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(57) Abstract: Pulse width modulation (PWM) based on selectable phases of a system clock may be implemented with respect to
leading-edge-modulation (LEM), trailing-edge-modulation (TEM), and/or dual-edge-modulation. An initial pulse may be generated
based on a duty command, synchronous with the system clock, and may be registered with a D flip-flop under control of a selected
phase of the system clock. Alternatively, atarget count may be derived from the duty command, and an edge of the PWM pulse may
be initiated when a count of the selected phase equals the target count. The pulse edge may be registered by a D flip-flop to a SR
flip-flop under control of the selected phase. The phases of the system clock may be shared amongst multiple systems to generate
multiple PWM signals. A system may include a DLL and digital logic, which may consist essentially of combinational logic and re-
gisters.
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HYBRID DIGITAL PULSE WIDTH MODULATION (PWM) BASED ON PHASES OF A
SYSTEM CLOCK
BACKGROUND

Pulse width modulation (PWM) may be used to control a switching-based voltage regulator
(VR) totransfer charge from a source to avoltage rail.

A conventional PWM controller may include a counter and a delay-locked loop (DLL),
referred to herein as a hybrid PWM controller. A conventional hybrid PWM controller may count
pulses of a system clock based on a duty cycle command, and generate an initia pulse synchronous
with the system clock. A conventional hybrid PWM controller may provide the initia pulse to the
DLL to generate multiple phase-shifted versions of the initial pulse. A conventional hybrid PWM
controller may select a one of the phase-shifted versions of the pulse to set a set/reset (RS) flip-flop
during a leading edge modulation (LEM) cycle, and may select another one of the phase shifted
versions of the initial pulse to reset the RS flip-flop during atrailing edge modulation (TEM) cycle.
The RS flip-flop outputs a resultant phase-shifted pulse as a PWM signal to control a switching-
based VR.

Conventionally, a dedicated DLL isused for each PWM signal of multiple VRs, and for each
phase of amulti-phase VR.

Moreover, in a conventional hybrid PWM controller, no clock domain is associated with either
the leading or trailing edge of the phase-shifted pulse. Such a conventiona hybrid PWM controller
is thus asynchronous.

Specificaly, the set (S) and reset (R) inputs to the SR flip-flop are generated by combinational
logic and delayed through the DLL. Moreover, the S and R inputs may be delayed by different
amounts, and thus may be asynchronous with respect to one another. These factors may lead to
glitches on the inputs of the SR flip-flop, which may result in improper execution of the pulse. This
may be exasperated at higher switching frequencies as DLL resolution becomes comparable to
delays through the combinational logic and setup and hold times of the SR flip flop, which may lead
to non-uniform and/or non-monotonic duty cycles, which may result in voltage fluctuations on the
regulated voltage rail.

Manual modifications may be made to a conventional hybrid PWM controller and/or an
associated VR to improve linear and monotonic operation across PVT variations. This may,
however, involve relatively extensive verification and validation processes. Such a system may not

be considered a readily-synthesizable design and may negate benefits of digital control.
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BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

FIG. 1is a block diagram of a system including a controller to generate a pulse width
modulated (PWM) signal based on a duty cycle control word, or duty command 106, and selectable
phases of a system clock.

FIG. 2 is atiming diagram of a system clock and a PWM signal, including a pulse having a
duty defined by leading and trailing pulse edges.

FIG. 3 is a block diagram of a controller, including multiple PWM logic blocks, each to
generate a corresponding PWM signal based on shared phases of a system clock.

FIG. 4 is ablock diagram of a controller to generate an initial pulse based on a delay term
derived from a duty command, and re-time the pulse based on a selected phase of a system clock.

FIG. 5is ablock diagram of another controller, including a DLL to generate multiple phases
of a system clock, and PWM logic to generate a PWM signal based on a duty command and one or
more selected phases of the system clock.

FIG. 6isatiming diagram described below with reference to FIG. 5.

FIG. 7 is a block diagram of a controller to generate a PWM pulse within a clock domain
defined by a selectable phase of a system clock, such that aleading and/or trailing edge of the clock
is synchronous with the clock domain.

FIG. 8isablock diagram of a controller 800 to generate leading and trailing edges of a PWM
pulse, each within a corresponding clock domain defined by a selectable phase of a system clock,
such that the leading and trailing edges are synchronous with the corresponding clock domains.

FIG. 9isatiming diagram described below with reference to FIG. 8.

FIG. 10 is a block diagram of pulse circuitry, including features described below with
reference to FIG. 8.

FIG. 1lis aflowchart of amethod of generating a pulse width modulated (PWM) signal based
on aduty command and selectable phases of a system clock.

FIG. 12 is aflowchart of a method of generating an initial pulse based on a delay term derived
from a duty command, and re-timing the pulse based on a selected phase of a system clock.

FIG. 13 is a flowchart of a method of generating a pulse within a clock domain defined by
selectable phase of a system clock, such that a leading and/or trailing edge of the pulse is

synchronous with the clock domain.
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FIG. 14 isablock diagram of a system including ahybrid digital controller to control multiple

voltage regulators.

In the drawings, the leftmost digit(s) of a reference number identifies the drawing in which the
reference number first appears.

DETAILED DESCRIPTION

FIG. lisablock diagram of a system 100 including a controller 102 to generate apulse width
modulated (PWM) signal 104 based on a duty cycle control word, or duty command 106, and
selectable phases 122 of asystem clock, Sys Clk 118.

System 100 may further include a voltage regulator (VR) VR 108 to provide a regulated
voltage 110 to aload 112. VR 108 may include a switching-based VR to transfer charge from a
source, Vcc, to avoltage rail of aload 112 during pulses of PWM signa 104. VR 108 may include,
for example, one or more power field-effect-transistors (power FETS), which may be configured as a
buck circuit.

System 100 may include a duty command controller 114 to generate duty command 106 to
maintain regulated voltage 110 relative to a reference voltage 116. Duty command controller 114
may beimplemented to generate duty command 106 based on Sys Clk 118.

Controller 102 may be implemented to control PWM signal 104 with leading-edge modulation
(LEM), in which atrailing edge of apulse is fixed a atrailing edge of awindow of time, and a
leading edge of the pulse is adjusted to control the duty.

Controller 102 may be implemented to control PWM signal 104 with trailing-edge modulation
(TEM), in which aleading edge of the pulse is fixed a aleading edge of awindow of time, and a
trailing edge of the pulse is adjusted to control the duty.

Controller 102 may be implemented to control PWM signal 104 with a combination of LEM
and TEM, aso referred to herein as symmetrical on-time modulation, and dual-edge modulation, in
which a center of apulse is fixed a a center of awindow of time, and leading and trailing edges of
the pulse are adjusted to control the duty.

Examples are provided herein with reference to dual-edge modulation. Methods and systems
disclosed herein are not, however, limited to dual-edge modulation.

FIG. 2 isatiming diagram of Sys Clk 118 and PWM signal 104, including a pulse 202 having
aduty 204 defined by leading and trailing edges 206 and 208, respectively.

Duty command 106 in FIG. 1 may specify duty 204 relative to awindow of time 210 in FIG.

2, where amaximum value of duty command 106 corresponds to aduration fTof window 210.
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In the example of FIG. 2, duration W corresponds to 8 cycles of Sys Clk 118. Thus, a 4-bit

duty command, dpwm[3:0], having 24=16 possible states, may specify duty 204 to within %2 of a
cycle of Sys Clk 118. A 5-bit duty command, dpwm[4:0], having 2°=32 possible states, may specify
duty 204 to within %, of acycle of Sys Clk 118.

In FIG. 1, controller 102 includes a delay locked loop DLL 120 to generate multiple phases
122 of Sys Clk 118. DLL 120 may include N=2" delay cells, which may be denoted cells O through
(N-1). DLL 402 may further include a controller to control the delay cells to provide equal amounts
of delay relative to one another. The controller may be implemented to control the delay cells to
provide atotal delay equal to aperiod of Sys Clk 118. For example, where N equals 4 (i.e., n=2),
each delay cell may provide adelay equal to one quarter of aperiod of Sys Clk 118.

The number of delay cells, N, may be selected as:

N=2= 2(M)/(no. of elk cycles) = 2™+ (no. of elk cycles); EQ. (1)
where Mis anumber of bits of duty command 106, denoted O through m, where
m is the most significant bit (MSB) position; and
the number of clock cycles refers to the number of clock cycles of Sys Clk 118
within window 2 10.
For a 5-bit duty command, dpwm[4:0], (i.e., M=5, and m = 4), and an 8 cycle window
210:
N=2"=2)/(8)=32/8=4, and n =2. EQ. (2)
In accordance with dual-edge modulation, pulse 202 may be centered within window 210.

In FIG. 2, window 210 begins at time 216, and controller 102 may be implemented to assert
leading edge 206 of pulse 202 after adelay 212. Delay 212 may be determined as:

Delay 212 = (Duration 218) - (Duration 220); EQ. (3)
where,

_ w2 2
Duration 218=3 =—2 =2M7 =2om: and EQ. (4)

Duty204 _ dpwm[m : 0]
2

Buration 220 =

= dpwm[w :1]. EQ. (5)

EQ. (5) may be implemented with aright-shift of dpwm[m:0], to provide dpwm[?n: 1].
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Controller 102 may be implemented to de-assert pulse 202 after a delay 222 following a

midpoint 224 of window 210. Duration 222 may be determined as (Duty 204)/2, such as described
above with respect to duration 220 and EQ. (5).

Where EQ. (5) results in aremainder, the remainder may be subtracted from leading edge 206
or added to trailing edge 208. While this may offset pulse 202 from window center 224, the offset
may berdatively negligible.

Controller 102 further includes phase select logic 126 to selectively output one or more phases
122 of Sys Clk 118 as selected phase(s) 128, based on one or more phase-select controls 130.

Controller 102 further includes PWM logic 124 to generate phase-select control(s) 130 based
on duty command 106 and/or Sys Clk 118, and to control generate PWM signal 104 based on duty
command 106 and selected phase(s) 128.

PWM logic 124 may include combinational logic and registers, and may consist essentialy of
combinational logic and registers.

Phase select logic 126, or portions thereof, may be implemented within DLL 120 and/or PWM
logic 124.

Controller 102 may include multiple instances of PWM logic 124 and corresponding phase
select logic 126, each to generate a corresponding PWM signal based on a corresponding duty
command and selected phases 122 of Sys Clk 118. In other words, a single DLL 120 may be used
to generate multiple PWM signals. Multiple PWM signals may be generated to control multiple VRs
and/or multiple phases of amulti-phase VR, such as described below with reference to FIG. 3.

FIG. 3isablock diagram of acontroller 300, including PWM logic blocks 308-0 through 308-
k, each to generate a corresponding PWM signal 310 based on shared phases of a system clock.

Controller 300 further includes a DLL 302 to provide multiple phases 304 of a system clock,
Sys Clk 306.

Controller 300 further includes multiple phase select logic blocks 316-0 through 316-%, each to
provide a selected phase(s) 318 of Sys Clk 306 to a corresponding one of PWM logic blocks 308,
under control of acorresponding phase select control 320.

Where PWM signals 310-0 through 310-k are to control phases of a multi-phase VR, duty
command controller 114 (FIG. 1) may beimplemented to provide aphase enable control 314 to each
of PWM logic blocks 308-0 through 308-%.to stagger operation of the PWM logic blocks.

Controller 102 in FIG. 1 and/or controller 300 in FIG. 3 may be implemented as described

below with reference to one or more of FIGS. 4 through 10.



10

15

20

25

30

WO 2013/095487 PCT/US2011/066746

-6-
FIG. 4 is ablock diagram of a controller 400 to generate an initial indication, such as a pulse,

pulse based on a delay term derived from a duty command, and to re-time the indication or pulse
based on a selected phase of asystem clock to generate an edge of aPWM pulse.

Controller 400 includes aDLL 402 to generate multiple phases 404 of a system clock Sys Clk
406, and PWM logic 408 to generate a PWM signal 410 based on a duty command 412 and one or
more selected phases 422.

PWM logic 408 includes control logic 430 to generate phase select control 428 and one or
more of controls cLEM 432 and cTEM 434.

cLEM 432 may represent an approximate leading pulse edge based on acount of Sys Clk 406
and most significant bits (MSBs) of duration 212 in FIG. 2.

CTEM 434 may represent an approximate trailing pulse edge based on a count of Sys Clk 406
and MSBs of duration 222 in FIG. 2.

Control logic 430 may be implemented to generate afirst phase select 428 during aLEM cycle
226 in FIG. 2, based on least significant bits (LSBs) of duration 212.

Control logic 430 may be further implemented to generate as second phase select 428 during a
TEM cycle 228 in FIG. 2, based on LSBs of duration 222.

PWM logic 408 may include pulse circuitry 436 to generate a PWM pulse based on cLEM
432, cTEM 434, and selected phases 422.

Pulse circuitry 436 may include logic 438 to construct a pulse, illustrated here as cLT 442,
from cLEM 432 and cTEM 434. Logic 438 may include OR logic to activate cLT 442 upon a
leading edge of cLEM 432. Logic 438 may further include AND logic and a feedback path from
PWM signal 410 to maintain cLT 42 active until aleading edge of CTEM.

Pulse circuitry 436 may further include alatch or register, illustrated here asa D flip-flop 440,
to re-time a leading edge of cLT 442 during LEM cycle 226 based on selected phase 422, and to
adjust atrailing edge of cLT 442 during TEM cycle 228 based on selected phase 422. D flip-flop
440 may register aleading edge of cLT 442 upon aleading edge of selected phase 422 during LEM
cycle 226, effectively delaying the leading edge of cLT 442 based on the LSBs of duration 212 in
FIG. 2. Similarly, D-FF 440 may register atrailing edge of cL T 442 upon aleading edge of selected
phase 422 during TEM cycle 228, effectively delaying the trailing edge of pulse cLT 442 based on
the LSBs of duration 222 in FIG. 2.

Controller 400, or portions thereof, may be implemented as described below with reference to
FIG. 5 and/or FIG. 6.
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FIG. 5isablock diagram of a controller 500, including aDLL 502 to generate multiple phases

504 of a system clock Sys Clk 506, and PWM logic 508 to generate a PWM signal 510 based on a
duty command 512 and one or more selected phases 522 of Sys Clk 506. Controller 500 further
includes phase select logic 516 to provide the one or more selected phases 522 to PWM logic 508
under control of aphase select control 528, also illustrated here as ph_sel[ 1:0].

PWM logic 516 includes control logic 530 to generate controls cTEM, cLEM, and phase
select 528, and pulse circuitry 536 to generate a PWM pulse based on cLEM 532, cTEM 534, and
selected phase(s) 522.

Controller 500 is described below with reference to FIG. 6.

FIG. 6 is atiming diagram 600 of PWM signal 510, including a pulse 602 having a leading
edge 608 and atrailing edge 612, and centered between a LEM cycle 626 and aTEM cycle 628.

LEM cycle 626 begins at a Count[2:0] = 000, and TEM cycle 628 begins a Count[2:0] = 100.
Count[2:0], may correspond to a count of Sys Clk 506.

Leading edge 608 occurs after a delay 620, illustrated here as including a MSB delay 619 and
a LSB delay 623. MSB delay 619 may correspond to a leading edge 610 of cLEM 532, and LSB
delay 621 may correspond to selected one of phases 504-0, 504-1, and 504-2.

Trailing edge 612 occurs after a delay 622, illustrated here as including a MSB delay 621, a
LSB delay 625, and remainder or REM delay. MSB delay 621 may correspond to a leading edge
614 of cTEM 534, and a sum of LSB delay 625 and REM delay may correspond to a selected one of
phases 504-0, 504-1, and 504-2.

Generation of pulse 602 is described below with reference to a 5-bit duty command 512,
duty[4:0] = 01101. Timing diagram 600 is not, however, limited to the example of FIG. 5, or a 5-hit
duty command.

In FIG. 5, control logic 530 includes a 3-bit counter 550 to increment a count, Count[2:0],
based on Sys Clk 506.

Logic to derive delay terms from duty command 512 is now described.

Control logic 530 includes shift logic 552 to right-shift duty[4:0], which is equivalent to
(duty[4:0]/2). Shift logic 552 outputs a 4-bit duty div2[3:0] at 554, and any remainder bit, REM, at
556, a sum of which corresponds to TEM delay 622 in FIG. 6.

Control logic 530 further includes subtraction logic 558 to subtract duty div2[3:0] from %% of
the maximum value of duty[4:0] (i.e, 2"/2=2®1) and output the result as sub[3:0] at 560. This
corresponds to LEM delay 620 in FIG. 6.
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Logic to generate cLEM 532 and cTEM 534 isnow described.

Regarding cLEM 532, control logic 530 includes comparator logic 562 to output an indication
564 when the LSBs of Count[2:0], illustrated here as Count[l:0], equals sub[3:2], corresponding to
LEM MSB delay 6109.

Control logic 530 further includes AND logic 566 to output indication 564 as cLEM 532 when
the MSB of Clock[2:Q], illustrated here as Clock[2] is low, which corresponds to LEM cycle 626 in
FIG. 6.

Regarding cTEM 534, control logic 530 includes comparator logic 568 to output an indication
570 when the Count[l:0] = duty div2[3:2], corresponding to TEM MSB delay 62 1.

Control logic 530 further includes AND logic 572 to output indication 570 as cTEM 532 when
Clock[2] ishigh, which corresponds to TEM cycle 628 in FIG. 6.

Logic to generate phase select 528, or ph_sel[l:0], isnow described.

Control logic 530 is implemented to provide LSBs of sub[3:0], illustrated here as sub[l:0],
corresponding to LEM LSB delay 623, asaLEM phase select 574.

Control logic 530 includes summation logic 578 to sum LSBs of duty div2[3:0], illustrated
here as duty div2[ 1:0], corresponding to TEM LSB delay 625, with REM 556, to generate a TEM
phase select 576.

Control logic 530 further includes multiplexer logic 546 to output LEM phase select 574 as
phase select 528 during LEM cycle 626, and TEM phase select 576 during TEM cycle 626.

A summary of control values for the example of duty[4:0] = 01101 are provided in Table 1.

TABLE1
Reference Value | Selected Phase

duty[4:0] = 01101

duty[4:0]/2 = duty_div2[3:0] = 0110

REM = 1

TEM MSB Delay 621 = duty div2[3:2] = 01

TEM Phase Select 576 = duty div2[l:0) + REM = 11| Phase 504-2
10+1=

LEM Delay 620 = sub[3:0] = 1111-0110 = 1001

LEM MSB Delay 619 = sub[3:2] = 10

LEM Phase Select 574 = sub[l:0] = 01 | Phase 504-0
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Pulse circuitry 536 is now described.

During LEM cycle 626, cLT 542 becomes active when cLEM 532 is active. D flip-flop 540
registers a leading edge 616 of cLT 542 as leading edge 608 of pulse 602 upon a leading edge of
selected phase 522, which is selected based on LEM phase select 574. D flip-flop 540 thus delays
leading edge 616 of cLT 542 by selected phase 522. In the example of FIG. 6, leading edge 616 is
delayed until aleading edge 630 of phase 504-0.

After D flip-flop 540 registers leading edge 616, cLT 542 is maintained active with feedback
from PWM signal 510 until aleading edge 614 of cCTEM 534.

During TEM cycle 628, D flip-flop 540 registers a trailing edge 618 of cLT 542 as trailing
edge 612 of pulse 602 upon aleading edge of selected phase 522, which is selected based on TEM
phase select 576. In the example of FIG. 6, trailing edge 618 is delayed until aleading edge 632 of
phase 504-2.

FIG. 7 is a block diagram of a controller 700 to generate a PWM pulse within a clock
domain defined by a selectable phase of a system clock Sys Clk 706, such that a leading and/or
trailing edge of the clock is synchronous with the clock domain.

Controller 700 may include aDLL 702 to generate multiple phases 704 of Sys Clk 706. In
FIG. 7, DLL 702 includesN=2" delay cells, which may be denoted 0, 1, ... n.

Controller 700 further includes phase select logic 716 to output one or more phases of
Sys Clk 706. In the example of FIG. 7, phase select logic 716 includes logic to provide afirst phase
of Sys Clk 706 as a lem_dly_clk, and a second phase of Sys Clk 706 as atem_dly_clk. Clocks
lem dly clk and tem_dly clk may define corresponding LEM and TEM clock domains within
which to generate leading and trailing edges of apulse.

Controller 700 further includes PWM logic 708 to generate a PWM signal 710 based on a
duty command 712, Sys Clk 706, lem_dly_clk, and tem_dly_clk.

PWM logic 708 may include control logic 718 to generate controls and/or delay terms based
on duty command 712 and system clock 706. In FIG. 7, control logic 718 is implemented to
generate a lem_ph sel and a tem_ph sel to control selection of phases 704 for lem dly clk and
tem_dly clk. Control logic 718 may be implemented to generate lem ph_sel based on LSBs of
duration 212 in FIG. 2, and to generate tem_ph_sel based on LSBs of duration 222 in FIG. 2.
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Control logic 718 may be implemented to provide a LEM/TEM control 728 to define or

distinguish between LEM and TEM cycles 226 and 228 in FIG. 2. LEM/TEM control 728 may
correspond to acount of Sys Clk 706, such as described below with reference to FIGS. 8 and 9.

Control logic 718 may be implemented to provide atarget LEM count, lem val, which may
be based on MSBs of duration 212 in FIG. 2. Control logic 718 may be further implemented to
provide atarget TEM count, tem_val, which may be based on MSBs of duration 222 in FIG. 2.

PWM logic 708 may include pulse circuitry 720 to generate a PWM pulse.

Pulse circuitry 720 may include LEM counter logic 722 to generate a leading pulse edge
within aLEM clock domain defined by lem_dly clk.

Pulse circuitry 720 may further include TEM counter logic 724 to control atrailing pulse
edge within respect to aTEM clock domain defined by tern dly clk.

Pulse circuitry 720 may further include a pulse generator 726 to construct a PWM pulse
based on leading and trailing edge outputs of LEM counter logic 722 and TEM counter logic 724.

LEM counter logic 722 may be implemented to increment a LEM count based on
lem dly clk, and output a leading edge decision when the LEM count reaches lem val. Similarly,
TEM counter logic 724 may be implemented to increment a TEM count based on lem dly clk, and
output atrailing edge decision when the TEM count reaches tem_val.

Controller 700 may be implemented as described below with reference to one or more of
FIGS. 8,9, and 10.

FIG. 8 is a block diagram of a controller 800 to generate leading and trailing edges of a
PWM pulse, each within a corresponding clock domain defined by a selectable phase of a system
clock 806, such that the leading and trailing edges are synchronous with the corresponding clock
domains.

Controller 800 includes PWM logic, illustrated here as including control logic 818 and pulse
circuitry 820, to generate a PWM signal 810 based on a duty command 812, Sys Clk 806, and
selectable phases of Sys Clk 806.

In the example of FIG. 8, duty command 812 is illustrated as an M-bit duty command,
dpwm[m:0], where M = (m+1). Controller 800 is described below with reference to FIG. 9, and
with respect to a 5-bit duty command 812, dpwm[4:0] = 01101, and with respect to a 4-delay cell
DLL 802 (i.e., m=4, M=nm+I=5, n=2, andN=4).

FIG. 9 is atiming diagram 900 described below with reference to FIG. 8. Timing diagram

900 is not, however, limited to the example of FIG. 8.
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In FIG. 9, PWM signal 810 includes a pulse 902, having a leading edge 908 and atrailing

edge 912, and centered within aLEM cycle 904 and a TEM cycle 906.

In FIG. 8, controller 800 further includes aDLL 802 to generate multiple phases of Sys Clk
806. In FIG. 8, DLL 802 isillustrated as having 2" delay cells.

Controller 800 further includes phase select logic to output selected phases of Sys Clk 806
to pulse circuitry 820 as lem dly clk and tem_dly clk. Asdescribed above with respect to FIG. 7,
lem dly clk andtem dly clk define corresponding LEM and TEM clock domains.

The phase select logic includes alatch 822 to register lem ph_sel to multiplex logic 824, and
a latch 826 to register tem ph_sel to multiplex logic 828, on leading edges of Sys Clk 806. Latch
822 may be enabled during LEM cycle 904, and latach 826 may be enabled during TEM cycle 906.

Multiplex logic 824 outputs a selected phase of Sys Clk 806 as alem dly ek, based on
lem ph_sel. Multiplex logic 828 outputs a selected phase of Sys Clk 806 as atem_dly clk based on
tem_ph sdl.

Lem_ph sel may correspond to a LSB delay 916 portion of a LEM delay 914 in FIG. 9.
LEM delay 914 may be expressed as :

(2" — dpwm[m : 0])

LEM Delay 914 = > : EQ. (6)

In FIG. 8, control logic 818 includes logic 832 to right-shift duty command 812, which is

equivalent to dividing duty command 812 by 2 (i.e, dpwm[?:0]/2). Logic 832 provides right-shifted
bits as dpwm[m:l], and any remainder, or REM, as dpwm[0Q].

Control logic 818 further includes logic 834 to subtract LSBs of dpwm[m:l], illustrated here
as dpwm[«l], from ¥ of the maximum value of the LSBs, illustrated here as 2*-1. Logic 834 thus
outputs lem _ph_sel asthe LSBs of EQ. (6).

Tem ph sl may correspond a sum of a MSB delay 926 and a REM delay 922 in FIG. 9,
which may be determined as a sum of LSBs %2((duty command 812), and any remainder. As
described above, control logic 818 includes right-shift logic 832 to divide duty command 812,
dpwm[m:0], by 2. Control logic 818 further includes logic 836 to sum LSBs dpwm[«:l], of right-
shifted bits dpwm[m: 1], and remainder dpwm[0], to generate tem_ph_sel.

In the example of FIG. 9, for a duty command 812 of dpwm[4:0] = 01101, logic 832 outputs
dpwm[m:l] = 0110, with REM = dpwm[0]= 1.



10

15

20

25

30

WO 2013/095487 PCT/US2011/066746

-12-
Logic 834 subtracts the two LSBs of dpwm[m:l] (i.e., dpwm[n:l]= 10), from the maximum

LSB value of 11, to determine lem ph sel as 11-10=01, which corresponds to a first delay cell of
DLL 802, referred to herein as co.

In FIG. 9, lem_dly _clk has 1-cell phase delay relative to Sys Clk 806, which corresponds to
LSB delay 916 of LEM delay 914. In this example, the 1-cell phase delay corresponds to a 90
degree phase shift relative to Sys Clk 806.

Further regarding the example of FIG. 9, logic 836 sums the two LSBs of dpwm[m:l] (i.e.,
dpwm[«:[=10]), and remainder REM dpwm[0]=Il, to determine tem_ph se as 10+1=11, which
corresponds to athird delay cell of DLL 802, referred to herein as c2.

In FIG. 9,tem _dly clk has a 3-cell phase delay relative to Sys Clk 806, which corresponds to
LSB delay 920 and remainder 922. In this example, the 3-cell phase delay corresponds to a 270
degree phase shift relative to Sys Clk 806, and a 180 degree phase difference with respect to to
lem dly clk.

In FIG. 8, control logic 818 includes a counter to generate aLEM/TEM control 828 based on a
count of Sys Clk 806. LEM/TEM control 828 may be used to distinguish between LEM cycle 904
and TEM cycle 906 in FIG. 9.

Control logic 818 further includes logic to generate lem_val and tem_val, which may represent
target counts for LEM cycle 604 and TEM cycle 606, respectively.

As illustrated in FIG. 9, lem val may represent MSB delay 924 of delay 914. In FIG. 8,
control logic 818 includes right-shift logic 832 and logic 854 to derive lem val from duty command
812.

As described above, right-shift logic 832 provides YAdpwm[m:Q0]) as dpwm[m:l]] and
remainder bit REM, dpwm[0]. Logic 854 subtracts the two MSBs of dpwm[m:l] (i.e,
dpwm[w:ra+l], from the maximum value of the two MSBs (i.e., 2™"A-1). In the example of FIG. 9,
where dpwm[m:0]=01 101, logic 854 determines lem val as:

(20")-1) - dpwm[m:«+l] = 11-01=10.

Asfurther illustrated in FIG. 9, tem val may represent MSB delay 926, which may correspond
to LSBs of % (duty command 812). In FIG. 8, as described above, control logic 818 includes right-
shift logic 832 to provide Y2 (dpwm[m:0]) as dpwm[m:l] and remainder bit REM, dpwm[0]. MSBs
of dpwm[w:l] (i.e, dpwm[m:«+l]), are provided to latch 846 astem val. In the example of FIG. 9,
where dpwm[m:0]=01101, tem val = dpwm[m:«+I]=01.

Pulse circuitry 820 is now described.
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In FIG. 8, pulse circuitry 820 includes a latch 838 to receive and register LEM reference value

lem val, from control logic 818, a counter 836 to count leading edges of lem dly clk as lem ctr,
and comparator logic 840 to compare lem_ctr to lem val. Pulse circuitry 820 further includes a D
flip-flop 842 to register an output of comparator logic 840 to a set input of a set/reset (SR) flip-flop
852, upon aleading edge of lem_dly clk.

Similarly, pulse circuitry 820 includes a latch 846 to receive and register TEM reference value
tem val, from control logic 818, a counter 844 to count leading edges of tem dly clk astem ctr,
and comparator logic 848 to compare tem_ctr to tem val. Pulse circuitry 820 further includes a D
flip-flop 850 to register an output of comparator logic 848 to areset input of SR flip-flop 852, upon
aleading edge of tem_dly_clk.

SR flip-flop 852 outputs pulse 902, beginning with leading edge 908 of pulse 902 upon receipt
of a set input from D flip-flop 842. SR flip-flop 852 terminates pulse 902 with trailing edge 912
upon receipt of areset input from D flip-flop 850.

Where an updated lem val is registered during LEM cycle 904, and where the updated
lem val is less than a current count of lem ctr, comparator logic 840 may not properly set SR flip-
flop 850. To prevent such a situation, latch 838 may be implemented to register lem val during a
preceding TEM cycle 903, and may be disabled during TEM cycle 904. Similarly, latch 846 may be
implemented to register tem_val during LEM cycle 904, and may be disabled during TEM cycle
906. This may also conserve power. For example, in FIG. 8, latch 838 is disabled by LEM/TEM
control 828 (e.g., Count[2]), during LEM time 904 in FIG. 9. Similarly latch 846 is disabled by
LEM/TEM control 828 during TEM time 906.

Alternatively, pulse circuitry 820 may include circuitry to permit updating of lem val during
LEM time 904, and/or tem_val during TEM time 906, provided that the updated value is greater
than a current count value, such as described below with reference to FIG. 10.

FIG. 10 is ablock diagram of pulse circuitry 1000, including features described above with
reference to FIG. 8.

Pulse circuitry 1000 further includes comparator logic 1002 to enable latch 836 to latch
lem_val, when lem val is greater than lem _ctr.

Similarly, pulse circuitry 1000 includes comparator logic 1004 to enable latch 846 to latch
tem_val, when tem_val is greater than tem_ctr.

Comparator logic 1002 may include threshold logic to preclude enabling of latch 836 unless

the new lem_val is greater than lem_ctr by athreshold amount. This may help to provide sufficient
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time to register lem_val before lem_ctr potentially increments beyond the new lem_val. Comparator

logic 1004 may include similar threshold logic.

In FIG. 8 and 10, registering of leading and trailing edges 908 and 912 with D flip-flops 842,
based on lem_dly_clk and tem_dly_clk, may help to avoid glitches at the Sand R inputs of SR flip-
flop 852.

Further regarding FIGS. 8 and 10, LEM counter 836 and comparator logic 840 may be
disabled during TEM cycle 906, and TEM counter 844 and comparator logic 848 may be disabled
during LEM cycle 904. In this way, pulse circuitry 802 implements dual-edge modulation using a
single active clock domain a any given time, rather than relying on multiple simultaneous clock
domains that might otherwise necessitate double synchronization. This may also conserve power.

In addition, leading edge 908 is generated synchronously within LEM clock domain
lem dly clk, and trailing edge 912 is generated synchronously within TEM clock domain
tem dly clk. These features, in combination with registering of leading and trailing edges 908 and
912 with D flip-flop 842 and 850 based on the corresponding LEM and TEM clock domains,
provides a synchronous design.

Pulse 902 may thus be generated with a hybrid digital controller (i.e., includes a counter and a
DLL), without asynchronous logic, which may provide a suitable balance between power and area
consumption, and ease of implementation. Moreover, such ahybrid digital controller may beused to
generate PWM signals for multiple VRs and/or multiple phases of a multi-phase VR from a shared
DLL.

The synchronous nature of ahybrid digital controller, as described above with reference to one
or more of FIGS. 7 through 10, may provide substantially uniform and monotonic PWM pulses,
even with variations in duty command, without intensive verification and validation, and without
necessitating custom layout. Such a hybrid digital controller may be designed a a register-transfer
level (RTL) of abstraction that is "correct by construction,” and that provides monotonic pulse
generation independent of aprocess node.

FIG. 11lis aflowchart of amethod 1100 of generating a pulse width modulated (PWM) signal
104 based on a duty command and selectable phases of a system clock. Method 1100 may be
implemented with one or more features described above with reference to one or more of FIGS. 1
through 10. Method 1100 is not, however, limited to any of the examples of FIGS. 1through 10.

At 1102, multiple phases of a system clock are generated. The phases of the system clock may

be generated with aDLL, such as described in examples above.
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At 1102, one of the phases of the system clock is selected based on a duty command. The duty

command may be generated by aduty command controller based on the system clock. The phase of
the system clock may be selected based on a delay term derived from the duty command.

At 1104, apulse is generated based on the duty command and the selected phase of the system
clock. Pulse generation may include generating an initial pulse based on a delay term derived from
the duty command, using combinational logic, and re-timing the initial pulse based on the selected
phase of the system clock. Alternatively, the selected phase of the system clock may be used to
generate the pulse directly, based on a count of the system clock relative to atarget count derived
from the duty command.

Method 1100 may be implemented to generate multiple PWM signals from a shared set of
phases of a system clock, such asto control multiple voltage regulators and/or multiple phases of a
multi-phase voltage regulator.

FIG. 12 is aflowchart of a method 1200 of generating an initial pulse based on a delay term
derived from a duty command, and re-timing the pulse based on a selected phase of a system clock.
Method 1200 may be implemented with one or more features described above with reference to one
or more of FIGS. 1through 6. Method 1200 is not, however, limited to any of the examples of
FIGS. 1through 6.

At 1202, multiple phases of a system clock are generated, such as described above with
reference to 1102 in FIG. 11.

At 1204, one of the phases of the system clock is selected based on a duty command, such as
described above with reference to 1104 in FIG. 11. The selecting may include selecting afirst one of
the phases as LEM clock and/or selecting a second one of the phases as a TEM clock

At 1206, an initial pulse is generated based on the duty command and the system clock. The
initial pulse may be generated based on one or more of a LEM delay term and a TEM delay term
derived from the duty command, such aswith combinational logic.

At 1208, the initial pulse is re-timed based on the selected phase of the system clock to
generate a PWM pulse. The re-timing may include registering a leading edge of the initial pulse
based on aleading edge of a LEM clock, and/or registering atrailing edge of the initial pulse based
on aleading edge of aTEM clock. The registering may include registering with aD flip-flop.

FIG. 13 is aflowchart of amethod 1300 of generating a pulse within a clock domain defined
by selectable phase of a system clock, such that a leading and/or trailing edge of the pulse is

synchronous with the clock domain. Method 1300 may be implemented with one or more features
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described above with reference to one or more of FIGS. 1through 3 and 7 through 10. Method 1300

is not, however, limited to any of the examples of FIGS. 1through 3 and 7 through 10.

At 1302, multiple phases of a system clock are generated, such as described above with
reference to 1102 in FIG. 11.

At 1304, one of the phases of the system clock is selected based on a duty command, such as
described above with reference to 1104 in FIG. 11. The selecting may include selecting a first one of
the phases as LEM clock and selecting a second one of the phases as a TEM clock, based on
corresponding LEM and TEM delay terms derived from the duty command.

At 1306, atarget count is derived from the duty command. The deriving may include deriving
aLEM target count and a TEM target count from the duty command.

At 1308, cycles of the selected phase are counted. The counting may include incrementing a
LEM count based on a LEM clock and incrementing a TEM count based on a TEM clock. The
incrementing may be performed during corresponding LEM and TEM cycles.

At 1310, an edge of a pulse is generated or output, when the count equals the target count.
Where an LEM count and a TEM count are maintained, the generating may include generating a
leading edge of the pulse when the LEM count equals the LEM target count, and atrailing edge of
the pulse when the TEM count equals the TEM target count, such as described above with reference
to one or more of FIGS. 7 through 10.

The edge may be registered with a D flip-flop based on the selected phase of the system clock.
Where leading and trailing edges are generated within corresponding LEM and TEM clock domains,
outputs of corresponding D flip-flops may be presented to set and reset inputs of a SR flip-flop, such
as described further above.

Methods and systems disclosed herein may be implemented to regulate one or more power
domains of an integrated circuit die, such as described below with reference to FIG. 14.

FIG. 14 is ablock diagram of a system 1400 including a hybrid digital controller 1402 having
a DLL 1406 to generate multiple phases of a system clock 1418 to control multiple voltage
regulators (VRS) 1404, such as described in one or more examples above.

VRs 1404 may be implemented to regulate voltages at corresponding voltage rails 1406 to
power corresponding circuitry 1408.

System 1400 may implemented within an integrated circuit (IC) die, and circuitry 1408-1
through 1408-k may include one or more processors, processor cores, graphics processors, graphics

processor elements, and/or portions thereof.
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System 1400 may include a duty command controller 1410 to provide duty commands 1412 to

PPM logic of digital controller 1402 based on corresponding reference voltages 1416 and system
clock 1418. Duty command controller 1410 may be implemented to provide phase enable controls
1414 to control PMM logic of amulti-phase VR, such asVR 1404-1.

System 1400 may include a communication system 1430 to interface between a processor of
system 1400 and a communication network. Communication system 1430 may include a wired
and/or wireless communication system.

System 1400 may further include a monitor or display 1432 to display information from the
processor.

System 1400 may further include a human interface device (HID) 1434 to provide user input
to the processor. HID 1434 may include, for example and without limitation, one or more of a key
board, a cursor device, atouch-sensitive device, and or a motion and/or image sensor. HID 1434
may include a physical device and/or a virtual device, such as a monitor-displayed or virtua
keyboard.

System 1400 may further include an audio system 1436 to provide an audible output from the
processor and/or communication system 1430.

System 1400 may further include a battery system to provide power to one or more of system
1400, communication system 1430, display 1432, audio system 1436, and HID 1434.

One or more of communication system 1430, display 1432, audio system 1436, and HID 1434
may receive power from one or more of regulated voltage rails 1406.

System 1400 may include a housing to receive system 1400, communication system 1430,
display 1432, audio system 1436, and HID 1434 and/or an interface thereto. The housing may
include, without limitation, a rack-mountable housing, a desk-top housing, a lap-top housing, a
notebook housing, a net-book housing, a set-top box housing, a hand-held housing, and/or other
conventional electronic housing and/or future-developed housing. System 1400 may correspond to,
without limitation, a computer system, a server system, and/or a hand-held processor and/or
communication device.

Methods and systems are disclosed herein with the aid of functional building blocks
illustrating functions, features, and relationships thereof. At least some of the boundaries of these
functional building blocks have been arbitrarily defined herein for the convenience of the
description. Alternate boundaries may be defined so long as the specified functions and relationships

thereof are appropriately performed.
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While various embodiments are disclosed herein, it should be understood that they have been

presented by way of example only, and not limitation. It will be apparent to persons skilled in the
relevant art that various changes in form and detail may be made therein without departing from the
spirit and scope of the methods and systems disclosed herein. Thus, the breadth and scope of the

claims should not be limited by any of the example embodiments disclosed herein.
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WHAT ISCLAIMED IS

. An apparatus, comprising:

first pulse width modulation (PWM) logic to select one of multiple phases of a system clock
based on afirst duty command, and to generate aPWM pulse having awidth
specified by the first duty command,;

wherein the PWM logic includes aregister to output an edge of the PWM pulse under
control of and synchronous with the selected phase of the system clock.

. The apparatus of claim 1, further including:

aduty command controller to generate the first duty command and a second duty command
based in part on the system clock;

adelay locked loop (DLL) to generate the multiple phases of the system clock, wherein the
first PWM logic is implemented to select the phase of the system clock from the DLL
based on the first duty command; and

second PWM logic to select one of the multiple phases of the system clock from the DLL
based on the second duty command, and to generate a pulse based on the second duty

command and the corresponding selected phase of the system clock.

. The apparatus of claim 1or claim 2, further including first and second voltage regulators,

wherein:
the first PWM logic is implemented to control the first voltage regulator; and

the second PWM logic is implemented to control the second voltage regulator.

. The apparatus of claim 3, further including:

amulti-phase voltage regul ator:

wherein the duty command controller is implemented to generate first and second phased
enable controls to selectively enable the corresponding first and second PWM logic;

wherein the first PWM logic isimplemented to control afirst phase of the multi-phase
voltage regulator; and

wherein the second PWM logic isimplemented to control a second phase of the multi-phase

voltage regulator.
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The apparatus of any one of claims 1through 4, wherein the register includes aD flip-flop to

receive the selected phase of the system clock as a clock inpuit.

The apparatus of any one of claims 1through 5, wherein:

the first PWM logic includes combinational logic to generate an initial pulse based on the
first duty command, synchronous with the system clock; and

the register is implemented to register an edge of the initial pulse under control of the

selected phase of the system clock.

. The apparatus of claim 6, wherein the combinational logic includes:

logic to select afirst one of the phases of the system clock as aleading edge modulation
(LEM) clock and a second one of the phases of the system clock as atrailing edge
modulation (TEM) clock based on the first duty command;

wherein the register is implemented to register aleading edge of the initial pulse under
control of the LEM clock and atrailing edge of the initial pulse under control of the
TEM clock.

The apparatus of any one of claims 1through 5, wherein the first PWM logic includes:
combinational logic to derive atarget count from the first duty command; and
counter logic to count cycles of the selected phase of the system clock and output an edge of

the pulse when the cycle count equals the target count.

. The apparatus of claim 8, wherein the register includes:

aD flip-flop to register the pulse edge under control of the selected phase of the system

clock.

The apparatus of claim 8 or claim 9, wherein:
the combinational logic includes:
logicto select afirst one of the phases of the system clock as aleading edge
modulation (LEM) clock and a second one of the phases of the system clock
as atrailing edge modulation (TEM) clock based on the first duty command,

and
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logicto derive aLEM target count and a TEM target count from the first duty

command; and
the counter logic includes,
aLEM counter to increment aLEM count based on the LEM clock and generate a
leading pulse edge when the LEM count equals the target LEM count, and
aTEM counter to increment aTEM count based on the TEM clock and generate a

trailing pulse edge when the TEM count equals the target TEM count.

The apparatus of claim 10, wherein the register includes:

afirst D flip-flop to register the leading pulse edge to aset input of a SR flip-flop under
control of the LEM clock; and

asecond D flip-flop to register the trailing pulse edge to areset input of the SR flip-flop

under control of the TEM clock.

The apparatus of claim 10, further including:
logic to alternately enable the LEM counter and the TEM counter.

The apparatus of claim 10, wherein the counter logic further includes:
aLEM latchto latch the LEM target count;

aTEM latchto latch the TEM target count;

logic to disable the LEM latch when the TEM counter is enabled; and
logic to disable the TEM latch when the LEM counter is enabled.

The apparatus of claim 10, wherein the counter logic further includes:

aLEM latchto latch the LEM target count;

aTEM latchto latch the TEM target count;

logic to enable the LEM latch when the LEM target count is greater than the LEM count; and
logic to enable the TEM latch when the TEM target count is greater than the TEM count.

The apparatus of claim 10, wherein the counter logic further includes:
aLEM latchto latch the LEM target count;
aTEM latchto latch the TEM target count;



10

15

20

25

30

WO 2013/095487 PCT/US2011/066746

16.

17.

18.

-22.
logic to enable the LEM latch when the LEM target count is greater than the LEM count by a

threshold amount; and
logic to enable the TEM latch when the TEM target count is greater than the TEM count by
the threshold amount.

A system, comprising:

afirst voltage regulator to regulate avoltage of afirst voltage rail;

first circuitry to receive power from the first voltage rail; and

first pulse width modulation (PWM) logic to control the first voltage regulator, including to
select afirst one of the multiple phases of a system clock based on afirst duty
command, and generate a PWM pulse having awidth specified by the first duty
command;

wherein the first PWM logic includes aregister to output an edge of the PWM pulse under
control of and synchronous with the first selected phase of the system clock; and

wherein the first voltage rail, the first voltage regulator, and the first PWM logic are
implemented within an integrated circuit (IC) die.

The system of claim 16, further including:

aprocessor implemented within the I C dig;

acommunication system to interface between the processor and a communication network;
adisplay to display information from the processor; and

ahuman interface device (HID) to provide user input to the processor.

The system of claim 17, wherein the communication system includes awireless

communication system, the system further including:

an audio system to generate audible sound from one or more of the communication system
and the processor;

abattery to provide power to the | C die, the communication system, the display, the HID,
and the audio system; and

amobile hand-held housing to receive the | C die, the communication system, the display, the
audio system, and the battery.



10

15

20

25

30

WO 2013/095487 PCT/US2011/066746

-23-
19. The system of any one of claims 16 through 18, further including:

a second voltage regulator to regulate avoltage of the second voltage rail;

second circuitry to receive power from the second voltage rail; and

second pulse width modulation (PWM) logic to control the second voltage regulator,
including to select a second one of the multiple phases of the system clock based on a
second duty command, and generate a PWM pulse having awidth specified by the
second duty command,;

wherein the second PWM logic includes aregister to output an edge of the PWM pulse
under control of and synchronous with the second selected phase of the system clock;
and

wherein the second voltage rail, the second voltage regulator, and the second PWM logic are

implemented within the IC die.

20. The system of any one of claims 16 through 19, further including:
aduty command controller to generate duty commands based in part on the system clock;
and
adelay locked loop (DLL) to generate the multiple phases of the system clock for the first
and second PWM laogic.

21. A method, comprising:
selecting afirst one of multiple phases of asystem clock based on afirst duty command; and
generating afirst PWM pulse having awidth specified by the first duty command, including
registering an edge of the PWM pulse under control of and synchronous with the first
selected phase of the system clock.

22. The method of claim 21, further including:
generating the first duty command and a second duty command based in part on the system
clock;
generating the multiple phases of the system clock with a delay locked loop (DLL), wherein
the selecting of the first phase of the system clock includes selecting the first phase of
the system clock from the DLL based on the first duty command;
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selecting a second one of the multiple phases of the system clock from the DLL based on the

second duty command; and

generating a second PWM pulse based on the second duty command and the second sel ected
phase of the system clock;

wherein the first PWM pulse corresponds to afirst PWM signal and the second PWM pulse
corresponds to a second PWM signal.

The method of claim 21, wherein:

the generating includes generating an initial pulse based on the first duty command and
synchronous with the system clock; and

the registering includes an edge of the initial pulse under control of the first selected phase of
the system clock.

The method of claim 23, wherein:

the selecting includes selecting the first phase of the system clock as aleading edge
modulation (LEM) clock and a second one of the phases of the system clock as a
trailing edge modulation (TEM) clock based on the first duty command; and

the registering includes registering a leading edge of the initial pulse under control of the
LEM clock and registering atrailing edge of the initial pulse under control of the
TEM clock.

The method of claim 21, wherein the generating includes:

deriving atarget count from the first duty command,;

counting cycles of the selected phase of the system clock and outputting an edge of the first
PWM pulse when the cycle count equals the target count.

The method of claim 25, wherein the registering includes:
registering the pulse edge with a D flip-flop under control of the first selected phase of the

system clock.

The method of claim 25, wherein:
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the selecting includes selecting the first phase of the system clock as aleading edge

modulation (LEM) clock and a second phase of the system clock as atrailing edge
modulation (TEM) clock based on the first duty command;
the deriving includes deriving a LEM target count and a TEM target count from the first duty
command; and
the counting includes,
incrementing aLEM count based on the LEM clock and generating a leading edge of
the first PWM pulse when the LEM count equals the target LEM count, and
incrementing aTEM count based on the TEM clock and generating atrailing edge of
the first PWM pulse when the TEM count equals the target TEM count.

The method of claim 27, wherein the registering includes:

registering the leading edge with afirst D flip-flop to a set input of a set/reset (SR) flip-flop
under control of the LEM clock; and

registering the trailing edge with a second D flip-flop to areset input of the SR flip-flop

under control of the TEM clock.

The method of claim 27, furthering including:

aternately enabling the incrementing of the LEM count and the incrementing of the TEM
count.

The method of claim 27, furthering including:

enabling aLEM latch to latch the LEM target count to aLEM counter;

enabling aTEM latch to latch the TEM target count to a TEM counter;

disabling the LEM latch when the TEM counter is enabled; and

disabling the TEM latch when the LEM counter is enabled.

31. The method of claim 27, furthering including:

enabling aLEM latch to latch the LEM target count to aLEM counter when the LEM target
count is greater than the LEM count; and

enabling aTEM latch to latch the TEM target count to a TEM counter when the TEM target
count is greater than the TEM count.
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32. The method of claim 31, wherain:

the enabling of the LEM latch includes enabling the LEM latch when the LEM target count
is greater than the LEM count by athreshold amount; and

the enabling of the TEM latch includes enabling the TEM latch when the TEM target count
is greater than the TEM count by athreshold amount.
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