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BUCK DC-DC CONVERTER WITH FIXED
FREQUENCY

BACKGROUND OF THE INVENTION

[0001] Switch mode power supplies or switching regula-
tors, also referred to as DC to DC converters, are often used to
convert an input supply voltage to a desired output voltage at
a voltage level appropriate for the internal circuitry of an
integrated circuit. For example, a 5 volts supply voltage pro-
vided to an integrated circuit may need to be reduced to 2.8
volts on the IC chip to operate the internal circuitry on the
chip. A switching regulator provides power supply function
through low loss components such as capacitors, inductors,
and transformers, and power switches that are turned on and
off to transfer energy from the input to the output in discrete
packets. A feedback control circuit is used to regulate the
energy transfer to maintain a constant output voltage within
the desired load limits of the circuit.

[0002] A switching regulator can be configured to step up
the input voltage or step down the input voltage or both.
Specifically, a buck switching regulator, also called a “buck
converter,” steps down the input voltage while a boost switch-
ing regulator, also called a “boost converter,” steps up the
input voltage. A buck-boost switching regulator, or buck-
boost converter, provides both step-up and step-down func-
tions.

[0003] The operation of the conventional buck switching
regulator is well known and is generalized as follows. A
conventional buck switching regulator includes a pair of
power switches which are turned on and off to regulate an
output voltage to be proportional to a reference voltage. More
specifically, the power switches are alternately turned on and
off to generate a switching output voltage at a switching
output node, also referred to as the switch node. The switch
node is coupled to an LC filter circuit including an output
inductor and an output capacitor to generate an output voltage
having substantially constant magnitude. The output voltage
can then be used to drive a load.

[0004] In particular, the pair of power switches is often
referred to as including a “high-side power switch” and a
“low-side power switch.” The high-side power switch is
turned on to apply energy to the output inductor of the output
filter circuit to allow the current through the inductor to build
up. When the high-side power switch is turned off, the voltage
across the inductor reverses and the current through the
inductor reduces during this period. As a result, the inductor
current ripples above and below the nominal output current. A
relatively constant output voltage is maintained by the output
capacitor. The low-side power switch is turned on and oft for
synchronous control operation.

[0005] FIG. 1 is a schematic diagram of a conventional
buck switching regulator. Referring to FIG. 1, a switching
regulator 1 includes a pair of power switches S1 and S2
configured to receive an input voltage V,,and are alternately
turned on and off to generate a switching output voltage V-
at a switch node (SW) 22. The switching output voltage V-
is directly coupled to an LC filter circuit including an output
inductor [.1 and an output capacitor C - to generate a regu-
lated output voltage V ,, -at a node 26 having a substantially
constant magnitude. The output voltage V. can then be
used to drive a load 30 whereby switching regulator 1 pro-
vides the load current I, ,,,, to maintain the output voltage
V oo at a constant level.
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[0006] Switching regulator 1 includes a feedback control
circuit to regulate the energy transfer to the LC filter circuit to
maintain the constant output voltage within the desired load
limits of the circuit. More specifically, the feedback control
circuit causes power switches S1 and S2 to turn on and off to
regulate the output voltage V ;. to be proportional to a ref-
erence voltage V- or to a voltage value related to the refer-
ence voltage V... In the present embodiment, a voltage
divider including resistors R1 and R2 is used to divide down
the output voltage V ,,-which is then fed back to the switch-
ing regulator 1 as a feedback voltage V. on a feedback node
28. The feedback voltage V 5 is compared with the reference
voltage V. at an error comparator 12. The comparator
output is coupled to a controller and gate drive circuit 14 to
generate control voltages for the power switches based on a
switching regulator control scheme. The control voltages are
used to generate gate drive signals for the power switches S1
and S2. The gate drive signal for the high-side power switch
S1 is coupled to a high-side driver circuit 18 while the gate
drive signal for the low-side power switch S2 is coupled to a
low-side driver circuit 20. Driver circuits 18, 20 convert the
respective gate drive signals to gate drive voltages appropriate
for turning on and off the respective power switches.

[0007] Buck switching regulators or “buck regulators” with
fixed on-time control are preferred in the industry for some
important advantages as good efficiency for light load in PFM
(pulse frequency modulation) mode, easy synchronization
with external signals, easy control of a relatively large off-
time and a very small fixed on-time to regulate a high input
voltage to a low output voltage. Fixed on-time (or constant
on-time) regulators are one type of voltage regulators
employing ripple-mode control where the output voltage is
regulated based on the ripple component in the output signal.
Buck switching regulators implementing ripple-mode con-
trol are sometimes referred to as hysteretic buck regulators or
hysteretic DC-DC converters. Because of the switching
action at the power switches, all switch-mode regulators gen-
erate an output ripple current through the switched output
inductor. This current ripple manifests itself as an output
voltage ripple due, principally, to the equivalent series resis-
tance (ESR) in the output capacitors placed in parallel with
the load. The ESR of the output capacitor C, - is denoted as
a resistor Rz in FIG. 1. Recently, low ESR capacitors are
preferred to realize improved efficiency in switching regula-
tors but the low ESR capacitors do not generate enough out-
put ripple for feedback control. In that case, a ripple injection
circuit (not shown in FIG. 1) is used to introduce the ripple
signalused in the feedback loop. U.S. Pat. Nos. 7,482,791 and
7,482,793 illustrate examples of ripple injection circuits that
can be applied in buck regulators using fixed on-time control.

[0008] FIG. 2 is a voltage waveform illustrating the output
voltage ripple on the feedback voltage V., of a constant
on-time voltage regulator. In operation, a constant on-time (or
fixed on-time) regulator switches the output inductor high for
a fixed on-time (Ton) when the output ripple falls below a
single reference point V... At the end of the fixed on-time,
even if the output ripple may still be below the single refer-
ence point, the output inductor is switched low for a minimum
off-time before getting switched back high for the fixed on-
time again. In the feedback control loop, the output voltage
ripple on the feedback voltage V5 is regulated so that the
valley of the voltage ripple essentially sits at the reference
voltage level (V zzz), as shown in FIG. 2. The voltage ripple at
the feedback node 28 increases for the fixed on-time (Ton)
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when the high-side power switch is turned on and the voltage
ripple at feedback node 28 decreases when the high-side
power switch is turned off, and the low side switch is turned
on, until the feedback voltage V . reaches the reference volt-
age Vipr.

[0009] Although constant on-time buck switching regula-
tor presents many advantages, the constant on-time control
scheme results in a switching output voltage V- that has a
varying switching frequency. In some applications, the vary-
ing switching frequency of the buck converter is undesirable
and a fixed or constant switching frequency is sometimes
desired. More specifically, the constant on-time switching
regulator has a fixed on-time for the high-side switch but the
off-time can vary depending on the load and other condition.
The fixed on-time and the varying off-time lead to a varying
switching period. The switching frequency of the constant
on-time buck converter thus varies over the course of the
operation of the converter, such as due to load conditions, or
temperature or voltage variations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Various embodiments of the invention are disclosed
in the following detailed description and the accompanying
drawings.

[0011] FIG. 1 is a schematic diagram of a conventional
buck switching regulator.

[0012] FIG.2 is a voltage waveform illustrating the output
voltage ripple on the feedback voltage V. of a constant
on-time voltage regulator.

[0013] FIG. 3 is a schematic diagram illustrating a buck
switching regulator incorporating a fixed frequency feedback
control circuit in embodiments of the present embodiment.
[0014] FIG. 4 is a circuit diagram illustrating an on-time
(Ton) timer circuit which can be incorporated in the switching
regulator of FIG. 3 in embodiments of the present invention.
[0015] FIG. 5 illustrates waveforms of signals associated
with the Ton timer circuit 55 in some example.

[0016] FIG. 6 is a circuit diagram of the frequency control
loop in the switching regulator of FIG. 3 in embodiments of
the present invention.

[0017] FIG. 7 is circuit diagram of a bias generator which
can be incorporated in the frequency control loop of the
switching regulator of FIG. 3 in embodiments of the present
invention.

DETAILED DESCRIPTION

[0018] The invention can be implemented in numerous
ways, including as a process; an apparatus; a system; and/or a
composition of matter. In this specification, these implemen-
tations, or any other form that the invention may take, may be
referred to as techniques. In general, the order of the steps of
disclosed processes may be altered within the scope of the
invention.

[0019] A detailed description of one or more embodiments
of the invention is provided below along with accompanying
figures that illustrate the principles of the invention. The
invention is described in connection with such embodiments,
but the invention is not limited to any embodiment. The scope
of'the invention is limited only by the claims and the invention
encompasses numerous alternatives, modifications and
equivalents. Numerous specific details are set forth in the
following description in order to provide a thorough under-
standing of the invention. These details are provided for the
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purpose of example and the invention may be practiced
according to the claims without some or all of these specific
details. For the purpose of clarity, technical material that is
known in the technical fields related to the invention has not
been described in detail so that the invention is not unneces-
sarily obscured.

[0020] In embodiments of the present invention, a buck
switching regulator implements a fixed frequency feedback
control circuit including a voltage control loop and a fre-
quency control loop to regulate the switching frequency ofthe
buck switching regulator to a fixed or nearly fixed frequency.
The voltage control loop, implementing ripple mode control,
is a feedback control loop configured to control the power
switches in response to the switching regulator output voltage
or a signal related to the switching regulator output voltage.
The frequency control loop, implementing a phase-locked
loop control scheme, is a feedback control loop configured to
adjust the on-time of the high-side switch so as to regulate the
switching frequency to be equal to or be proportional to the
reference frequency. As thus configured, the voltage control
loop provides the buck switching regulator with fast transient
response while the frequency control loop regulates the
switching frequency to a fixed frequency value.

[0021] In general, the buck switching regulator operates to
turn on and off the high-side power switch at a given duty
cycle to obtain the desired regulated output voltage. As used
herein, the duty cycle of the high-side power switch refers to
the percentage of one switching period in which the high-side
power switch is turned on where one switching period refers
to the time it takes for the high-side power switch to complete
one on-and-off cycle. In embodiments of the present inven-
tion, the voltage control loop of the buck switching regulator
adjusts the duty cycle of the high-side power switch in rela-
tion to the reference voltage to generate the desired output
voltage. Meanwhile, the frequency control loop of the buck
switching regulator determines when the high-side power
switch should be turned off after the switch is turned on.
Accordingly, the frequency control loop controls the on-time
of the high-side power switch in relation to a reference fre-
quency. The on-time of the high-side power switch is thus not
fixed as in the case of a constant on-time switching regulator.
Rather, the on-time of the high-side power switch is regulated
or modified to achieve a constant or fixed switching fre-
quency. In operation, the voltage control loop activates the
high-side power switch when demanded to provide output
current to service the load so as to maintain the regulated
output voltage. Meanwhile, the frequency control loop moni-
tors the switching frequency and adjusts the on-time of the
high-side power switch to bring the switching frequency of
the switching regulator to within a given range of the refer-
ence frequency. In particular, the switching frequency is regu-
lated to be equal to or be proportional to the reference fre-
quency.

[0022] FIG. 3 is a schematic diagram illustrating a buck
switching regulator incorporating a fixed frequency feedback
control circuit in embodiments of the present embodiment.
Referring to FIG. 3, a switching regulator 50 includes a pair of
power switches S1 and S2 connected in series between an
input voltage V,,, (node 60) and a ground potential. Power
switches S1 and S2 (or “switches S1 and S2”) are alternately
turned on and off to generate a switching output voltage V-
at a switch node 58. The switching output voltage V- is
directly coupled to an LC filter circuit including an output
inductor [.1 and an output capacitor C ., to generate a regu-
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lated output voltage V . at a node 62 having a substantially
constant magnitude. The output voltage V. can then be
used to drive a load whereby switching regulator 50 provides
a load current I, , , ,, to maintain the output voltage V,, rat a
constant level.

[0023] Switching regulator 50 includes a feedback control
circuit to regulate the energy transfer to the LC filter circuit to
maintain the constant output voltage within the desired load
limits of the circuit. More specifically, the feedback control
circuit causes power switches S1 and S2 to turn on and off to
regulate the output voltage V ., to be proportional to a ref-
erence voltage V.- or to a voltage value related to the refer-
ence voltage V gz In embodiments of the present invention,
the fixed frequency feedback control circuit in the switching
regulator 50 implements a variable on-time, fixed frequency
feedback control scheme using a voltage control loop and a
frequency control loop. The voltage control loop operates in
response to the ripple components in the feedback signal to
regulate the output voltage while the frequency control loop
regulates the switching frequency to within a desired fre-
quency range.

[0024] In particular, the voltage control loop of the switch-
ing regulator 50 implements ripple mode control using a
modified constant on-time feedback control scheme. More
specifically, a control logic and driver circuit 54 (“controller
54”) generates the gate drive signals for turning on and off the
power switches S1 and S2. Under the modified constant on-
time feedback control scheme, the controller 54 turns on the
high-side power switch S1 when the feedback signal V 5 falls
below the reference voltage V... At the end of a given
on-time, even if the feedback signal is still below the refer-
ence point, the high-side power switch S1 is turned off for a
minimum off-time before getting switched back on for
another on-time cycle. Thus, the inductor current and the
output ripple increase for the on-time (Ton) when the high-
side power switch is turned on; meanwhile, the inductor cur-
rent and the output ripple decreases when the high-side power
switch S1 is turned off until the feedback signal of the feed-
back control loop reaches the reference voltage V. In
switching regulator 50, the on-time of the high-side power
switch S1 is not fixed but rather is varied to set a desired fixed
switching frequency, as will be described in more detail
below.

[0025] To implement ripple mode control, the feedback
control circuit relies on the ripple components in the feedback
signal to regulate the output voltage. In some examples, an
output voltage ripple is generated by using an output capaci-
tor C,r having a sufficiently large equivalent series resis-
tance (ESR). However, capacitors with large ESR are gener-
ally more costly and also introduce ripples to the output
voltage V o ritself. In embodiments of the present invention,
the output capacitor C_,,. is implemented using a capacitor
with low or zero ESR so that output voltage ripple and output
voltage variation at the output voltage V 5, is minimized.
Instead, a ripple generation circuit 66 is used to generate an
internal ripple signal which is injected to the feedback control
loop of the switching regulator 50. In the present embodi-
ment, the ripple generation circuit 66 generates a ripple volt-
age signal using the switching output voltage V- and the
ripple voltage signal is injected to the feedback signal V5
(node 68).

[0026] Inthevoltage controlloop ofthe switching regulator
50, the feedback control circuit includes a gain circuit 64 to
generate a feedback voltage signal V. (node 68). The gain
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circuit 64 may have a gain of one or less than one. In some
embodiments, the gain value for the gain circuit 64 may be 1
or 0.5, for example. The ripple generation circuit 66 injects
the ripple voltage signal to the feedback voltage signal V
(node 68), illustrated by the use of an adder in FIG. 3. The use
of an adder in FIG. 3 is symbolic only and in actual imple-
mentation, the ripple signal may be injected using other cir-
cuit configurations with or without an actual adder circuit.
[0027] FIG. 3 illustrates an exemplary implementation of
the ripple generation circuit 66 and the gain circuit 64. In the
present embodiment, the ripple generation circuit is imple-
mented using a resistor RS and a capacitor C5 connected in
series across the output inductor L1, that is, between nodes 58
and 62. A capacitor C6 connects to the common node 67 and
the feedback voltage signal V5 (node 68). The resistor R5,
capacitors C5 and C6 operate to inject a ripple signal into the
feedback voltage node 68. The ripple generation circuit 66
shown in FIG. 3 is illustrative only and the exact construction
of'the ripple generation circuit 66 is not critical to the practice
of the present invention. Other circuits for generating and
injecting a ripple signal to the feedback voltage node may be
used in other embodiments of the present invention.

[0028] In the present embodiment, the gain circuit 64 is
implemented as a voltage divider. The gain circuit 64 is
formed by resistors R1 and R2 connected in series between
the output voltage node 62 and the ground potential. The
common node 68 between resistors R1 and R2 is the feedback
signal V. which includes the DC voltage component gener-
ated from the output voltage V., and the injected ripple
signal. A capacitor C1 is connected in parallel with resistor
R1. The voltage divider ratio for the gain circuit can be 1 or
less than 1.

[0029] In the voltage control loop of switching regulator
50, the feedback voltage signal V5 carries the DC voltage
component of the output voltage V . -and the injected ripple
signal generated from the switching output voltage V i, The
feedback voltage signal is coupled to a comparator 52 to be
compared with a reference voltage V. The feedback volt-
age signal V. is coupled to the negative input terminal of
comparator 52 while the reference voltage V 5 - is coupled to
the positive input terminal of comparator 52. In the present
embodiment, the comparator 52 compares the feedback volt-
age signal V. to the reference voltage signal V.. without
hysteresis. The comparator 52 generates the comparator out-
put signal V., (node 53). The comparator output signal
V cour 18 coupled to the controller 54 to generate the driver
signals for the power switches in accordance with the variable
on-time, fixed frequency feedback control scheme.

[0030] Inembodimentsofthe present invention, the control
logic and driver circuit 54 generates a high-side turn-on signal
(HS_on) which is coupled to control the gate terminal (node
56) of the high-side power switch S1. The control logic and
driver circuit 54 also generates a low-side turn-on signal
(LS_on) which is coupled to control the gate terminal (node
57) of the low-side power switch S2. The high-side turn-on
signal and the low-side turn-on signal are complementary of
each other so that only one power switch is turned on at a time
and the two power switches are never turned on at the same
time. In some cases, the high-side turn-on signal and the
low-side turn-on signal using non-overlapping clock signals
to ensure a given delay between the turning off of one switch
and the turning on of the other switch. It is understood that the
high-side turn-on signal and the low-side turn-on signal have
logical stages appropriate for turning on or off the power
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switches, depending on the polarities of the power switches.
The high-side turn-on signal HS_on is asserted to turn on the
high-side power switch S1 while the low-side turn-on signal
LS_on is asserted to turn on the low-side power switch S2.
The logical states for asserting the high-side and low-side
turn-on signals may be logical high or logical low and the two
turn-on signals may have the same or opposite signal polari-
ties for the asserted state of the signals. The logical state (high
or low) for asserting the high-side or low-side turn on signal
is a function of the polarities (NMOS or PMOS) of the respec-
tive power switches.

[0031] Inembodimentsof the present invention, the control
logic and driver circuit 54 incorporates an on-time (Ton) timer
circuit 55. The Ton timer circuit 55 controls the on-time of the
high-side power switch in response to a frequency control
signal from the frequency control loop, as will be described in
more detail below. In particular, the control logic and driver
circuit 54 asserts the high-side turn-on signal HS_on to turn
on the high-side power switch S1 in response to the compara-
tor output signal V ., and the Ton timer circuit 55 gener-
ates a high-side turn off signal (HS_off) to deassert the high-
side turn-on signal HS_on to turn off the high-side power
switch, as will be explained in more detail below.

[0032] To realize the fixed frequency feedback control
scheme, switching regulator 50 includes a frequency control
loop which implements a phase-locked loop control scheme.
The frequency control loop receives an input signal having an
input clock frequency f,,, and a reference clock signal REF_
CLK having a reference frequency fx . The input signal is
derived from the switching output voltage V- The input
frequency f;,, is related to the switching frequency {,-of the
switching output voltage V ;;-or proportional to the switching
frequency fg;. The frequency control loop is configured to
generate an output signal (node 75) having a value to cause
the input signal (f,) to have a fixed relation to the phase of the
reference clock signal (7). In this manner, the switching
frequency fg5-of the switching regulator 50 is regulated to be
equal to or proportional to the reference frequency fy ..
[0033] The frequency control loop of the switching regula-
tor 50 includes a phase frequency detector 70, a charge pump
and loop filter 72, and a bias generator 74. The phase fre-
quency detector 70 receives the input signal with input fre-
quency f;,-and the reference clock signal REF_CLK with the
reference frequency fr . In one embodiment, the input sig-
nal is the switching output voltage V- or a replica of the
switching output voltage and the input frequency fj,, is the
switching frequency {;;;-~ In some embodiments, a frequency
divider 78 may be used to divide down the switching fre-
quency fg;-and supply the divided down switching frequency
fip-as the input frequency f,,. The use of frequency divider 78
is optional and may be omitted in other embodiments of the
present invention.

[0034] As thus configured, the phase frequency detector
detects the phase difference between the input frequency f,,,
and the reference frequency fr... The phase difference is
used to control the charge pump 72 which drives a control
voltage node 73 to generate a control voltage V zx;. The
control voltage node 73 is coupled to the loop filter, typically
a low-pass filter, to filter out high frequency changes at the
control voltage V ., . The control voltage V .z is coupled
to control a bias generator 74 which generates an output
signal (node 75) related to the control voltage V ;x;. The
output signal (node 75) of the bias generator 74 is coupled to
the control logic and driver circuit 54 of the switching regu-

Oct. 1, 2015

lator 50 to modulate the switching frequency of the switching
regulator. In this manner, the switching regulator 50 behaves
as a voltage-controlled oscillator in a phase-locked loop cir-
cuit and generates the switching frequency f;;; as a function
of'the control voltage V o7z, .

[0035] In the present embodiment, the frequency control
loop generates a frequency correction signal in the form of a
current signall ... The current I, ... (node 75) is coupled
to the on-time (Ton) timer circuit 55 in the control logic and
driver circuit 54 to realize the fixed-frequency feedback con-
trol scheme. The current 1,,,,, modulates the on-time of the
high-side power switch so as to achieve a constant or fixed
switching frequency at the switching output voltage V. In
one embodiment, the current I, is used to control the time
to turn off the high-side power switch S1, there by controlling
the on-time of the high-side power switch which controls the
switching frequency of the switching regulator 50.

[0036] The operation of the fixed frequency feedback con-
trol circuit including the voltage control loop and the fre-
quency control loop is follows. When the output voltage
V o falls below the reference voltage V-, the comparator
52 asserts the comparator output signal V ~,,,» and the con-
trol logic and driver circuit 54 asserts the high-side turn-on
signal HS_on to turn on the high-side power switch S1. The
control logic and driver circuit 54 also deasserts the low-side
turn-on signal L.S_on to turn off the low-side power switch
S2. Inthe present example, the control logic and driver circuit
54 asserts the high-side turn-on signal HS_onto alogical low
level to turn on the PMOS power switch S1 and deasserts the
low-side turn-on signal LS_on to a logical low level to turn off
the NMOS power switch S2. With the high-side power switch
S1 turned on, the current through the inductor L1 builds up.
After a given on-time period Ton, the high-side turn-on signal
is deasserted and the high-side power switch S1 is turned off
(the low-side power switch S2 being turned on). When the
high-side power switch S1 is turned off, the voltage across the
inductor L1 reverses and the current flows from the inductor
to the output capacitor C,,,and the load. A relatively con-
stant output voltage V ,,,-1s maintained by the output capaci-
tor. The low-side power switch is turned on and off for syn-
chronous control operation.

[0037] As the high-side power switch S1 is being turned on
and off under the control of the voltage control loop, the
switching output voltage V. switches at a switching fre-
quency f;;-~ The switching frequency f;-or a signal related to
the switching frequency f;;-is coupled to the phase frequency
detector 70 to be compared against the reference clock fre-
quency fr.. The phase frequency detector 70 detects the
phase difference between the reference frequency f, .~ and
input frequency f;,, and generates the current 1, propor-
tional to the phase difference. The current I, .. is provided
to the Ton timer circuit 55 to modulate the on-time of the
high-side power switch in order to maintain a fixed phase
relationship between the switching frequency and the refer-
ence frequency.

[0038] In switching regulator 50, the voltage control loop
controls the duty cycle of the high-side power switch and the
frequency control loop controls the on-time of the high-side
power switch. In this manner, the voltage control loop is able
to provide fast transient response to handle changing load
conditions quickly while the frequency control loop gradu-
ally brings the switching frequency back to the desired fre-
quency level. The buck switching regulator 50 is particularly
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advantages in power management applications which require
a DC-DC converter to have fixed switching frequency and fast
load transient response.

[0039] FIG. 4 is a circuit diagram illustrating an on-time
(Ton) timer circuit which can be incorporated in the switching
regulator of FIG. 3 in embodiments of the present invention.
The on-time Ton timer circuit 55 is incorporated in the control
logic and driver circuit 54 of the switching regulator 50 of
FIG. 3 to control the time when the high-side power switch is
to be turned off in response to the frequency control loop.
Referring to FIG. 4, the Ton timer circuit 55 receives the
current I, from the frequency control loop. In particular,
the current I, is generated by the bias generator 74 in
response to the control signal V ., generated by the charge
pump and loop filter 72 in the frequency control loop. The Ton
timer circuit 55 also receives the high-side turn-on signal
HS_on (node 56) and the low-side turn-on signal LS_on
(node 57) as input signals. More specifically, the Ton timer
circuit 55 includes a SR-flip-flop (or Set-Reset-flip-flop) 82.
The high-side turn-on signal is coupled to the Set input and
the low-side turn-on signal is coupled to the Reset input of the
SR-flip-flop 82. The SR-flip-flop 82 generates the Discharge
signal on its negative output terminal Q\(node 84).

[0040] The Ton timer circuit 55 further includes a timing
capacitor Cx and a comparator 90 forming a timing circuit.
The timing capacitor Cx is charged by the current I,
represented by a current source 86. In actual implementation,
the current I, is generated by the bias generator 74 in the
frequency control loop. The timing capacitor Cx is discharged
by an NMOS transistor M1 controlled by the Discharge signal
(node 84). By the action of the charging and discharging of
the timing capacitor Cx, a capacitor voltage V., is devel-
oped at the top plate (node 88) of the timing capacitor Cx. The
capacitor voltage V -, » is coupled to the positive input termi-
nal of the comparator 90. At the comparator 90, the capacitor
voltage V., » is compared with a timer reference voltage Vx
which is coupled to the negative input terminal of the com-
parator. The comparator 90 generates a high-side turn-off
signal HS_off as the output signal on output node 92. The
HS_off signal is provided to the circuitry of the control logic
and driver circuit to instruct the control logic to turn off the
high-side power switch.

[0041] The operation of the Ton timer circuit 55 of FIG. 4
will be explained with reference to the timing diagram in FI1G.
5. FIG. 5 illustrates waveforms of signals associated with the
Ton timer circuit 55 in some example. Referring to FIG. 5, the
high-side turn-on signal HS_on (curve 150) and the low-side
turn-on signal L.S_on (curve 152) are complementary signals.
That is, one turn-on signal is asserted while the other turn-on
signal is deasserted. In the present example, it is assumed that
a logical high level indicates assertion of the turn-on signals
and a logical low level indicates deassertion of the turn-on
signal. The actual logical level used to drive the power
switches may have the same or opposite polarities as the
signal waveform shown in FIG. 5. The polarities of the signal
waveforms shown in FIG. 5 are illustrative only. Furthermore,
in practice, the high-side turn-on signal HS_on (curve 150)
and the low-side turn-on signal LS_on (curve 152) are usually
non-overlapping signals to ensure that the two turn-on signals
are not asserted at the same time.

[0042] When the high-side turn-on signal HS_on (curve
150) is asserted, the switching output voltage V o5-(curve 154)
is driven high by the high-side switch. When the low-side
turn-on signal L.S_on (curve 152) is asserted, the switching
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output voltage V- (curve 154) is driven low by the low-side
switch. Thus, the switching output voltage V ¢, -has a switch-
ing period Ty defined by the on-time Ton and the off-time
Toff of the high-side power switch. The switching period T,
defines a switching frequency f;;. The Discharge signal is
deasserted during the high-side switch on-time Ton and is
asserted during the high-side switch off-time Toff. Accord-
ingly, the timing capacitor Cx is charged up during the high-
side switch on-time Ton and is discharged during the high-
side switch off-time.

[0043] In operation, when high-side switch is turned on
(denoted by “1” in FIG. 5) in response to the voltage control
loop, the Discharge signal is deasserted (“2”) and timing
capacitor Cx is allowed to charge up in response to the current
Itparge from the frequency control loop (“3”). When the
capacitor voltage V., reaches the voltage Vx (“4”), the
comparator 90 in the Ton timer circuit 55 asserts the HS_off
signal which is provided to the controller 54 to turn off the
high-side switch (“5”). Thus, the high-side turn-on signal is
deasserted while the low-side turn-on signal is asserted and
the Discharge signal is asserted (“6”). With the Discharge
signal being asserted, the timing capacitor Cx is discharged
by transistor M1 to ground and the voltage V., » is driven to
the ground potential (“7”°). The timer circuit remains in this
state until the voltage control loop turns on the high-side
switch again (“8”).

[0044] It is instructive to note that the high-side off signal
HS_off generated by the comparator 90 is a pulse signal or a
one-shot signal that is asserted only momentarily to trigger
the high-side turn off action. As soon as the high-side turn-on
signal is deasserted and the low-side turn-on signal is
asserted, the Discharge signal is engaged to discharge the
capacitor voltage V .., » which will cause the comparator 90 to
deassert the HS_off signal.

[0045] Returning to FIG. 3, with the switching regulator 50
thus constructed to include the voltage control loop and the
frequency control loop, the switching regulator responds to
changing load conditions using the voltage control loop
which provides fast transient response while maintaining a
switching frequency within a given range using the frequency
control loop. In operation, once the high-side switch is turned
on by the voltage control loop, the time that the high-side
switch can remain on is a function of the current I, ..., which
is generated by the frequency control loop. When the switch-
ing frequency deviates largely from the desired reference
frequency, a large current I, is generated. When the
switching frequency deviates only slightly from the desired
reference frequency, a small current I, is generated.
When the current I, is large, the charging time for the
timing capacitor Cx to reach voltage Vx is short and the
high-side switch on-time is reduced. When the currentI ..
is small, the charging time for the timing capacitor Cx to reach
voltage Vx is long and the high-side switch on-time is
extended. In this manner, the voltage control loop of the
switching regulator regulates the output voltage to the desired
voltage level while the frequency control loop of the switch-
ing regulator regulates the switching frequency to a desired
frequency value or to be within a desired frequency range.
[0046] Itis imperativeto note that FIG. 4 is illustrative only.
The Ton timer circuit can have other configurations in other
embodiments of the present invention. For example, in other
embodiments, the Ton timer circuit can be configured to
operate in opposite polarities relative to current I ... In one
example, the Ton timer circuit can be configured to increase
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the high-side switch on-time with increasing current I,
and to decrease the high-side switch on-time with decreasing
current Io,,,... The exact current and voltage polarities used
in Ton timer circuit 55 of FIG. 4 is illustrative only and not
intended to be limiting.

[0047] With the Ton timer circuit thus constructed in FIG.
4, the buck switching regulator 50 operates as a voltage-
controlled oscillator for the phase-locked loop based fre-
quency control loop. More specifically, the charge on the
timing capacitor Cx can be expressed as:

Q:ICharge'TON:CX' Vx

[0048] The high-side switch on-time Ton can thus be
expressed as:

Cx-Vx
Ton = 7
Charge
[0049] For buck switching regulator, the switching fre-

quency fg;,=1/T ¢ and the output voltage V- is given as:

Ton
Vour=D-Viy = T_VIN =Ton - fsw - Viy, and
sw

fow = Your 1 Vour Icharge
W Ve Toy Vv Cx-Vx
[0050] Given that:

Icharge = @VCTRLS

Vour 1

fow= v &

-aVerre-

[0051] Accordingly, the buck switching regulator becomes
a voltage-controlled oscillator (VCO) and the gain of the
VCO is given as:

Vi 1
vco gain:fs—wzw- our .
Verre Vi Cx-Vx

[0052] FIG. 6 is a circuit diagram of the frequency control
loop in the switching regulator of FIG. 3 in embodiments of
the present invention. Referring to FIG. 6, the phase fre-
quency detector 70 is implemented using two D-flip-flops
102 and 104. Both D-flip-flips have their data input terminal
connected to a positive power supply voltage. The first D-flip-
flop 102 receives the reference clock REF_CLK having the
reference frequency fy - at the clock input terminal while the
second D-flip-flop 104 receives an input clock IN_CLK hav-
ing an input frequency f;,, related to the switching output
voltage V- The input clock can be the switching output
voltage Vo5, or a replica of the switching output voltage, with
or without frequency division being applied to the switching
frequency f;;. The output of the first D-flip-flop 102 is the Up
control signal (node 106) and the output of the second D-flip-
flop 104 is the Down control signal (node 108). The Up and
Down control signals are connected to a logical AND gate
110 and coupled back to the D-flip-flops 102, 104 to drive the
reset terminals of the two flip-flops. In operation, when the
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input clock is in phase with the reference clock, the two
flip-flops are put in reset state and the Up and Down control
signals are not asserted. When the input clock is out of phase
with the reference clock, either faster or slower, the Up con-
trol signal or the Down control signal will be asserted to
charge or discharge the charge pump.

[0053] The charge pump circuit 72qa includes a first current
source 112, a first switch S3, a second switch S4 and a second
current source 114, all connected in series between the power
supply voltage and ground. Switch S3 is controlled by the Up
control signal while switch S4 is controlled by the Down
control signal, both generated from the phase and frequency
detector 70 in response to the difference between the refer-
ence frequency f .- and the input frequency £;,. When the Up
control signal is asserted to close switch S3, the charge pump
current [, from the first current source 112 charges the
control voltage node 73. When the Down control signal is
asserted to close switch S4, the charge pump current [ - from
the second current source 114 discharges the control voltage
node 73. Switches fS3 and S4 are not turned on at the same
time. The loop filter 725, usually a low pass filter, is formed by
the serial connection of a resistor R, and a capacitor C, -,
coupled to the control voltage node 73 to low-pass filter the
voltage at the control voltage node 73 to generate the control
voltage V 7z, . In some cases, the loop filter 726 may include
an additional capacitor C; ., coupled to the control voltage
node 73. The control voltage V -7, is then used to drive the
bias generator to generate the current [

[0054] FIG. 6 is illustrative only and other circuit configu-
rations can be used to realize the phase-locked loop based
frequency control loop of the switching regulator of the
present invention.

[0055] FIG. 7 is circuit diagram of a bias generator which
can be incorporated in the frequency control loop of the
switching regulator of FIG. 3 in embodiments of the present
invention. Referring to FIG. 7, the bias generator 74 is con-
figured as a unity gain amplifier with a current mirror. The
control voltage V ., from the charge pump and loop filter is
coupled to the negative input terminal of a differential ampli-
fier 132. The output of the differential amplifier 132 is
coupled to drive a PMOS current mirror formed by PMOS
transistors M2 and M3. The drain terminal (node 134) of
PMOS transistor M2 is connected to a resistor R10 and is also
connected back to the positive input terminal of the differen-
tial amplifier 132 to form a feedback loop. The differential
amplifier 132 driving transistor M2 causes a current to flow in
resistor R10. PMOS transistor M3 mirrors the current flowing
in resistor R10 to generate the output current I, at the
output node 136. Transistors M2 and M3 can have a 1:X
transistor ratio so that the current I, is a scaled version of
the current flowing in resistor R10.

[0056] Although the foregoing embodiments have been
described in some detail for purposes of clarity of understand-
ing, the invention is not limited to the details provided. There
are many alternative ways of implementing the invention. The
disclosed embodiments are illustrative and not restrictive.

Charge*

What is claimed is:

1. A buck switching regulator being configured to receiving
an input voltage and to generate a regulated output voltage,
the buck switching regulator controlling a high-side switch
and a low-side switch based on a feedback control scheme to
drive a switch output node for generating a switching output
voltage, the switch output node being coupled to an LC filter
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to generate the regulated output voltage having a substantially
constant magnitude on an output node, the buck switching
regulator comprising:

a controller circuit configured to generate a high-side turn-
on signal and a low-side turn-on signal, the high-side
turn-on signal being asserted to turn on the high-side
switch and the low-side turn-on signal being asserted to
turn on the low-side switch, the high-side turn-on signal
and the low-side turn-on signal being asserted alter-
nately to turn on the high-side switch and the low-side
switch alternately to generate the switching output volt-
age, the switching output voltage having a switching
frequency defined by the on-time and the off-time of the
high-side switch;

a voltage control loop configured to cause the controller
circuit to assert the high-side is turn-on signal to turn on
the high-side switch in response to a feedback signal
being equal to or less than a reference signal, the feed-
back signal being indicative of the regulated output volt-
age; and

a frequency control loop configured to cause the controller
circuit to deassert the high-side turn-on signal to turn off
the high-side switch in response to a frequency correc-
tion signal related to a phase difference between an input
frequency and a reference frequency, the input fre-
quency being related to the switching frequency,

wherein the voltage control loop is configured to adjust a
duty cycle of the high-side switch to maintain the regu-
lated output voltage at a desired voltage level while the
frequency control loop is configured to adjust the on-
time of the high-side switch to maintain the switching
frequency to within a frequency range of the reference
frequency.

2. The buck switching regulator of claim 1, wherein the

voltage control loop comprises:

a gain circuit configured to generate the feedback signal
indicative of the regulated output voltage;

a ripple generation circuit configured to generate a ripple
signal using the switching output voltage and to inject
the ripple signal to the feedback signal; and

a comparator configured to receive the feedback signal and
the reference signal and to generate a comparator output
signal having an output level indicative of the difference
between the feedback signal and the reference signal,

wherein the comparator asserts the comparator output sig-
nal in response to the feedback signal falling below the
reference signal, the comparator output signal being
coupled to the controller circuit to cause the controller
circuit to assert the high-side turn-on signal to turn on the
high-side switch.

3. The buck switching regulator of claim 2, wherein the
gain circuit comprises a voltage divider having a divider ratio,
the divider ratio having a value of 1 or less than 1.

4. The buck switching regulator of claim 1, wherein the
frequency control loop comprises:

a phase and frequency detector configured to receive an
input clock signal having the input frequency and a
reference clock signal having the reference frequency
and to generate one or more control signals, the one or
more control signals being indicative of the phase dif-
ference between the input frequency and the reference
frequency, the input frequency being related to the
switching frequency;
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a charge pump configured to receive the one or more con-
trol signals and a charge pump current, the charge pump
being configured to charge or discharge a control voltage
node using the charge pump current in response to the
one or more control signals, a control voltage being
generated at the control voltage node;

a loop filter couple to the control voltage node to filter the
control voltage; and

a bias generator configured to receive the control voltage
and to generate the frequency correction signal as a
function of the control voltage.

5. The buck switching regulator of claim 4, wherein the
input frequency comprises the switching frequency or is a
divided down frequency of the switching frequency.

6. The buck switching regulator of claim 4, wherein the
loop filter comprises a low pass filter.

7. The buck switching regulator of claim 4, wherein the
frequency correction signal comprises a frequency correction
current signal.

8. The buck switching regulator of claim 4, wherein the
frequency control loop is configured to adjust the on-time of
the high-side switch to maintain the switching frequency to be
equal to or be proportional to the reference frequency.

9. The buck switching regulator of claim 4, wherein the
controller circuit comprises an on-time timer circuit, the on-
time timer circuit comprising:

a timing capacitor coupled between a capacitor voltage
node and a ground potential, the frequency correction
current signal being provided to the capacitor voltage
node to charge the is timing capacitor, a capacitor volt-
age develops at the capacitor voltage node;

a discharge circuit configured to discharge the capacitor
voltage node in response to a discharge signal, the dis-
charge signal being asserted to discharge the capacitor
voltage node during an off-time of the high-side switch
and the discharge signal being deasserted to allow the
timing capacitor to be charged up during an on-time of
the high-side switch; and

a second comparator configured to compare the capacitor
voltage and a timer reference voltage and to generate a
high-side turn-off signal as an output signal, the second
comparator asserting the high-side turn-off signal in
response to the capacitor voltage reaching or exceeding
the timer reference voltage,

wherein the on-time timer circuit provides the high-side
turn-off signal to the controller circuit to cause the con-
troller circuit to deassert the high-side turn-on signal.

10. A method in buck switching regulator receiving an
input voltage and controlling a high-side switch and a low-
side switch using a feedback control scheme to drive a switch
output node for generating a switching output voltage having
a switching frequency defined by the on-time and the off-time
of'the high-side switch, the switch output node being coupled
to an LC filter circuit to generate a regulated output voltage
having a substantially constant magnitude on an output node,
the method comprising:

generating a feedback signal indicative of the regulated
output voltage;

generating a ripple signal using the switching output volt-
age;

injecting the ripple signal to the feedback signal;

generating a comparator output signal indicative of the
difference between the ripple injected feedback signal
and a reference signal;
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generating a frequency correction signal indicative of a
phase difference between an input frequency and a ref-
erence frequency, the input frequency being related to
the switching frequency;

generating a signal to turn on the high-side switch in
response to the comparator output signal having a value
indicating the feedback signal is equal to or less than the
reference signal; and

generating a signal to turn off the high-side switch in
response to the frequency correction signal.

11. The method of claim 10, wherein generating a signal to
turn on the high-side switch in response to the comparator
output signal having a value indicating the feedback signal is
equal to or less than the reference signal comprises:

generating a signal to turn on the high-side switch in
response to the comparator output signal having a value
indicating the feedback signal is equal to or less than the
reference signal to maintain the regulated output voltage
at a desired voltage level.

12. The method of claim 10, wherein generating a signal to
turn off the high-side switch in response to the frequency
correction signal comprises:

generating a signal to turn off the high-side switch in
response to the frequency correction signal to maintain
the switching frequency to within a frequency range of
the reference frequency.
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13. The method of claim 10, wherein generating a feedback
signal indicative of the regulated output voltage comprises
dividing the regulated output voltage by a divider ratio to
generate the feedback signal, the divider ratio having a value
of 1 or less than 1.

14. The method of claim 10, wherein the input frequency
comprises the switching frequency or is a divided down fre-
quency of the switching frequency.

15. The method of claim 10, wherein generating a fre-
quency correction signal indicative of a phase difference
between an input frequency and a reference frequency com-
prises generating the frequency correction signal using a
phase-locked loop scheme.

16. The method of claim 14, wherein the frequency correc-
tion signal comprises a frequency correction current signal.

17. The method of claim 12, wherein generating a signal to
turn off the high-side switch in response to the frequency
correction signal to maintain the switching frequency to
within a frequency range of the reference frequency com-
prises:

generating a signal to turn off the high-side switch in

response to the frequency correction signal to maintain
the switching frequency to be equal to or be proportional
to the reference frequency.

#* #* #* #* #*



