
conditions (e.g., PVT), thereby ensuring repeatably stable power levels during NMR
measurements.

[0015] In addition, the traditional class-D PA typically has a somewhat limited bandwidth
(usually much less than 1 MHz). To make NMR measurements, the PA, however, requires a
wide bandwidth (e.g., between 10 MHz and 60 MHz). Further, because the output
impedance of the traditional class-D amplifier is fixed, the available power setting is also
fixed for the fixed power-supply voltage Vppra. In other words, the power and output
impedance of the amplifier are not separable. Because of this constraint, it is difficult to
adjust the power available from the amplifier in order to optimize the excitation parameters
(such as magnetization flipping angles and NMR excitation pulse spacing) of an NMR
measurement. Another challenge of implementing the traditional class-D amplifer in NMR
applications is that it is hard to achieve impedance matching (compared to classic audio or
power applications) for optimizing the power delivery (as shown by Eq. (1) above) and
maintain PA power levels with accuracy and consistency for repeatable NMR measurements.
[0016] Various strategies to address these difficulties have been proposed, generally
involving the use of discrete components for the PA and assuming the ON resistance of the
switches 202, 204 to be negligible. This allows the output impedance of the PA to be set by
an external precision resistor. When integrating the PA and other NMR electronics on a
single semiconductor device — resulting in an integrated “switch-mode” power amplifier —

the switch devices 202, 204 are typically implemented using MOSFETs whose gates are
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controlled by an input RF signal having a square wave form with an amplitude of Vpppa —
Vsspa.

[0017] In atypical NMR application, the PA drives a 50 Q load impedance. This means
that for the case of a differential class-D PA, each PA driver has an output impedance of 25 Q
for an optimal, reflection-free power delivery to the load. The ON resistance of the MOS
device, however, varies with manufacturing processes, supply voltage and temperature. In
addition, the highly nonlinear behavior for large voltages across the device makes it
extremely challenging to implement a basic MOSFET switch having a constant ON
resistance of 25 Q.

[0018] Accordingly, there is a need for an approach that reduces the variability of the
output impedance of an integrated switch-mode power amplifier in order to maintain

consistent power levels repeatably during NMR measurements.

SUMMARY

[0019] Embodiments of the present invention provide an approach for reducing variability
in the output impedance of an integrated switch-mode power amplifier by splitting the output
impedance between passive resistor, which may be on-chip, and a MOSFET switch of the
amplifier. The PA may have a single-ended configuration or a differential configuration
having two single-ended structures operating with opposite phases. In one implementation,
the size of the MOSFET switch is larger than that of the MOSFET switch implemented in a
conventional PA, but the size is still acceptable to operate the PA at a desired frequency. In
addition, a calibration approach may be utilized to ensure that the MOSFET switch has a
controlled and calibrated ON resistance, thereby providing stable output power levels of the
PA and ensuring consistency and repeatability in NMR measurements.

[0020] In various embodiments, a replica circuit of a class-D PA-driver sensor is utilized to
monitor the output impedance of the matched replica switch devices; a software (and/or
hardware) implemented state-machine algorithm may then be utilized to automatically adjust
the output impedance of the PA to achieve a target value set by a pair of externally matched
precision resistors. Implementation of the resistor on-chip may advantageously eliminate the
need for an external resistor component and, at the same time, reduce voltage swings across

the MOSFET switch device, thereby increasing the linearity thereof.
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[0021] Another embodiment of the present invention provides an approach for accurately
setting a duty cycle of PA switching waveforms using an all-digital PVT sensor circuit. In
various embodiments, the all-digital PVT sensor circuit measures a pulse width of a periodic
reference signal using digital delay line, and subsequently, implements an oft-chip digital
calculation to program the digital delay line to delay this periodic reference signal so that,
when the delayed periodic reference signal is combined with the original (undelayed)
reference via a logical AND operation, the resulting signal conforms to a desired duty cycle.
In one implementation, the PA is a class-D PA, which may have a single-ended configuration
or a differential configuration having two single-ended structures operating in opposite
phases.

[0022] Accordingly, in a first aspect, the invention relates to circuitry for reducing
variability of an output impedance of an integrated switch-mode PA. In various
embodiments, the circuitry comprises a PA driver; a pre-driver for facilitating activation and
deactivation of the PA driver; and a passive resistor coupled to the PA driver so as to split the
output impedance between the PA driver and the passive resistor. The PA driver may
comprise or consist of a PMOS device and an NMOS device. Typically, the on-chip passive
resistor has an impedance that substantially does not depend on temperature or voltage.
[0023] In various embodiments, the circuitry further comprises a calibration circuit for
calibrating an ON resistance of the PA driver so as to provide stable output power levels.
The calibration circuit may comprise a replica circuit of the PA driver and a load resistor, and
may further comprise an on-chip voltage divider for generating a reference voltage. In some
embodiments, the calibration circuit further comprises a comparator for comparing the
reference voltage with an output voltage of the replica circuit and the load resistor. The
passive resistor may be on-chip or oft-chip.

[0024] In another aspect, the invention pertains to an NMR apparatus comprising an NMR
coil configured to enclose a sample, an integrated switch-mode PA coupled to the NMR coil,
and circuitry for reducing variability of an output impedance of the PA. In various
embodiments, the circuitry includes (1) a PA driver, (i1) a pre-driver for facilitating activation
and deactivation of the PA driver; and (iii) an on-chip passive resistor coupled to the PA
driver for splitting the output impedance between the PA driver and the passive resistor. The
circuitry may include one or more of the features described above.

[0025] Another aspect of the invention relates to a method of reducing variability of an
output impedance of an integrated switch-mode PA. In various embodiments, the method

comprises providing a PA driver having at least one MOS device; providing a pre-driver for
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facilitating activation and deactivation of the PA driver; and adjusting the number of stripes
of the MOS device(s) so to provide a desired impedance.

[0026] In yet another aspect, the invention pertains to circuitry for adjusting a duty cycle of
an RF carrier input signal to a PA. In various embodiments, the circuitry comprises a digital
delay line, comprising a plurality of digital delay elements, for receiving the input signal; a
time-to-digital converter for measuring a number of the digital delay elements required for
generating a desired duty cycle; and circuitry for selecting the number of delay elements of
the digital delay line required to generate a desired duty cycle and receiving an output signal
therefrom, the output signal having the adjusted duty cycle. In some embodiments, the
circuit further comprises a processor having a control register for enabling a HIGH-power
mode or a LOW-power mode of the circuitry. For example, the control register may have a
value of 1 for enabling the LOW-power mode and a value of 0 for enabling the HIGH-power
mode. The control register may select the HIGH-power mode when the desired duty cycle
has a value between 25% and 50% and the LOW-power mode when the desired duty cycle
has a value between 5% and 25%.

[0027] In various embodiments, the circuitry further comprises a processor having a register
for bypassing the digital delay line. The digital delay line may comprise a plurality of delay
elements. Each one of the delay elements may comprise one input and three outputs. For
example, a first one of the outputs may be coupled to an input of a successive delay element;
a second one of the outputs to an input of a multiplexer; and a third one of the outputs to an
input of the time-to-digital converter.

[0028] In some embodiments, the circuitry further comprises a processor configured to
determine the number of the delay elements required for generating the desired duty cycle
based on a measurement of the time-to-digital converter. The processor may be implemented
on a chip integrating the digital delay line and time-to-digital converter, or off a chip
integrating the digital delay line and time-to-digital converter; in the latter case, the circuitry
may further comprise a communication module for allowing signal communication between
the processor and the chip.

[0029] Still another aspect of the invention relates to an NMR apparatus comprising an
NMR coil configured to enclose a sample; an integrated switch-mode PA coupled to the
NMR coil; and circuitry for adjusting a duty cycle of an input signal to a power amplifier
(PA). In various embodiments, the circuitry includes (i) a digital delay line having a plurality

of delay elements, and (i1) a time-to-digital converter for measuring a number of the delay
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elements required for generating a desired duty cycle. The circuitry may include one or more
of the features described above.

[0030] In general, as used herein, the term “substantially” means +10%, and in some
embodiments, £5%. In addition, reference throughout this specification to “one example,”

29 CC

“an example,” “one embodiment,” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the example is included in at least
one example of the present technology. Thus, the occurrences of the phrases “in one

2% ¢

example,” “in an example,

29 CC

one embodiment,” or “an embodiment” in various places
throughout this specification are not necessarily all referring to the same example.
Furthermore, the particular features, structures, routines, steps, or characteristics may be
combined in any suitable manner in one or more examples of the technology. The headings
provided herein are for convenience only and are not intended to limit or interpret the scope

or meaning of the claimed technology.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, with an
emphasis instead generally being placed upon illustrating the principles of the invention. In
the following description, various embodiments of the present invention are described with
reference to the following drawings, in which:

[0032] FIG. 1 schematically illustrates a conventional NMR device.

[0033] FIG. 2A schematically illustrates a conventional class-D power amplifier.

[0034] FIG. 2B is a timing diagram illustrating the definition of duty cycle.

[0035] FIG. 3A schematically illustrates a circuit comprising an exemplary class-D PA
interface coupled to an NMR probe in accordance with various embodiments of the present
invention.

[0036] FIG. 3B schematically illustrates an exemplary circuit for adjusting ON resistance.
[0037] FIG. 4 schematically illustrates a calibration circuit in accordance with various
embodiments of the present invention.

[0038] FIG. 5 is a flow chart illustrating a representative approach for calibrating PA output

impedance.
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[0039] FIG. 6A schematically illustrates the relationship between the duty-cycle controller
shown in FIG. 6B and other components of an NMR system.

[0040] FIG. 6B schematically illustrates an exemplary circuit for duty-cycle control.
[0041] FIG. 6C schematically illustrates generation of quadrature phase inputs to the duty-
cycle controller shown in FIG. 6B.

[0042] FIG. 7 schematically illustrates, in greater detail, a time-to-digital converter in
accordance with embodiments of the invention.

[0043] FIG. 8 is a timing diagram.

DETAILED DESCRIPTION

[0044] Refer first to FIG. 3A, which depicts an exemplary differential class-D PA interface
300 coupled to an NMR probe 302 in accordance with various embodiments of the present
invention. The PA is implemented as a part of a CMOS (Complementary Metal Oxide
Semiconductor) application-specific integrated circuit (ASIC) chip. The NMR probe 302
includes a coil 102 and capacitors CM_P, CM_M, CT. Capacitor CT in combination with
inductance of coil 102 creates a parallel resonant circuit 303. Capacitor CM_P and CM_M
provide a matching network that transforms the impedance of parallel resonant circuit 303 to
the passive differential impedance Rt at the excitation frequency at the output of the PA. The
PA 300 is implemented as a discrete chip or a part of a larger application specific integrated
circuit (ASIC) including a pair of pre-drivers 304, 306, each coupled to output driver P-type
and N-type MOSFET devices 308, 310, which are connected in series with an on-chip
resistor 312 having a resistance Rp and function as the PA circuit. The pre-drivers 304, 306
receive, respectively, the pulse sequence, its inverse and the carrier signal, and include logical
NAND and NOR gates. In a typical switched-mode power amplifier, the sizes of the PMOS
device 308 and NMOS device 310 are chosen to produce a desired PA output power for
operation at a target frequency. A fundamental tradeoff exists between the amount of power
provided by such PA and its bandwidth due to the parasitic capacitances of devices 308, 310,
which reduce the PA bandwidth as their sizes are increased to boost output PA power and
vice versa.

[0045] In CMOS manufacturing process, ON resistances (Ron) — i.e., the resistance across
the drain/source path of the MOSFET with the gate terminal configured to operate the

MOSFET in a strong inversion linear regime — is a function of many parameters, such as
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supply voltage, operating temperature, variations in manufacturing parameters including
lithography, chemical etching, and electron mobility (among others). As a result, a
switching-mode power amplifier using MOSFET devices 308, 310 as switches in the in
configuration shown in FIG. 3A will exhibit a large variation of up to 30% in both output
power and bandwidth due to variation in the MOSFET ON resistance from one instance of
circuit 300 to another and over the full range of environmental conditions. To minimize this
variation a calibration approach, as further described below, is utilized to adjust the ON
resistance of the PMOS device 308 and NMOS device 310 and keep it at a constant value
suited to the particular application.

[0046] Because the devices 308, 310 are each connected in series with the resistor 312, the
target ON resistance of devices 308, 310 is Ron Q so as to provide a combined differential
PA output impedance of RT=2 x (Ron+ Rp). In a typical NMR instrument, NMR probe 302
presents a passive 50 Q load to the PA that is expected to have an output impedance of the
same value. This promotes optimal power delivery from the PA to probe 302 and avoids
electrical reflections that can damage the PA. Without loss of generality, other interface
impedance values can be chosen; for example, smaller interface impedance values will result
in larger power delivery by the PA. In this case, the value of resistor 312 is reduced and the
values of matching capacitors CM_P, CM_M are adjusted appropriately to satisfy the power-
matching condition and the lower interface impedance.

[0047] FIG. 3B illustrates a circuit for adjusting the ON resistance by changing the total
width of the output MOSFET devices 308, 310 driving the output of the PA. In one
embodiment, PA output devices are configured as a parallel connection of plurality of
MOSFET devices ("stripes") each having a width equal to the total desired width of the
MOSFET device divided by the chosen number of parallel devices. Without loss of
generality, in the embodiment shown in FIG. 3B, the number of parallel MOSFET devices is
indicated as NSTRIPES. In some embodiments, the number of stripes in PMOSFET devices
can differ from the number of stripes in NMOSFET devices to accommodate different
variabilities of P-type and N-type MOSFETs. Unlike the conventional class-D PA illustrated
in FIG. 3A, the gate terminals of the output MOSFETS shown in FIG. 3B can be individually
controlled using the illustrated stripe-selection logic circuits 320, 322. In particular, the
desired number of stripes is selected by driving HI the appropriate number of bits in the
digital control signals SELECT P _STRIPES and SELECT N _STRIPES, which are digital
signals of width NSTRIPES bits. The value of NSTRIPES is chosen in such that when all

10
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stripes of the output MOSFET device are selected, the ON resistance of the MOSFET device
is less than the target RON value for the worst-case manufacturing variation, resulting in
lowest ON resistance of the typical MOSFET in the chosen manufacturing process, lowest
desired operating temperature and highest operating power supply voltage.

[0048] The resistance Rp of the on-chip resistors 312 typically does not depend significantly
on temperature and voltage, but may vary in a range of +15% as a result of the manufacturing
process variations. Thus, total single-ended output impedance of the PA, Rox + Rp, may
vary in the range of £30%; this necessitates a calibration approach to provide stable PA
output power levels to ensure consistency and repeatability during NMR measurements.
[0049] FIG. 4 illustrates a calibration circuit 400 in accordance with various embodiments
of the present invention. The calibration circuit 400 utilizes sensors integrated on the same
chip as the PA circuit 300 to accurately measure a DC ON resistance of the switch MOSFET
devices of the PA. In various embodiments, the ON resistance is measured using a PA driver
replica circuit 402 having PMOSFET and NMOSFET switches 404, 406 with on-chip
resistors Rp and loaded with external resistors 408, 410, respectively; each of the resistors
408, 410 has an impedance of RcaL precisely. Devices 404, 406 have identical total width
and length and have the same number of stripes (NSTRIPES) as devices 308, 310 shown in
FIG. 3A. In various embodiments, the calibration approach implements an on-chip voltage
reference 412 for generating a reference voltage and a comparator 414 for comparing the
reference voltage with the output voltage of the sense PMOSFET or NMOSFET 404, 406
generated by a resistive divider from Vpppa to Vsspa. The resistive dividers may be formed
by the resistors 408, 410, which have a precise impedance of Rcat, resistors Rp connected in
series with the drain terminal of the PMOSFET and NMOSFET sensors of the calibration
circuit, and the ON resistance of the MOSFET devices 404, 406.

[0050] In various embodiments, a decision value of the comparator 414 is stored in one of a
bank of control registers 416, which are accessible to a digital interface 418. (All of these
components may reside on the ASIC 300 shown in FIG. 3A.) In addition, a finite state
machine may be utilized to adjust the corresponding ON resistance of the replica half driver
402 until the output voltage of the sense PMOSFET or NMOSFET crosses a threshold
voltage corresponding to a target value of the ON resistance. For the PMOSFET sensor
circuit, the comparator threshold voltage is chosen to be (2/3) x Vpppa where Vpppa is the PA
supply voltage. For the NMOSFET sensor circuit, comparator threshold voltage is chosen to

be (1/3) x Voppa. The finite state machine may be implemented on or outside the chip 300
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in hardware and/or software. In some embodiments, the threshold voltages can be generated
internally on the chip using the resistive divider string formed by three identical resistors
connected in series from Vpppa to Vsspa. Given the generated threshold voltages, the
comparator output will change when the following condition is met for either one of the
MOSFET sensors: Roxn + Rp = (Rcar/2).

[0051] In various embodiments, the PA half-replica impedance sensor 402 is controlled by
two control registers (e.g., CENSN and CENSP in a Model WG1000 provided by
WaveGuide Corporation). Writing logic 1 to either one of these registers may enable one or
both sense devices 404, 406. In addition, two registers (e.g., CDSN and CDSP) may be used
to drive the gates of the MOS sensor devices 404, 406 to an appropriate value required for the
calibration approach. In some embodiments, a register (e.g., SELCALREF) is used to select
which one of the sense PMOSFET and NMOSFET devices and which reference voltages are
connected to the inputs of the decision comparator 414. For example, writing logic 0 may
select the output from the sense PMOS 404 and (2/3) x Vpppa reference voltage, whereas
writing logic 1 may select the output from the sense NMOS 406 and (1/3) x Vpppa reference
voltage.

[0052] FIG. S illustrates a representative flow chart 500 illustrating operation of the
calibration circuit 400 for calibrating a PA output impedance. In a preferred embodiment, the
output impedance of the PA is calibrated, before each NMR experiment, during the so called
“recycle delay” or after the chip is powered up. While no specific algorithm update rate is
specified for the steps of the flow chart 500, it is expected that a minimal progression time
interval in the finite state machine is determined based on the settling time constants of
capacitors in a low-pass filter that are used to remove high-frequency noise at the inputs of
the decision comparator 414 arising during switching between different comparison
thresholds.

[0053] With reference to FIGS. 3B, 4 and 5, in a first step 502, the circuit 400 is enabled.
The NMOSFET leg 406 of the circuit 400 is disabled and the comparator reference 412 is set
to (2/3) x Vppea reference voltage (step 504). At this point, no stripes of the PMOSFET
sense circuit 404 are selected (step 506). If the output of the comparator 414 is low,
additional stripe is enabled in the PMOSFET sense circuit 404 (step 508). If the output of the
comparator 414 is high and the procedure 500 has just been entered, an error condition exists
where either target Ron value of the PMOSFET device is too large and cannot be achieved by
selecting even single stripe of the calibration sensor PMOSFET 404 or comparator threshold

value was chosen incorrectly for the target Ron value; otherwise, the current number of
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stripes is written the register bank 416 (step 510). At this point the PMOSFET leg 404 of the
circuit 400 is disabled and the NMOSFET leg 406 is enabled, and the comparator reference
412 is set to (1/3) x Vppra reference voltage (step 512). All 15 stripes of the NMOS sense
circuit are selected (step 514). If the output of the comparator 414 is now low, the number of
stripes selected for the NMOS sense circuit is progressively decremented until the comparator
output is high (step 516). Once again, if the comparator output is high and the procedure 500
has just been entered, an error condition exists where either target Ron value of the
NMOSFET device is too small (i.e., cannot be achieved by selecting all stripes of the
calibration sense NMOSFET 406) or the comparator threshold value was chosen incorrectly
for the target Ron value; otherwise, the current number of stripes is written the register bank
416 (step 518) and the procedure ends. The target value of the ON resistances having thus
been established and set, the NMR circuit is ready for operation.

[0054] The calibration method 500 may be implemented in the controller 110. Controller
110 may be implemented in hardware, software or a combination of the two. For
embodiments in which the functions of the controller are provided as one or more software
programs, the programs may be written in any of a number of high level languages such as
PYTHON, PASCAL, JAVA, C, C++, C#, BASIC, various scripting languages, and/or
HTML. Additionally, the software can be implemented in an assembly language directed to
the microprocessor resident on a target computer; for example, the software may be
implemented in Intel 80x86 assembly language if it is configured to run on an IBM PC or PC
clone. The software may be embodied on an article of manufacture including, but not limited
to, a floppy disk, a jump drive, a hard disk, an optical disk, a magnetic tape, a PROM, an
EPROM, EEPROM, field-programmable gate array, or CD-ROM. Embodiments using
hardware circuitry may be implemented using, for example, one or more FPGA, CPLD or
ASIC processors. Controller 110 may be implemented in hardware, software or a
combination of the two. For embodiments in which the functions are provided as one or
more software programs, the programs may be written in any of a number of high level
languages such as PYTHON, PASCAL, JAVA, C, C++, C#, BASIC, various scripting
languages, and/or HTML. Additionally, the software can be implemented in an assembly
language directed to the microprocessor resident on a target computer; for example, the
software may be implemented in Intel 80x86 assembly language if it is configured to run on
an IBM PC or PC clone. The software may be embodied on an article of manufacture
including, but not limited to, a floppy disk, a jump drive, a hard disk, an optical disk, a
magnetic tape, a PROM, an EPROM, EEPROM, field-programmable gate array, or CD-

13



WO 2018/183189 PCT/US2018/024333

ROM. Embodiments using hardware circuitry may be implemented using, for example, one
or more FPGA, CPLD or ASIC processors.

[0055] Approaches described herein may be particularly suitable for implementation in a
low-field NMR system where multiple transceivers are integrated on the same semiconductor
substrate such that multiple simultaneous NMR measurements can be performed at once. A
single replica half circuit described above may be used to independently calibrate all on-chip
PAs without the need for providing numerous external resistors to match the impedance of
each individual PA.

[0056] In addition, approaches described herein may be suitable for implementation in a
low-field NMR system where an NMR coil is integrated on the same silicon substrate as the
NMR transceiver, or on a separate silicon substrate but is encapsulated in the same package.
In this situation, the calibration techniques described herein may provide precise and robust
power delivery to the NMR coil without directly accessing and configuring the interface
between the PA and NMR coil.

[0057] An additional benefit is that this technique may also allow class-D PAs to be used
with NMR probes having a significantly lower impedance. The ability to precisely control
the output impedance at lower absolute impedance values is important because the same
absolute variations of PA output impedance may result in larger relative variations of the
delivered output power. In micro-NMR, it is desirable to shift from a 50 Q system to a
lower-impedance system so as to increase the total available PA and delivered power for the
same supply voltage Vpppa.

[0058] In various embodiments, with reference to FIGS. 6A and 6B, duty-cycle-control
(DCC) circuitry 600 may be implemented to reliably and accurately set a duty cycle of PA
switching waveforms so as to control the total available power of the PA. The DCC circuitry
600 includes two main components: a time-to-digital converter logic (TDC LOGIC) block
602 and a digital delay line (DDL) 604. Together, block 602 and DDL 604 form a time-to-
digital converter (TDC). DDL 604 includes N digital-delay elements 605 connected in series,
where the output of each delay element is connected to the input of the next delay element
and is also connected to one of the inputs of the TDC LOGIC block 602. The total number of
delay elements N and the delay Td through each individual delay element 605 of the DDL are
chosen to ensure that under all PVT conditions, DDL will provide an accurate measurement
of 1/4 of the TX carrier period (in units of Td) with the resolution required for a desired
accuracy of duty-cycle programming. The TDC is a sensor that measures the number of

delay elements 605 in the DDL 604 required to delay the rising edge of the input TX carrier
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signal TXRF IN with a 50% duty cycle by 1/4 of the period of the TX carrier signal (which
corresponds to the output of the RF frequency source 115 shown in FIG. 1 and labeled
TXRF_IN in FIG. 6A).

[0059] This number of delay elements, designated as DNUMTXCK, represents the
measurement of 1/4 of the TX carrier period in units of Td and is used to compute the
required number of delay-line elements 605 for generating a DCC_OUT (indicated as

TXRF OUT signal in FIG. 6A) signal with a specific duty cycle as a fraction of
DNUMTXCK. This signal is provided to the modulator 120 as the duty-cycle-controlled RF
frequency source. The value of DNUMTXCK is always less than or equal to the total
number of delay elements N.

[0060] With reference to FIGS. 6A-6C and 7, programming the duty cycle of the
DCC_OUT signal involves two sequential operations as shown in FIG. 8. First, the TDC
circuit comprising the DDL 604 and the TDC LOGIC block 602 measures the TX carrier
period, expressed as the closest integer number DNUMTXCK, of the delays Td required to
span exactly 1/4 of the TX carrier clock period. And second, the target duty cycle of

DCC _OUT is programmed by selecting the required number of delays Td —i.e.,
DNUMDCC — in the DDL 604 to represent the desired duty cycle of the signal DCC_OUT
after the delayed signal DELAYED REF is combined with signal UNDELAYED REF via a
logical AND operation as shown in FIG. 6B.

[0061] In various embodiments, in order to reduce the length of the DDL 604 and the TDC
LOGIC block 602 required to measure the period of the TX carrier signal, the DCC circuitry
600 uses an input clock pulse having a duration of exactly 1/4 of the period of TXRF IN.
This clock pulse corresponds to a 25% duty cycle of the TXRF IN signal and can be
generated by performing logic operations on the quadrature phases of the input clock
TXRF_IN. In particular, quadrature components TX CLKO, TX CLK90, TX CLK180 and
TX CLK270 of the clock signal TXRF 1IN are generated by block TX CKGEN (as shown in
FIG. 6C) placed at the output of the RF frequency source 115. The quadrature components
TX CKO, TX CK90, TX CK180 and TX CK270 are then provided to a 25% duty cycle
generator (DCG) 606 that generates 25% duty cycle waveforms of the quadrature phases of
the input signal TXRF IN. Multiplexer 608 is then used to select between the quadrature
phases of TXRF IN that have a 50% and a 25% duty cycle.

[0062] The DCC circuitry 600 may have a HIGH-power mode and a LOW-power mode
corresponding to the 50% and 25% duty cycle of the output signal DCC_OUT. These modes

are accessible via an internal configuration and/or control registers 620. Specifically, when
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an internal register corresponding to the multiplexer 608 select signal SDCC is written HI, a
low-power mode is enabled by selecting one of the quadrature components of the signal
TXRF IN with the 25% duty cycle to propagate through to the input of the modulator 120.
Alternatively, when signal SDCC is driven LOW, one of the 50% duty cycle quadrature
components of signal RF_CLKIN will propagate to the input of the modulator 120.

[0063] A second multiplexer 615 is employed during the first operation of the duty cycle
programming. It is used to select a single 25% duty cycle clock pulse of the RF CLKIN
signal with quadrature phase 90 degrees to perform TDC measurements. The signals and
sequence of logic operations during the first operation (TDC measurement) are shown in FIG.
8. Prior to the TDC measurement signals SEL. DCC_CK, DCC_MEASURE,
DCC_MEASURE _START, DCC_CK_IN, DCC_CAPTURE — also labeled CONTROL
SIGNALS in FIG. 6A — are driven LOW by resetting all associated configuration registers
that are used to control these signals via a digital interface. To initiate TDC measurement,
signal SEL DCC_CK is driven HIGH by writing to the associated control register to select
DCC_CKIN input of the multiplexer 615 to propagate to the DDL 604 and TDC LOGIC 602.
When the signal DCC_MEASURE is asserted HIGH by writing corresponding internal
register, duty cycle control/pulse generation block 610 drives HIGH the signal
DCC_MEASURE START on the second detected rising edge of the signal CK_ PHO DC25.
The rising edge of the signal DCC_MEASURE START then enables propagation of the
signal CK_PHO DC2S5 to the output DCC_CK IN of the block 610 to the DLL 604 and
TDC LOGIC BLOCK 602. Consequently, the DCC_CAPTRUE signal is driven HIGH on
the third detected rising edge of the signal CK_ PHO DC25 to capture TDC measurement
results, TDCOUT, in capture registers 707 (see FIG. 7) as a digital word DELLENGTH of
length M bits, where M is equal or less than the length N of the DDL. At this point, the
signal SEL_ DCC_CK is driven LOW by writing the corresponding control register in block
620. This disables DCC pulse generation block 610 and completes first operation in the DCC
programming sequence. It should be noted that the timing between steps in the sequence of
operations may not be critical and thus may be set based on application requirements.

[0064] The signal DELLENGTH is a temperature-encoded measurement of exactly 1/4 of
the TXRF _IN carrier period with the number of non-zero least-significant bits corresponding
to the number DNUMTXCK. In some embodiments, the DCC circuitry 600 may be
bypassed by writing 1 into a DCC_BPS_SELECT register of block 620 and selecting
bypassing input to the multiplexer 627. The DCC_BPS SELECT register may have a default

state set as O.
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[0065] Block 620 communicates with the interface block 630, which implements an oft-
chip communications protocol and the physical layer. The interface block 630, in turn,
communicates with the processor block 640. The processor block 640 includes a
conventional central processing unit, memory, and control registers, and may be implemented
on a chip integrating various parts of the DCC circuitry 600 or off the chip as an external
device.

[0066] In the second operation of duty cycle programming sequence, the lower M bits of
the TDC 602 output TDCOUT are written into the register block 620 as signal
DELLENGTH, and are forwarded to the processor block 640 via the interface 630. The
processor block 640 is a priori provided with information about the desired duty cycle value
(DCTARGET), which it stores in an internal memory device. Based on that stored value and
the information provided by signal DELLLENGTH, the processor block 640 computes the
required number of delay elements to generate signal DELAYED REF. This signal, in turn,
is used to generate the output signal DCC_OUT with the target duty cycle by performing
logic AND operation on the signals DELAYED REF and UNDELAYED REF. The
required number of delay elements is binary-encoded and written to the register block 620 as
the signal SELDELAY of length S via interface 630. The multiplexer 625 then decodes
binary signal SELDELAY and selects the output of the appropriate delay line element to
generate signal DELAYED REF. The output DCC_OUT of the multiplexer 625 is

TXRF OUT, the carrier signal of the DCC controller 600 with the target duty cycle value.
The DCC controller 600 produces the TXRF OUT carrier signal with duty cycle that is
greater than zero and less than or equal to 50%. For applications where lower jitter and low
phase noise are required, a “clean” 50% or 25% duty cycle waveform is obtained by
bypassing DDL and AND gate 628 by writing 1 in register DCC_BPS SELECT as shown in
FIG. 6B.

[0067] In various embodiments, for a target duty cycle having a value between 0% and
25%, signal SDCC is driven HIGH to select one of the 25% duty cycle quadrature phases to
propagate to the output of the multiplexer 615, DDL 604, multiplexer 625 and AND gate 628.
The number DNUMDCC of required selected delay elements of DDL for the DCTARGET
value is expressed as:

DCTARGET
DNUMDCC = floor (DNUMTXCK- (1 —4- (T))) Eq.(3).
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For a target duty cycle having a value between 25% and 50%, the signal DCC is driven LOW
to select one of the 50% duty cycle quadrature phases to propagate to the output of the
multiplexer 615, DDL 604, multiplexer 625 and AND gate 628. The corresponding
computation for number DNUMDCC is expressed as:

Eq.(4).

100

DCTARGET — 0.25
DNUMDCC = floor | DNUMTXCK - (1 —4- )

[0068] FIG. 7 illustrates the TDC 602 and support circuitry in greater detail. Each delay
element 605 in the DDL 604 may have one input and two outputs; delays from the input to
any of the outputs may be matched. In one embodiment, one of the outputs is connected to
the input of the successive delay element in the DDL chain 604 and to one of the inputs of the
multiplexer 625 that is used to select one of the DLL outputs to generate a TX carrier signal
having a desired duty cycle. The second output is directed to a D input of one of a chain of
TDC flip-flops 703 that collectively provide the lower 24 bits of the output of the TDC 602.
The flip-flops 703 are clocked on the rising edge of the signal CLKREFB that itself is an
inverted copy of the signal UNDELAYED REF. As such, each input of each of the flip-
flops 703 is captured on the falling edge of signal UNDELAYED REF. As the signal
UNDELAYED_ REF propagates through delay elements 605, it reaches the condition where a
setup HIGH time violation will occur at some flip-flop, where all downstream flip-flops
capturing outputs of delay elements 605 will capture logic value LOW and all upstream flip-
flops flop will capture logic value HI. The captured logic values in all flip-flops 703 then
form the digtal signal TDCOUT of length N.

[0069] The minimally supported duty cycle may depend on the period of the TX carrier;
that period, however, is generally limited by the shortest controlled pulse width for any
operating condition. This limit is set by a mismatch in the signal paths of two PA drivers as
well as any variation in propagation delays for the pull-up and pull-down drivers that reduce
the accuracy of the DCC circuitry 600. This limitation thus results in reduced control over
the range of the duty cycle at a lower TX carrier frequency. Accordingly, while the duty
cycle control is optimal for the NMR application (or any suitable application), implementing
this feature may result in either reduced accuracy in determining the desired duty cycle of the
TX carrier at higher frequencies or a reduced control range of the duty cycle at lower
frequencies. This can be mitigated by choosing a smaller unit delay Td and/or a larger

number of DDL delay elements N.
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[0070] In various embodiments, a smaller amount of power may be required for excitation
of a sample at a lower TX carrier frequency. The availability of the low-power mode with a
25% duty cycle and below the control range may address this requirement. At a higher
frequency, more power is required and a TX carrier having a 50% duty cycle is used almost
exclusively.

[0071] In sum, various embodiments of the present invention provide an all-digital, on-chip
duty-cycle control mechanism for accurately setting the duty cycle of PA switching
waveforms; this ensures power control with predictable accuracy.

[0072] The central processing unit of the processor block 640 may be a general-purpose
processor and, in some embodiments, may be implemented in the controller 110.
Alternatively, the central processing unit of the processor block 640 may utilize any of a wide
variety of other technologies including special-purpose hardware, a microcomputer,
minicomputer, mainframe computer, programmed microprocessor, microcontroller,
peripheral integrated circuit element, a CSIC (customer-specific integrated circuit), ASIC
(application-specific integrated circuit), a logic circuit, a digital signal processor, a
programmable logic device such as an FPGA (field-programmable gate array), PLD
(programmable logic device), PLA (programmable logic array), RFID processor, smart chip,
or any other device or arrangement of devices that is capable of implementing the steps of the
processes of the invention.

[0073] The terms and expressions employed herein are used as terms and expressions of
description and not of limitation, and there is no intention, in the use of such terms and
expressions, of excluding any equivalents of the features shown and described or portions
thereof. In addition, having described certain embodiments of the invention, it will be
apparent to those of ordinary skill in the art that other embodiments incorporating the
concepts disclosed herein may be used without departing from the spirit and scope of the
invention. Accordingly, the described embodiments are to be considered in all respects as
only illustrative and not restrictive.

[0074] What is claimed is:
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CLAIMS

1. Circuitry for reducing variability of an output impedance of an integrated switch-
mode power amplifier (PA), the circuitry comprising:

a PA driver;

a pre-driver for facilitating activation and deactivation of the PA driver; and

a passive resistor coupled to the PA driver so as to split the output impedance between

the PA driver and the passive resistor.

2. The circuitry of claim 1, wherein the PA driver comprises a PMOS device and an
NMOS device.
3. The circuitry of claim 1, wherein the on-chip passive resistor has an impedance that

does not depend on temperature or voltage.

4. The circuitry of claim 1, further comprising a calibration circuit for calibrating an ON

resistance of the PA driver so as to provide stable output power levels.

5. The circuitry of claim 4, wherein the calibration circuit comprises a replica circuit of

the PA driver and a load resistor.

6. The circuitry of claim 4, wherein the calibration circuit further comprises an on-chip

voltage divider for generating a reference voltage.

7. The circuitry of claim 6, wherein the calibration circuit further comprises a
comparator for comparing the reference voltage with an output voltage of the replica circuit
and the load resistor.

8. The circuitry of claim 1, wherein the passive resistor is on-chip.

9. The circuitry of claim 1, wherein the passive resistor is off-chip.

10. An NMR apparatus comprising:

an NMR coil configured to enclose a sample;
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an integrated switch-mode PA coupled to the NMR coil; and

circuitry for reducing variability of an output impedance of the PA;

wherein the circuitry comprises (1) a PA driver, (i1) a pre-driver for facilitating
activation and deactivation of the PA driver; and (iii) an on-chip passive resistor coupled to
the PA driver for splitting the output impedance between the PA driver and the passive

resistor.

11.  The NMR apparatus of claim 10, wherein the PA driver comprises a PMOS device
and an NMOS device.

12. The NMR apparatus of claim 10, wherein the on-chip passive resistor has an

impedance that does not depend on temperature or voltage.

13.  The NMR apparatus of claim 10, further comprising a calibration circuit for

calibrating an ON resistance of the PA driver so as to provide stable output power levels.

14.  The NMR apparatus of claim 13, wherein the calibration circuit comprises a replica

circuit of the PA driver and a load resistor.

15. The NMR apparatus of claim 13, wherein the calibration circuit further comprises an

on-chip voltage divider for generating a reference voltage.

16. The NMR apparatus of claim 15, wherein the calibration circuit further comprises a
comparator for comparing the reference voltage with an output voltage of the replica circuit

and the load resistor.

17. A method of reducing variability of an output impedance of an integrated switch-
mode power amplifier (PA), the method comprising:
providing a PA driver having at least one MOS device;
providing a pre-driver for facilitating activation and deactivation of the PA driver; and
adjusting a number of stripes of the at least one MOS device so to provide a desired

impedance.
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18. Circuitry for adjusting a duty cycle of an RF carrier input signal to a power amplifier
(PA), the circuitry comprising;

a digital delay line, comprising a plurality of digital delay elements, for receiving the
input signal;

a time-to-digital converter for measuring a number of the digital delay elements
required for generating a desired duty cycle; and
circuitry for selecting the number of delay elements of the digital delay line required to
generate a desired duty cycle and receiving an output signal therefrom, the output signal

having the adjusted duty cycle.

19. The circuitry of claim 18, further comprising a processor having a control register for

enabling a HIGH-power mode or a LOW-power mode of the circuitry.

20.  The circuitry of claim 19, wherein the control register has a value of 1 for enabling

the LOW-power mode and a value of 0 for enabling the HIGH-power mode.

21. The circuitry of claim 19, wherein the control register selects the HIGH-power mode
when the desired duty cycle has a value between 25% and 50% and the LOW-power mode

when the desired duty cycle has a value between 5% and 25%.

22. The circuitry of claim 18, further comprising a processor having a register for

bypassing the digital delay line.

23. The circuitry of claim 18, wherein the digital delay line comprises a plurality of delay
elements.
24, The circuitry of claim 18, wherein each one of the delay elements comprises one input

and three outputs.
25. The circuitry of claim 24, wherein a first one of the outputs is coupled to an input of a

successive delay element; a second one of the outputs is coupled to an input of a multiplexer;

and a third one of the outputs is coupled to an input of the time-to-digital converter.
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26. The circuitry of claim 18, further comprising a processor configured to determine the
number of the delay elements required for generating the desired duty cycle based on a

measurement of the time-to-digital converter.

27.  The circuitry of claim 26, wherein the processor is implemented on a chip integrating

the digital delay line and time-to-digital converter.

28. The circuitry of claim 26, wherein the processor is implemented off a chip integrating
the digital delay line and time-to-digital converter and the circuitry further comprises a
communication module for allowing signal communication between the processor and the

chip.

29. An NMR apparatus comprising:
an NMR coil configured to enclose a sample;
an integrated switch-mode PA coupled to the NMR coil; and
circuitry for adjusting a duty cycle of an input signal to a power amplifier (PA);
wherein the circuitry comprises: (i) a digital delay line having a plurality of delay
elements, and (i) a time-to-digital converter for measuring a number of the delay elements

required for generating a desired duty cycle.

30. The NMR apparatus of claim 29, wherein the circuitry further comprises a processor
having a control register for enabling a HIGH-power mode or a LOW-power mode of the

circuitry.

31.  The NMR apparatus of claim 30, wherein the control register has a value of 1 for

enabling the LOW-power mode and a value of 0 for enabling the HIGH-power mode.
32.  The NMR apparatus of claim 30, wherein the control register selects the HIGH-power
mode when the desired duty cycle has a value between 25% and 50% and the LOW-power

mode when the desired duty cycle has a value between 5% and 25%.

33. The NMR apparatus of claim 29, wherein the circuitry further comprises a processor

having a register for bypassing the digital delay line.
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34. The NMR apparatus of claim 29, wherein the digital delay line comprises a plurality

of delay elements.

35.  The NMR apparatus of claim 29, wherein each one of the delay elements comprises

one input and three outputs.

36.  The NMR apparatus of claim 35, wherein a first one of the outputs is coupled to an
input of a successive delay element; a second one of the outputs is coupled to an input of a
multiplexer; and a third one of the outputs is coupled to an input of the time-to-digital

converter.

37. The NMR apparatus of claim 29, wherein the circuitry further comprises a processor
configured to determine the number of the delay elements required for generating the desired

duty cycle based on a measurement of the time-to-digital converter.

38. The NMR apparatus of claim 37, wherein the processor is implemented on a chip

integrating the digital delay line and time-to-digital converter.

39.  The NMR apparatus of claim 37, wherein the processor is implemented off a chip
integrating the digital delay line and time-to-digital converter and the circuitry further
comprises a communication module for allowing signal communication between the

processor and the chip.

24



PCT/US2018/024333

WO 2018/183189

1/10

0€1

d3T1I04LNOD

&

(1¥V HOI4d)
l "©Ol4
%0l 90} 201
P/ } Nmr
NN /
N / 4d1
PEELVAPRRRCY
Vi @ i1
g . (¥3X37dnG )80} 0l ~,
/ I1dINYS
@,m: SISATNY |« 83UM1dNY ] yOLYINAOW |t %zow::%mm%
~JIMOd i
2l NONEER,
et 3ONINO3S
00} 3snd

&

/
Ll

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

2/10
VDDPA
/200
. ) )4
Vg [ My
Rout
gy RET6
_{VSSPA | VSSPA
FIG. 2A
(PRIOR ART)
i DUTY Tpw
o P
VDDPALG........ .CYCLE 50/9 ..................................................
B[] |27\ FTRRERRI ININ—— DU IN— SOOI SE— S .
wdper |
i DUTY Towi .
0
VDDPA! ... CYCLE25/° ........................................................................
AV/p] ] 27\ EUCHIPNTIING WRI—— R FE————— PPN WE———— R .
|Tper ?!
DC = Tper/Tpw
FIG. 2B

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

3/10

% R o D R R R R R R TR R R R R R G0 R R R R S R KR 0 R R R R R 0 O R G KRR Ry

ve Old (T T B
! VYdSSA w ! ;
“ f i
m | e 90
ssssssssssssssssssssssssssssss ~ i : % :
3904d r 1§ W0 Oc-~ | m/ m |
HAN i YW 0lg : m
NWO X _J R— |
P -y i
Pl m@ m T - m
i
1100 N - | 100140 YN m
H404d SMHOMLAN | RELLSERE )
ONIHOLVYIN | ! e
380¥d1 5T TWoos | S
N e RN,
201 m “ .wm_m_chO owmz M\ M XL
L1 HLIM SIS NI _ -
M m SONN=NLNOY m : m_.__oo_w_m_,qzm m
_ | o |
R IC i W
1 W 0l | |
S W s 1T D :
/ | 'S3Y WO 0z~ mo - w
NOm” m”Om” “ _|_|_|_>> wm_mmw m ............... ; I__OO_mD|<Zm w .VOMU
o0e— | NISONd=dLNOY e | e
T~ REATERE j
X vddan ~ TTTTTTTTTTTTmTTTmTeT

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

4/10

avo’l

b
MHOMLAN
ONIHOLVYIA
Ol

NP R KRR RS AL R RS UM AR RS R RN GRS UK RRR L KRR RS UL KR, RS UK AR KA R R SRS UL R RS UM AR RS IR, AR UK AR R A KRR, RS SRR IR, RS UK AR RS \SUR) R SR R AR RS UM AR UNRE CIR. RR UGN KRR RB LRI KRR RIS UL KR RS R AR RS Ry

Sn oo ok AR kR CRD R R DR R X XA KR R AR AR (KR R R (R KRR AR CXR KR R 0GR KRR JORR O R R DRI KR X XA KR CERI CKR RRR (N R R (R KRR AR CXR MR R 0O KRR N3 CNN KRR NS DX KNR X £XR KR ORI CKK RRE (O KR NR (RN KRR XER CHP

d¢ Old

1 N 4T7H vd
i
! '
L d 4TvH Vd
H i
i } s
M =
o YdSSA
i i
1 i
P , N
-« Sg=N I MIAEAT
i i
L SHOLSISTY
- QIHILYIN
o dIHO-NO
— M
L1 NI
P
1 i
H i
N ] d
P _ )
L s mn e RETNeER
L

4

i

i

i

LY

AR A ama Aan s an e e O

o NI4d

l?-

<C
o

S3dIYLS
N LO313S

by STAIMLS

d 10313S

&

Nn anr ians aan Anlinnd Aan aar 1aad AAn aar saa Ran

» 318VN3
Vd

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

5/10

v Old
m\ iiiiiiiiiiiii 5
| = w
T M A%
! GZ=N
90y~ L. o ) -
m i | ¢ w JONFYI43Y | /b« Vd AAA
m w €12+ Vd QAN |-
Oly | m -
vdaaA “ !
o | LNOON
§
;T/?TML | [N0dd |~
0§ ! m
m m
i - 7 : %
Tl e L
m =N | SYILSIOTY TOMINOD ANV | JOVASAINI | .
P M wd NOILVHNOIANOO dIHO-NO IdS SNOILLYDINNWINOD
| VdddA ] dIHONO
| i / /
| YINMQAWH = OOF a sl
ovondR

P xR

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

6/10

G Ol

NOILVHEITvO Vd
aNd

(NOILIONOO HOu¥3 )

8
815 915
4318193 IdS )
0L LINDYID SOWN 40 | A SAdIMIS
S3dIMLS 40 ¥IFNNN SOWN g310313S 40
JHLHO4 INTVA ILMM] | ¥IFGWNN INTWIEDIA

80G ..

|l A9 S3dI41S SONd A310313S

n_oo._
: m__._._. 40 n_m_._.m
._.mw__m_m__._._....

ON]

40 439NN LNJNFHONI

..B&Do
....._....mozmi_\,_oo

016~

d31S1934 IdS
01 1INJ¥I0 SONd 40
S3dIY1S 40 438ANN
dH1 J04 FNTVA JLIHM

S1INOHID 3SN3S SONd
40 S3dI¥1S 0 LO313S

.~ 904

2

¥

CLG.]

ONT

G0
< HLA0 LS
.........Em_m__m_E.

SIA]
(NOILIONOD ¥Ouy3 )

“I0dIno
mozmi_\,_oo

vdaan (/1)
0L IDNTHI4TY
HOLYHYANOD 13S
"LINDYID ISNIS Vd 40 971
NMOQ-T1Nd 319VYN3
‘1IND¥ID ISNIS vd 40
9537 dN-11Nd 318vSId

vdaan (€/z)
0L IDNTFHI4TY
HOLYHYANOD 13S
"LINDYID ISNIS Vd 40 971
NMOQ-T11Nd 37avSIa

.~ 708

A&

¥

1INJdI0 3SN3S
NOILVHEITVO Vd
319VNS

.~ 09

ima(

SLINDYID
3SN3S SONN 40 (11v)
S3dIM1S S 1D313S

&
NOILVd8l1vO vd
IR

/oom

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

7110

22l

Q9 Ol

012 1D X1 9
081 MO X1 NIOMD X1 =
0610 X1 NI 46X1
01D X1
Y9 9|4
¥0SSIDOYd =1 JOV44IINI +~-0€9
\ &
0%9 L
NENRSREN
JOYINOD ANy 029
NOILYHNDI4NOD oLl
| m w
[1°N]
NOILYINAOW AV13Q713S 398N0S
S IVNOIS [l TYNOIS
JOmwzoo HIONIT130
HOLYINAOW |t 2L | ¥3TIONINGD |, M JeKE
A 900 e
e L L
0¢l 009

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

103135 Sdg 000 |

d9 9l
vd % N 434 @3AVIIANN
mm|_|n___l_w|l_m>MI_ [ ..........
SAINYD X1 O 1N0 004 g NENRGEIVAE
129 829 - 09aS
AY130 138
1 XN L XN & 809 -
SHS T m m o =5
3 HIONIT13 < |8 BRI ] ™
" J19010dL Lig-N ] & 06Hd M) ~™~d
W ) 2 RN
k3 \\ﬂ
S s e T il
SY318193 EERY 8 0 = T
TOMINOD ANV 1§ ININTTA L | INFNETI3 | | INFNTTT | NOLYNANIO
NOLLWHNOINOD| | Av13Q AY13d AY13Q |t e 3 orcz 08} Y10X.1
dIHO-NO L 1 VLI9Ia VA9 | | LI9IC | | =5 SZ00 06Hd S0 0651
£ ¢ - |
0€9~ | 029- |/ PL~INIWITI¥3d AY1IA TYNINON | ol 16200 0Hd MO 7 0M10X1
\ ANIT AY13d INFWITEN y o i 0l9 909
JOVAUILNI /20— Y
S09 ¥09 NOILVHINID
| 357Nd T04LINOD -
NOILYOINNANOD T¥NLd¥0 000 | F10A0AING | 3NSVIN 000

dIHO-440

8@\\

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

9/10

L Ol

[1L:WIdOT14 3¥NLdYD D2

[1:NILNODAL

sloisibay
jojuod pue {0 <

uoneinbiyuo)
“TinonaTaa -
leAssIU|

aWl| as|nd %90|) uedg o}

S——
@
L]
*®
A

ANLdVI 000

palinbay sjuswal3 Aejeq 5
JO JaquunN 8y} up punog | |~
Jaddn sieg wewsl3 AejeQ
10 Aeja oISuLU| WNWIUIN

a
i
o

ndno jeubig ogLiosia [/
N Jamo| Js)sibay Alug €02
sdoj4-dij4 aimdes Dql

SH3LSOF4 0dL ®
SINIFANT 13 AV13d

g

sia)siboy 1 XN L XN
|0UOD) PUB T #
woneinByuon WSIAYIEATIS /
woJd4 39
D1907 1SNray 900 0L =

=B NEEINAE(E

8438410 Q

509

B ENGENEDD

.

INEENE
AV13d

SUBSTITUTE SHEET (RULE 26)



PCT/US2018/024333

WO 2018/183189

10/10

8 Ol

) "

¥

3 s

2 NOILYa5d0 ONINAYED0ad 000

b NOLYH 340 DNIRNNYHO0Hd D00

[0:7] AV130713S

[0:62] HIONTT AY13d

AN¥L1dvYD 000

NI"3 000

o,
f».. »....I.I

ENSIEED 4 | 000004.8 |
vwm AYTE0 03NSYINGO vw 00000049
|
N
.

1¥V1S FHNSYIN 00a

% o
%

NSYIN 200

I Y0™OaT13s

- b
N A s s o

G230 06Hd M0

L G200 OHA ™D

06Hd NIMD

 OHd NIYO

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2018/024333

Box No.II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
Group I, claims 1-17, drawn to a technical feature(a system/an apparatus) for reducing variability of an output impedance of an
integrated switch-mode power amplifier (PA).
Group I, claims 18-39, drawn to a technical feature(a system/an apparatus) for adjusting a duty cycle of an RF carrier input signal
to a power amplifier (PA).

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 1-17

Remark on Protest [l The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.
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A. CLASSIFICATION OF SUBJECT MATTER

HO3F 1/56(2006.01)i, HO3F 3/193(2006.01)i, HO3F 3/217(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO3F 1/56; HO3K 19/0175; HO3F 3/38; HO3K 19/094; HO3F 3/217, GO1R 33/38; HO3F 3/193

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

resistor

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: NMR apparatus, switch-mode power amplifier (PA), output impedance, PA driver,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 6087853 A (CAROL A. HUBER et al.) 11 July 2000 1-9,17
See column 2, line 26 - column 8, line 8 and figures 5-9.

Y 10-16

Y US 2014-0176135 A1 (CASE WESTERN RESERVE UNIVERSITY) 26 June 2014 10-16
See claims 1, 6 and figures 2, 7.

A US 2006-0214688 A1 (DONG PAN et al.) 28 September 2006 1-17
See paragraphs [0024]1-[0025] and figure 3.

A WO 2008-105592 A1 (UBI SOUND CO., LTD.) 04 September 2008 1-17
See paragraphs [0042]-[0050] and figure 8.

A WO 2006-107815 A2 (INTERNATIONAL RECTIFIER CORPORATION) 12 October 2006 1-17
See paragraphs [0014]-[0021] and figures 2A-4D.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E"  earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priotity claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"0" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory undetlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" documentof particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search
26 July 2018 (26.07.2018)

Date of mailing of the international search report

26 July 2018 (26.07.2018)

Name and mailing address of the ISA/KR

International Application Division

Korean Intellectual Property Office

189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

KIM, Sung Gon

Telephone No. +82-42-481-8746
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Patent document Publication Patent family Publication

cited in search report date member(s) date
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US 2014-0176135 Al 26/06/2014 US 9989604 B2 05/06/2018

US 2006-0214688 Al 28/09/2006 US 2007-0268044 Al 22/11/2007
US 2009-0201046 Al 13/08/2009
US 7262637 B2 28/08/2007
US 7528624 B2 05/05/2009
US 7795903 B2 14/09/2010

WO 2008-105592 Al 04/09/2008 KR 10-0858292 Bl 11/09/2008
KR 10-2008-0078936 A 29/08/2008

WO 2006-107815 A2 12/10/2006 CN 101167244 A 23/04/2008
EP 1867040 A2 19/12/2007
JP 2008-535443 A 28/08/2008
US 2006-0220735 Al 05/10/2006
US 7394315 B2 01/07/2008
WO 2006-107815 A3 13/12/2007
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