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(57) Abstract: In described examples, a circuit includes a signal generator (120) to generate an output signal to vary the switching
frequency of a switching circuit (110) to mitigate noise in the switching circuit (110). The signal generator (120) includes a modulation
waveform generator (MWG) (130) to generate a ramp signal in response to a numerical input and a switching signal from the switching
circuit (110). The ramp signal is employed to modulate the frequency of the output signal of the signal generator (120) over a range of
frequencies from a minimum frequency to a maximum frequency. A frequency adjuster circuit (150) modulates the amplitude of the
ramp signal by adjusting at least one of the minimum frequency or the maximum frequency of the range of frequencies.
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SPECTRUM MODULATION FOR SWITCHING CIRCUITS
[0001] This relates to integrated circuits, and more particularly to a circuit and method to
mitigate noise energy in a switching circuit via spectrum modulation.
BACKGROUND
[0002] Switching noise can be generated in any electrical circuit with regular switching
activity. These circuits can include direct current (DC) DC-DC switching converters, such as
charge pumps or inductive switch mode converters (such as boost-mode or buck-mode
converters). Due to their regular switching activity, these switching circuits emit strong noise
spurs or peaks at the switching frequency itself (e.g., 3MHz) along with its associated harmonic
spurs (e.g., 6 MHz, SMHz, and so forth). These noise spurs may interfere with other surrounding
electrical devices near the switching circuits, such as AM-radios, mobile communication devices,
RFID tags (transmitter), or power over wireless applications. One common technique to mitigate
the noise spurs includes varying the switching frequency (f) of the circuit in order to redistribute
or spread the noise energy over a broader spectrum and thus minimize the effect of any particular
noise spur. In some conventional systems, complex and expensive counting circuits are
employed to vary the switching frequency.
SUMMARY
[0003] In one example, a circuit includes a signal generator to generate an output signal to vary
the switching frequency of a switching circuit to mitigate noise in the switching circuit. The
signal generator includes a modulation waveform generator (MWGQ) to generate a ramp signal in
response to a numerical input and a switching signal from the switching circuit. The ramp signal
is employed to modulate the frequency of the output signal of the signal generator over a range
of frequencies from a minimum frequency to a maximum frequency. A frequency adjuster
circuit modulates the amplitude of the ramp signal by adjusting at least one of the minimum
frequency or the maximum frequency of the range of frequencies.
[0004] In another example, an integrated circuit includes a modulation waveform generator
(MWG) to generate a ramp signal in response to a numerical input and a switching signal from a

switching circuit. The ramp signal is employed to modulate the frequency of the switching
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circuit over a range of frequencies from a minimum frequency to a maximum frequency. A
frequency adjuster circuit modulates the amplitude of the ramp signal by adjusting at least one of
the minimum frequency or the maximum frequency of the range of frequencies. A number
generator generates the numerical input to the MWG. The number generator generates a varying
numerical pattern to vary the numerical input to the MWG.

[0005] In yet another example, a method includes generating a ramp signal in response to a
numerical input and a switching signal from a switching circuit. The ramp signal is employed to
modulate the frequency of the switching circuit over a range of frequencies from a minimum
frequency to a maximum frequency. The method includes modulating the amplitude of the ramp
signal by adjusting at least one of the minimum frequency or the maximum frequency of the
range of frequencies. The method includes generating a variable numerical pattern to vary the
numerical input over time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 illustrates an example schematic block diagram of a circuit to provide spread
spectrum modulation for a switching circuit.

[0007] FIG. 2 illustrates an example of a circuit to provide spread spectrum modulation using a
current controlled switching circuit as an example.

[0008] FIGS. 3A and 3B illustrate an example of a signal generator to provide spectrum
modulation for a switching circuit.

[0009] FIG. 4 illustrates an example waveform illustrating a ramp signal having both
amplitude and frequency modulation for spectrum modulation.

[0010] FIG. 5 illustrates an example signal diagram illustrating spread spectrum modulation
mitigating the effects of switching noise signal peaks.

[0011] FIG. 6 is a flow diagram that illustrates an example method to provide spread spectrum
modulation for a switching circuit.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0012] In described examples, a signal generator circuit varies the switching frequency of a
switching circuit. Varying the switching frequency of the switching circuit can be referred to as
frequency spreading in order to spread the energy associated with noise spurs at the switching
frequency across a broader frequency spectrum. The frequency spreading reduces the overall

energy of the noise spurs and thus mitigates noise energy emanating from the switching circuit.
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The signal generator includes a modulation waveform generator (MWG) to generate a ramp
signal in response to a numerical input and a switching signal from the switching circuit. For
example, the switching signal can be a signal that controls the on or off time of the switching
circuit. The numerical input can be received from a number generator providing a variable
numeric pattern to the MWG.

[0013] The ramp signal from the MWG can be employed to modulate the frequency of the
output signal of the signal generator over a range of frequencies from a minimum frequency to a
maximum frequency which has the effect of spreading the switching frequency over a broader
spectrum. In conventional circuits, complex and expensive counter circuits were utilized to
generate the ramp signal (e.g., 2048 counter chain). In one example, the ramp signal can be a
triangular waveform which is generated with minimal counting elements (e.g., three counters)
which is much more economical and efficient over conventional circuits. Other waveform types
from the MWG are possible, such as saw-tooth waveforms. A frequency adjuster circuit
modulates the amplitude of the ramp signal by adjusting at least one of the minimum frequency
or the maximum frequency of the range of frequencies. By adjusting the amplitude of the ramp
signal in this manner, relatively inexpensive counting circuits can be employed to generate the
ramp signal. Counter circuits in the MWG can be provided to count up and down to generate the
ramp waveform. Counting can be controlled via the frequency adjuster circuit such that the
counting circuits count up or down and/or are modified by the numerical input from the number
generator. Such modifications of the counting sequence have the effect of changing the
amplitude and frequency of the modulation spreading frequency which provides a more
economical and higher performance spreading circuit (e.g., noise peaks reduced in amplitude
using less complex hardware).

[0014] FIG. 1 illustrates an example a circuit 100 to provide spread spectrum modulation for a
switching circuit 110. As used herein, the term circuit can include a collection of active and/or
passive elements that perform a circuit function, such as an analog circuit or control circuit.
Additionally or alternatively, the term circuit can include an integrated circuit, such as where all
and/or some of the circuit elements are fabricated on a common substrate. As used herein, the
term spectrum modulation refers to varying the switching frequency of the switching circuit 110

in addition to normal switching operations or patterns of the switching circuit. Such spectrum



WO 2018/071903 PCT/US2017/056785

modulation spreads the energy of switching noise generated by the switching circuit 110 over a
larger frequency spectrum which mitigates the peak energy of the switching noise.

[0015] As shown in the example of FIG. 1, the circuit 100 includes a signal generator 120 to
generate an output signal 124 to vary the switching frequency of the switching circuit 110 to
mitigate noise in the switching circuit. As described hereinabove, noise can be reduced by
spreading the energy associated with any given switching noise peak associated with the
switching circuit 110 across a wider signal and energy spectrum. This is achieved by modulating
or varying the switching frequency of the switching circuit 110. The signal generator 120
includes a modulation waveform generator (MWG@G) 130 to generate a ramp signal in response to
a numerical input 134 and a switching signal 140 from the switching circuit 110. The switching
signal 140 can be a signal to energize or de-energize a storage element (e.g., TON or TOFF
signal) such as an inductor of a capacitor. The switching signal 140 can be used as a clocking
signal for the signal generator 120.

[0016] The ramp signal is employed to modulate the frequency of the output signal 124 of the
signal generator 120 over a range of frequencies from a minimum frequency to a maximum
frequency. A frequency adjuster circuit 150 modulates the amplitude of the ramp signal by
adjusting at least one of the minimum frequency or the maximum frequency of the range of
frequencies. A number generator 160 generates the numerical input 134 to the MWG 130. The
number generator 160 generates a varying numerical pattern 134 to vary the numerical input to
the MWG 130. In one example, the number generator 160 can be a pseudo-random generator to
generate the varying numerical pattern to vary the numerical input 134 to the MWG 130, but any
type of circuit that generates a variable numeric pattern over time can be employed.

[0017] As will be illustrated and described hereinbelow with respect to FIG. 3, the MWG 130
can include an N-bit up-down counter to generate the ramp signal in response to the switching
signal 140, where N is a positive integer. The frequency adjuster 150 can include a register to
control whether the N-bit up-down counter of the MWG 130 counts up or down in response to
the switching signal 140. The register in the frequency adjuster 150 changes the direction of
counting if the up-down counter reaches a maximum counting value, a minimum counting value,
or the up-down counter is equal in value to the numerical pattern of the number generator 160.
In this manner, both the amplitude and frequency of the ramp signal and the associated output

signal 124 are varying over time to provide spectrum spreading. For example, the ramp signal
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described herein can be generated as a triangular waveform or a saw-tooth waveform from the
MWG 130. A time-to-digital converter (TDC) 170 that is driven from the output signal 124 of
the signal generator 124 can be employed to generate a control signal 174 to control an on or off
time of the switching signal 140. The TDC 170 can be substantially any type of circuit that
converts a varying numerical input to a digital control and timing signal 174.

[0018] The switching circuit 110 can be substantially any type of circuit that varies its
switching frequency in response to the control signal 174 from the TDC 170. For example, the
switching circuit 110 can be a boost DC/DC converter, a buck converter, a buck/boost converter,
or a charge pump. To mitigate noise spurs as described herein, the switching frequency f of the
switching circuit 110 is varied by the signal generator 120 and in response to the numerical input
134 from the number generator 160. This can be achieved by controlling a number N of equally
sized steps between a minimum frequency (fmin) and a maximum frequency (fmax). The
difference between those frequencies can be referred to as the frequency spread, where fspread =
fmax — fmin. A frequency step can be defined as: fstep = fspread / (N-1). Generally, a high
spread allows better damping, but is more complex and expensive to implement. By modulating
the amplitude of the output signal 124 as described herein, simplified ramp generating circuits
can be used in the MWG 130. For example, a minimal 3-bit counter can be utilized to generate
the ramp signal in the MWG 130 described herein, instead of a more elaborate counter scheme in
conventional circuits, while achieving similar or superior noise mitigation performance.

[0019] FIG. 2 illustrates an example of a circuit 200 to provide spread spectrum modulation
using a current controlled switching circuit as an example. In this example, a signal generator
210 receives a numeric input N from a number generator 214 (e.g., pseudo-random generator)
and generates a numeric output M having both ramp ascending and descending numerical
patterns along with variable amplitude adjustments (see e.g., waveform pattern of FIG. 4). A
switching signal TON (e.g., switching signal 140 of FIG. 1) clocks the signal generator 210. A
clock PRNG CLK is provided by the signal generator 210 to clock the number generator 214.
[0020] The numeric output M of the signal generator 210 drives a variable current source 218
in a time-to-digital converter (TDC) circuit 220. The current source 218 drives a capacitor C1
which is reset via transistor switch device M1 and switching signal TON. A comparator 224 in
the TDC 220 compares a reference voltage VREF to the voltage on capacitor T1 to generate
output timing signal TOFF_OVER to a flip flop 226 which generates the switching signal TON
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for a switching circuit 230. As described hereinabove, the switching circuit 230 can include
substantially any type of circuit that charges or discharges a switching element such as an
inductor and/or capacitor. In this example, an inductor L1 is driven by the switching circuit 230
in a buck DC/DC converter configuration. The switching circuit 230 can include a buffer 234
which drives switch devices M2 and M3 which magnetically charge and discharge L1 to
generate VOUT from input VIN. A sense resistor R1 can provide current feedback I SNS to a
comparator 240 which generates output TON_OVER to the flip flop 226 by comparing a control
signal CONTROL to feedback I SNS. The control signal CONTROL is generated via
comparator 244 which compares a target reference voltage TARGET to the output voltage
VOUT. A filter of R2 and C2 can be provided to filter the signal CONTROL from the
comparator 244.

[0021] When the switching signal TON is high, the LSD transistor M3 is on, causing the
current through the inductor L1 to rise. If this current reaches a threshold defined by the voltage
CONTROL, which is generated by amplifying / integrating the difference between VOUT and
TARGET, the comparator 244 triggers and TON is reset to low. Now, the timer capacitor C1 is
not shorted by M1, causing the voltage at the comparator 224 positive input to rise linearly with
time. As it reaches the voltage on C1 reaches VREF, the comparator 224 initiates the next
period by setting the flip flop 226.

The TDC 220 including the digitally controlled current source 218, capacitor C1, reset transistor
M1 and comparator 224 is but one possible example of a digital-to-time converter as described
herein. The digitally controlled time period starts, when TON goes low. The digital-to-time
converter 220 should be configured in a manner that the resulting switching frequency resides
between fmin and fmax for the respective digital inputs.

[0022] In this example, the switching frequency is not adjusted directly, but by setting TOFF
although in other examples, TON may be the controlled variable. The duty cycle D is the ratio
of TON to the period TON+TOFF. It can be defined by the input and output voltage of the boost
converter in this example such as:

D =TON / (TON + TOFF) = 1 — (VIN / VOUT), where the switching frequency f is calculated
as follows and depends on TOFF, if VIN and VOUT are constant:

f=1/(TON + TOFF) = (VIN / VOUT) / TOFF. By controlling the TOFF time, the switching

circuit 230 switching frequency can be set.
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[0023] FIGS. 3A and 3B illustrate an example of a signal generator 300 to provide spectrum
modulation for a switching circuit. With respect to FIG. 3A, the signal generator 300 includes
modulation waveform generator (MWG) 310 having up/down counters DTBO, DTB1, and DTB2
in this example. As described hereinabove, the number of counters can be more or less than
three counters. Each of the counters DTBO though DTB2 have an associated reset logic circuit
shown as LG1, LG2, and LG3, respectively. The counters are clocked via signal CLK which can
be driven from the switching signal shown as TON described hereinabove. A frequency adjuster
circuit 320 shown on FIG. 3B includes a register 324 to control the counting and reset action of
the MWG 310 via signal output shown as updown. A control logic circuit 330 of FIG. 3B
controls the register 324 according to various conditions that are described hereinbelow. The
control logic circuit 330 receives a numeric input shown as RAND NUM <2:0> and generates
an output clock PRNG CLK to drive the number generators described herein. A reset signal
RESET can be provided to reset both the MWG 310 of FIG. 3A and the frequency adjuster 320
of FIG. 3B.

[0024] The switching frequency of the switching circuits described herein can be varied in a
low number of steps N between fmin and fmax which reduces the number of counters in the
MWG 310. Thus, N being intentionally low in these examples, this allows the implementation in
hardware to be straight-forward and cost efficient. The switching frequency can be by a
triangular modulation signal (or other ramp signal such as a saw tooth), but in contrast to
conventional circuits, its amplitude changes by adjusting fmax or fmin or both randomly. A
signal varying both frequency limits when the ramp signal reaches the minimum or maximum
limits 1s shown in the waveform example of FIG. 4 and the resulting spectrum in FIG. 5. The
damping is about -25dB in these examples.

[0025] To achieve such a damping behavior, the number generator described herein is clocked
by the signal PRNG CLK which is an output of the logic circuit 330 of FIG. 3B. One possible
implementation for a 3bit (N=8) modulation waveform generator is depicted in the circuit 300
although other implementations are possible (e.g., more or less up/down counters). In this
example, the MWG 310 of FIG. 3A includes three registers, two MUX’s and logic gates to form
a 3bit up/down counter. The register 324 of FIG. 3B holds the information whether the counter
should count up or down. It is toggled in three cases: The counter’s value Q<2:0> is 3b (3 bit

binary) - 000 (min), 3b -111 (max) or equal to the output of a random number generator
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RAND NUM<2:0>. A new random number is requested when the counter reaches its minimum
or maximum value by the signal PRNG CLK.

[0026] FIG. 4 illustrates an example waveform 400 illustrating a ramp signal having both
amplitude and frequency modulation for spectrum modulation. In this example, the waveform is
400 is generated in response to the circuit 300 depicted in FIG. 3. Two triangular peaks are
represented at 410 where each peak is a product of 8 counting steps which represents the
maximum up and down counting values from the 3-bit counters in FIG. 3. As described
hereinabove, the counting action generating the waveform 400 is changed under three conditions
including when the counter’s value Q<2:0> is - 000 (min), 111 (max) or equal to the output of a
random number generator RAND NUM<2:0>. This has the effect of modulating both the
amplitude and the frequency of the modulation signal (also referred to as output signal from
signal generator 120 in FIG. 1). A modulated portion of the waveform 400 is shown at 420.
[0027] FIG. 5 illustrates an example signal diagram 500 illustrating spread spectrum
modulation mitigating the effects of switching noise signal peaks. Example switching noise
peaks are shown at 510, 520, and 530. These occur in this example at 3 MHZ (the fundamental
switching frequency), 6 MHZ (harmonic), and 9 MHZ (harmonic). After frequency spreading
has been applied as described herein, a signal 540 is overlaid to show the reduction in the peak
values at 510, 520, and 530. For example, the peak reduction due to spectrum spreading as
described herein can be -25 DB or greater.

[0028] In view of the structural and functional features described hereinabove, an example
method is described with reference to FIG. 6. For simplicity of explanation, the method is
shown and described as executing serially, but the method is not limited by the illustrated order,
because parts of the method could occur in different orders and/or concurrently from that shown
and described herein. Such methods can be executed by various components, such as configured
in an integrated circuit, processor, or a controller.

[0029] FIG. 6 illustrates an example method 600 to provide spread spectrum modulation for a
switching circuit. At 610, the method includes generating a ramp signal in response to a
numerical input and a switching signal from a switching circuit (e.g., via modulation waveform
generator 130 of FIG. 1). The ramp signal is employed to modulate the frequency of the
switching circuit over a range of frequencies from a minimum frequency to a maximum

frequency. At 620, the method 600 includes modulating the amplitude of the ramp signal by
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adjusting at least one of the minimum frequency or the maximum frequency of the range of
frequencies (e.g., via frequency adjuster 150 of FIG. 1). At 630, the method 600 includes
generating a variable numerical pattern to vary the numerical input over time (e.g., via number
generator 160 of FIG. 1). The method 600 can also include generating a control signal to control
an on or off time of the switching signal (e.g., signal TON of FIG. 2).

[0030] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A circuit, comprising:
a signal generator to generate an output signal to vary the switching frequency of a
switching circuit to mitigate noise in the switching circuit, the signal generator comprising:

a modulation waveform generator (MWG) to generate a ramp signal in response
to a numerical input and a switching signal from the switching circuit, the ramp signal employed
to modulate the frequency of the output signal of the signal generator over a range of frequencies
from a minimum frequency to a maximum frequency; and

a frequency adjuster circuit to modulate the amplitude of the ramp signal by
adjusting at least one of the minimum frequency or the maximum frequency of the range of
frequencies.

2. The circuit of claim 1, further comprising a number generator to generate the numerical
input to the MWG, the number generator generates a varying numerical pattern to vary the
numerical input to the MWG.

3. The circuit of claim 2, wherein the number generator is a pseudo-random generator to
generate the varying numerical pattern to vary the numerical input to the MSG.

4, The circuit of claim 2, wherein the MWG includes an N-bit up-down counter to generate
the ramp signal in response to the switching signal, N being a positive integer.

5. The circuit of claim 4, wherein the frequency adjuster includes a register to control
whether the N-bit up-down counter of the MWG counts up or down in response to the switching
signal.

6. The circuit of claim 5, wherein the register changes the direction of counting if the
up-down counter reaches a maximum counting value, a minimum counting value, or the
up-down counter is equal in value to the numerical pattern of the number generator.

7. The circuit of claim 1, wherein the ramp signal is generated as a triangular waveform or a
saw-tooth waveform from the MWG.

8. The circuit of claim 1, further comprising a time-to-digital converter (TDC) that is driven
from the output signal of the signal generator, the TDC generating a control signal to control an

on or off time of the switching signal.
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9. The circuit of claim 8, further comprising a switching circuit that varies its switching
frequency in response to the control signal from the TDC.

10. The circuit of claim 9, wherein the switching circuit is at least one of a boost converter, a
buck converter, a buck/boost converter, or a charge pump.

11. An integrated circuit, comprising:

a modulation waveform generator (MWGQG) to generate a ramp signal in response to a
numerical input and a switching signal from a switching circuit, the ramp signal employed to
modulate the frequency of the switching circuit over a range of frequencies from a minimum
frequency to a maximum frequency;

a frequency adjuster circuit to modulate the amplitude of the ramp signal by adjusting at
least one of the minimum frequency or the maximum frequency of the range of frequencies; and

a number generator to generate the numerical input to the MWG, the number generator
generates a varying numerical pattern to vary the numerical input to the MWG.

12. The integrated circuit of claim 11, wherein the number generator is a pseudo-random
generator to generate the varying numerical pattern to vary the numerical input to the MSG.

13.  The integrated circuit of claim 11, wherein the MWG includes an N-bit up-down counter
to generate the ramp signal in response to the switching signal, N being a positive integer.

14. The integrated circuit of claim 13, wherein the frequency adjuster includes a register to
control whether the N-bit up-down counter of the MWG counts up or down in response to the
switching signal.

15. The integrated circuit of claim 14, wherein the register changes the direction of counting
if the up-down counter reaches a maximum counting value, a minimum counting value, or the
up-down counter is equal in value to the numerical pattern of the number generator.

16. The integrated circuit of claim 11, further comprising a time-to-digital converter (TDC)
that is driven from the ramp signal of the MWG, the TDC generating a control signal to control
an on or off time of the switching signal.

17. The integrated circuit of claim 16, further comprising a switching circuit that varies its
switching frequency in response to the control signal from the TDC.

18.  The integrated circuit of claim 17, wherein the switching circuit is at least one of a boost

converter, a buck converter, a buck/boost converter, or a charge pump.

11
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19. A method, comprising:

generating a ramp signal in response to a numerical input and a switching signal from a
switching circuit, the ramp signal employed to modulate the frequency of the switching circuit
over a range of frequencies from a minimum frequency to a maximum frequency;

modulating the amplitude of the ramp signal by adjusting at least one of the minimum
frequency or the maximum frequency of the range of frequencies; and

generating a variable numerical pattern to vary the numerical input over time.
20. The method of claim 19, further comprising generating a control signal to control an on

or off time of the switching signal.
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