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e e T T T - f an inductor (L1), and a diode (D1). The inductor (L.1) connects to the diode (D1)
i o e ; at a switch node (SW). The voltage regulator circuit (100) produces an output
i N e SN g an_2 1 voltage that is larger than an input voltage. The first transistor (M1) has on and
Lo - .TL ) potm = off states and electrically couples a node to ground when in the on state. An error
oy | 108 e 0230 amplifier circuit (140) generates an error signal based on a difference between a

E_ ol J: reference voltage and a voltage indicative of the output voltage. The error signal
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causes the first transistor (M1) to transit from the on state to the off state. An
adaptive off-time generator circuit (160) couples to an input voltage node, and
generates a signal to cause the first transistor (M1) to transit from the off state
to the on state. The time the first transistor (M1) in the off state is inversely
proportional to the time the first transistor (M1) in the on state.
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AVOLTAGE REGULATOR WITH AN ADAPTIVE OFF-TIME GENERATOR

BACKGROUND
G01T A boost converter is a voltage reguiator whose outpud voltage is greater than Hs
input voitage. Some applications for the use of a boost converter (2.4, avalanche
cholodiode biasing and oplical ing terminals) benelil from a relalively high ratio of the
cutpul vollege to the input voltage. In ong example, the input voliage may be thres {0
four volts {g.g., 3.3V} and the output vollage may be in the range of 40V {o 60V, In
gengral, boost converlers are switched mode circuils in which 8 transistor I8 wrned on
and off during each cycle of operation. A boost converter can operate i a conlinuous
conduction mode {(CCMY in which the curent through a dicde is always above O
amperes, of in g discontinuous conduction mode (DUM) in which the dicde current falls

i O during part of each cycie of operation.

SUMMARY
[0002] A voltage regulator circuit includes a first fransistor, and inductor, and a diode.
The inductor connects {o the diode al a swiich node. The voltage converter produces an
output vollage that is larger than an input voltage. The first transistor has an on and off
states and electrically couples a node to ground when in the on stale. An error amplifier
circuit generates an error signal based on a difference between a reference voltage and a
voliage indicative of the oulput voltage. The error signal causes the first fransistor to
transition from the on siate to the off state. An adaptive off-time generator circuit couples

to the input voliage node, and generates a signal 1o cause the first transistor 1o transition
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from the off state to the on state. The time the first transistor is in the off state is inversely

proportional to the time the first fransistor is in the on state.

BRIEF DESCRIPTION OF THE DRAWINGS
[8003] For a delailed description of varicus examples, reference will now be made {o the
accompanying drawings in which:
[0004] FIG. 1 illustrates an example off-time generator and an associated timing
diagram.
[0008] FIG. 2 illustrates an example implementation of a voltage regulator employing an
adaptive off-time generator.
[0008] FIiG. 3 is a waveform illustrating the operation of the voltage regulator of FIG. 2.
[0007] FIG. 4 is a system schematic illustrating an example application in which the

voltage regulator using the adaptive off-time generalor is used.

DETAILED DESCRIPTION
160081 During COM operation, the outpul voltage from a voitage regulgtor, such as a
boost converter, 18 a funclion, at least in part, of s duly cydle {peroeniage of the
commuutation period during which the boost converter's switching transistor is on)—ihe
larger the duly cydde, the larger the oulput voltage. The duty oyole of the boost converter
during COM operation can be difficull to increase large enough o achieve the
heighiened culput vollages thal are desirable in some applications such as those noled

above {(e.g., g 60V culput based on 3.3V inpul}). To achieve the desired output voltage
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levels, DOM operation may be used where duty cvdle is generally not g hindrance o
achiaving higher oulput voltages.

OG09 For some applications, the switching frequency of the boost converter should
ke constant. A control oircuit for a boost converter 1s used 1o control when and for how
fong the switching fransistor is furmed on during each commutation period. Some controd
systems for boost converters employ a8 fixed off-time generalor, that s, a contral cirouid
that controls turning on and off the swilching transisior in the boost converter, where the
grmount of ime the switching transistor is turned off remains constart from cycle {o
cycle, Duning an “on-phase” of sach coycle, the iransistor is tumed on and current from
an inductor fliows through the transistor insiead of through a8 dicde o the ioad. The
inductor stores energy during the on-phase by genersting a magnetic fieid. The “off-
chase” is the phase in which the switching transistor is turned off. The magnetic fisid
created during the previous on-phase will be reduced to maintain the current to the load.
The polarity of the inductor reverses in the off-phase compared (0 the on-phase which
resulis in an increase of the vollage on an oulpul node relative o the voltage on the
nput nods,

G010 FIG 1 shows an example of an off-lime generator 50 usable 1 tum off the
switching fransistor in a boost converter. The off-dime generator 50 includes a driver K
coupled {0 an RO filter 52 {comprising resistor R1 coupled to g capacitor C1. The input
of the driver K s the switch node of the boost converter (e, the node betwaen the
inductor and the diode). The RC filter 82 provides a reference voltage vref which i3
provided o the negalive input of 2 comparator 55 The swilch node is also connecied o

a resisior RZ and R2 connacted o the positive input of the comparator 58 at a nods
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tabeled vramp. A capacitor CO connects the vramp node as well as g switch 51, which
is controlied by a conirgl signal LS _ON. When 3W1 is on, vramp is pulled low;
otherwise yramp increases insarly dus {0 the swilch node vollage application o RZ and
Cca.

0111 The timing diagram in FIG. 1 shows the progresaion of LS_ON, vref, vramp,
and the culput of the comparateor 5& (TOFF_DONE). TOFF_DONE pulses high as
shown when vramp excesds vref As can be seen in FIG. 1, the spacing of the
TOFF _DONE pulses is constant from pulse o pulse.

8127 The length of each commutation cydle penod s the sum of the on-time and the
gif-time. The switching frequency is the inverse of the cycle pericd. As current ioading
on the boost converter increases, the use of a fixed off-time generaior (3 control circuit
that furns the swilching transisior off for 3 fixed length period of time during each cycle
as in the example of FIG. 1) causes the length of the on-lime 1o increase o support the
higher current icading. A fixed length off-time and an increasing on-time results in an
moreasing oycle pericd and thus a lowsr frequancy al increasing current loading
conditions. As noted above, some gpplications for the yse of a boost converter benefil
from a constant switching frequency, and thus vanable swilching frequency is counter-
productiva,

00131 Further, some boost converter controb circuits that contrel the swilching
ransiator of the boost converter {as in the example of FIG. 1) use the voltage on the
switch nede (the node connadling the inductar, the diode and the switching transiston ©
generate a ramp signal. The ramp signal is compared 1o a reference signal derived from

the switth node voliage and the resul of the comparison 15 used to delerming when o
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tun off the swilching transistor. The swilch node vollage may experience “ringing’
which infects the ramp signal with ringing as well, The ramp signal, with ringing, will not
nacessanly increase monotonically and thus may cross the reference signal mudtiples
ime during each commutation cycle, As a resull, the swilching fransisior may be turned
off, then on, and then back off durng a given cycdle. This behavior can impair the
stability of the outpud vollage from the boost convertsr,

008141 The described examplies include a boost converter thal uses an adaplive off-
fme generstor. The length of the off-lime is not fixed In the examples described hearein
and generslly decreases as culput current loading and the on-lime increass. With an
adjustable off-time, the cyde period remains constant and thus the swilching fregusncy
remains constant. Further, the disclosed adaptive off-time generstor dernives the ramp
signal from the input vollage and not the switch node vollage node and thus avoids
ringing from infecting the ramp signak.

G018 Kl 2 shows an example of a voitage reguiator circuit 100 The voltage
regulator circuit 100 includes 2 voltage converler 102, an RS latch 130, an emor
ampiifier circuil 140, a current comparator 150, and an adaptive off-ime generator 160,
The voltage converter includes an inducior L1, a dicds D31, and a fransistor M1, The
nductor L1, dicde DM, and transistor M1 are configurad as a boost converter. The
nductor L1 8 conneclad {¢ an input vollage node 101 whose voltage is VIN. The
opposing tenminal of L1 s connected o the anode of dinde D1 The cathode of dinde
01 s connected o an ouiput voltage node 115, whose voltage is VOUT. The node
interconnecting the inductor and the diode is the swilch node (SW). Transistor M1

includes a par of current terminals and g control inpud. In the example of FIG 2, M1
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comprises an n-type metsl oxide semiconducior field effect ransistor (NMOS), but can
comprise g different type of transision in other implamentations {a.q., p-type metal oxides
sermiconductor field effect fransistor (PMOS), bipolar junclion fransistor, aic). One
current terminal (drainy of M1 is conneciad {o the swilch node SW and the other current
terminat (source) of M1 is connedied 1o the ground node. The control input of M1 is the
gate. The vollage on the gale of M1 s driven by gale driver 110 to causeg Mlto be onor
off. Az an NMOS device, M1 is on when the gate-lo-source vollage of M1 is larger than
fts threshold voltage, and M1 is off when VGES is less than the thyeshold voltage. The
nput to the gate driver 110 is coupled o the Q culput of the RS fatch 130 The gate
driver 110 level-shifts the  outpul signal from the RS laich 130 o contred the on and off
state of M1

0181 The load 102 receives the reguiated cutput voltage VOUT from cutput voliage
node 115 Cout represenis g physical capacitor connected across the load 102 or the
osutput capacitance of the load Hself.

B0171 The error amplifier 140 inciudes a transconductance ampiifier 141, a resistor
Roomp, a capacitor Coomp, and a voltage-controlled current source 1EA (NIEA” refers
both {o the voltage-controlied current source device as well as the magnitude of the
current that fiows from the current source device) The inverling input -} of the
transconductance ampliier 141 is conneciad ¢ g node bebwaen a pair of feedback
resisiors Rfbt and RibZ. Feedback resistors Rfb! and Rib2 are connected in series
betwaen the outpul vollage node 115 and ground. Feedback resisiors Ript and Rib2
comprise a voltage divider {o divide down the vollage on the culput voltage nods, and

thus the divided-down voltage (VFB) is provided to the inverling inpul of the
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fransconductance amplifier 141, The non-inverting input {(+) of the transconductancs
arnpiifier 141 is connected 10 g reference voltage (VREF1). An output resistor ROUT i3
commectad 0 the cuiput of the fransimpedance amplifier 141, Based on the difference
between VREFT and VFB, the transconduciance amplifier 141 generales a current
through RCUT and the series combination of Reoamp and Ccomp. The voliage across
the series-combination of Reomp and Coomp s VEA and thus VEA is proportionat (o
the current produced by the ransconductance amplifier 141, As VFE is provided {0 the
inveriing input of the transconductance amplifier 141, VEA is inversely proportional {o
VEB and, as VFE is proportional (o VOUT, VEA i inversely proportional to VOUT. That
i, a5 VOUT increases, VEA decregses and vice versa. VEA is used to control IEA and
thus IEA is inversely relgted to VOUT.

00181 The current comparator 150 compares EA {0 the current through M1 {Is). The
current 1% is equal o the inductor current I when M1 iz on In ong example, a cument
senae device 108 {e.g, 8 sense resisior) s used 0 provide g curent o the posilive
input () of the current comparator 150 that is proportional 10 15, In some examples, the
current signal from the current scurce device 108 may comprise a scaied-down version
of 15, Current 1EA is provided {o the negative (-} input of current comparator 150

08191 The ouiput of the current comparator 180 1s low when current [EA s greater
than current i3, and is high when current 1S is greater than 1EA. When (S exceads [EA,
the output of current comparator 150 becormnes logic high and thus the R input of the RS
latch 130 is asseried high. The R input being asserted high causes the RS ialch to be

reset and the O output of the RE latch {o be asserted low. Through driver 110, the Q
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ouiput of the RS lalch 130 drives the gale of M1 {and M2, discussed below). With the Q
output being low, M1 {and M2} is off.

00207 The adaplive off-iime generator 160 includes a current mirrer 182 {which
inciudes transistors M3 and M4), resistors R1 and R2, capacitor C1, transistor M2, and
a voltage comparator 168, Transistors M3 and M4 forming the current mirror are PMOB
devices in this example, bul can be other types of ransisiors in other examples. The
sources of M3 and M4 arg connected together and 1 the input voltage node 101 (VINY
The gales of M3 and M4 also are connected fogether. As such, the current through M3
s mirrored through M4, Resistor R2 is connectad between the drain of M3 of the curent
miror 162 and the ground node. Assuming for simplicity that M3 and M4 are zero
threshold vollage devices, the current through M3 I8 given by VIN/RZ {wherge R2
reprasents the resistance value of resistor R2). The current through M4 i3 designated as
o and thus is alse VIN/RZ (assuming a current mirror ratic of 1.1}

160211 Capacitor ©1 is connected between the drain of Md of the current mirrer 182
and the ground node. Current lo flows through C1, which causes the vollage on node
163 interconnecting M4 1o C1 o increase linearly. The voitage on node 163 is
designated as RAMP. Transistor M2 is connected betwesn the drain of M4 of the
current mirrer 162 and the ground node. As shown, the drain of M2 is connecied ©
node 163 and the source 18 connactad o the ground node. The gate of ME s connecled
o the O output of the B3 latch 130 As such, the on and off siate of M2 is controlled by
the Q output of the RS latch 130, Whern M2 is on, RAMP iz pulled low. When M2 is off,
RAMP i3 caused to increase linsarly as current 1o flows into capaciior C1 1o charge the

capaciior. Node 183 is connecied o the non-inverting input of vollage comparstor 168,
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G227 Resistor R1 is connected o the nput vollage node VIN 101 and 10 a current
sowrce device 168 that 13 part of 8 curent mirror along with the voitage-controlied
current source [EA As such, HzA current flows through R1 {assuming a8 1.1 current
mirror ratio} and thus the voltage on node 168 inferconnecting R1 1o the current source
device 168 (VREFZ) s VINART HZA)

00231 Through the driver 110, the Q output of the RE latch 130 drives the gates of W1
and M2, When the Q output is high, both M1 and M2 are on. When the G culpul s low,
both M1 and M2 are off. M1 being on causes current B through the inductor 1 {o
increase linearly permitting the magnetic fisld crealed by the inducior L1 1o increase. M2
baing on causes RAMF {o be pulled low and M2 being off permits RAMP ¢ increase
ingarly due o current lo flowing through C1. While RAMP s less than VREFZ, the
cutput of the voltage comparator 166 is low. The oulput 167 of the voilage comparator
166 is provided to the S input of the RS latch 130, When RAMP excesds VREFZ, the
gutput 187 of the vollage comparator 168 becomes iogic high and thus the RS latch 130
is set thereby forcing its Q cutput 1© become a logic high. A logic high on the Q oulput of
the RS latoh tums on M1 and M2,

60247 In operafion, the voltage reguiator swilches back and forth betwean and an on-
phase in which M1 i tumed on and an off-phase in which M1 is tumed off RAMP
exceading VREFZ causes the & input of the RS iatch 130 1o be a logic high thereby
starting the on-phase. Current 1S excesding 1EA causes the RE laich 1o be resst
thersby ending the on-phase and starting the off-phase. During the on-phase, in which
81 s on, current L fiows from the input voltage node 101, through the inductor L1, and

through M1 o ground, While in the on-phase, the current through the inductor L1 ramps
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up linearly due o a relalively constant input voltage VIN being applied across the
inductor L1, During the off-phase, M2 i3 off which permits RAMP 1o increase linearly.
[0025] The example timing diagram of FIG. 3 will now be discussed in conjunction with
the voltage reguiator 100 of FIG. 2. The signails shown in FIG. 3 include |, RAMP, REF2,
the S and R inputs and the Q output of the RS laich 130, IS, IEA, and the voltage on the
switch node SW. The example timing diagram of FIG. 3 illustrates three pulses on the S
input of the RS latch 130. Each high level of the S input causes the Q output to become
high. The G cutpul being high causes M1 10 be on thereby starting an on-phase. FIG. 3
shows three on-phases designated as TON1, TON2, and TON3. During each TONx on-
phase, IL increases linearly as shown at 202, 204, and 208, Also, shortly after the start of
gach on-phase with the Q oulput being high, M2 is turned on which causes RAMP o be
pulled low as shown at 212, 214, and 216. Once RAMP is pulled low, RAMP will be
smaller than VREFZ which causes the S input of the RS latch 130 to be pulied low. As
such, the start of each on-phase is characterized by a relatively short pulse on the S input
of the RS latch as shown in FIG. 3.

[0028] With IL increasing during the on-phases, IS (which is the sensed current through
M1) also increases linearly as shown at 222, 224, and 226, When IS exceeds IEA the R
input of the RS fatch 130 is asserted high by the current comparator 150, With the R input
being high, the Q oulput of the RS laich is forced low as illustrated at 242, 244, and 246,
The Q ouiput being low turmns off M1 and M2 thereby starling the off-phases. Two off-
phases are illustrated in FIG. 3 as TOFF1 and TOFF2. During each off-phase, M2 is off
which permits RAMP to increase linearly as illustrated at 215 and 217. When RAMP

eventually exceeds REFZ, the output 167 of the voltage comparator 166 becomes a logic
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high which causes the RS latch 130 o be set and its () output to again be a logic high,
thereby stariing the next on-phase. By starting the next on-phase, the previous off-phase
is ended.

[8027] The period of each cycle is designated as T and is the sum of the respective
TON and TOFF phases. In accordance with the described examples, the period T
remains the same across the cycles and thus the switching frequency remains relatively
constant as well. The example of FIG. 3 illustrates the response of the adaptive off-time
generator 180 to shorten the off-phases TOFF when an increase in loading experienced
by the voliage regulator 100 from the load 102, When a load demands more current, the
cutput voltage Vout will tend fo drop. In order to maintain VOUT at a relatively constant
level, the voltage regulator 100 reacts to a drop in VOUT by causing VOUT to increase.
To boost VOUT, the adaptive off-time generator 180 causes the next on-phase to
lengthen (e.g., TONZ2 is longer than TON1) to permit iL to increase to a higher peak value
as depicted at 205, while shortening the subsequent off-phase (TOFF2 is shorter than
TOFF1) to maintain T at a constant value. The increase in the length of TON occurs as
follows. As VOUT drops in the face of increased current demand from the load, [EA
increases as explained above. The increase in [EA is lustrated at 230. IS compared to
i=A by the current comparator 150, As such, the ouliput of the current comparator 150
(the R input of the RS latch 130) is delayed in time from being asserted high. FIG. 3
shows that the time T1 between R pulses 237 and 238 is longer than would have been
the case had I[EA not increased.

[0028] REFZ2isinversely related to IEA. Thus, as IEA increases as shown at 230, REF2

decreases as illustrated at 231. The vollage comparator 166 of the adaplive off-time
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generator 166 compares RAMP to REF2. As REF2 becomes smaller, RAMP crosses
REFZ sooner than would have been the case had REFZ not become smaller. RAMP
exceeding VREF2 causes the RS latch 130 to be set thereby ending the present off-
phase and starling the next on-phase. With REF2 at a lower value at 233 than at 229,
RAMP which starts o linearly increase at the start of each off-phase reaches REF2
sooner with a lower value of REFZ2 than with a higher value of REF2. As such, § pulse
253 oceurs sooner after the start 252 of ifs respective off-phase than was the case of &
pulse 251 relative to the start 248 of ifs off-phase. The voltage on the switch node SW
also is shown. The switch node voliage is equal to YOUT during the initial portion of the
off-phase in which IL is decreasing rapidly. Once IL reaches iis low point (zero), the
switch node voltage drops to VIN. During the on-phase, the switch node voltage is zero
as M1is on.

[0029] The length of each TONx phase is related to the curreni-voltage relationship of

Lxlpeak

the inductor L1. TON = :
VIN

where L is the induciance value of inductor L1 and lpesk

is the peak value of IL during a given on-phase. lpeak is a function of IEA as fpeak = K #
IEA, where K is a design parameter (e.g., 10,000) implemenied by a combination of
relative values of the feedback resistors Rfb1 and Rfb2, the gain of the transconductance

amplifier 141, and the values of ROUT, Rcomp and Ccomp. The length of TOFF is given

by: TOFF = 2220 As explained above, VREF2 = Vin — (IEA » R1). Substituting this

expression for VREF2 into the equation above for TOFF resulls in the following

expression for TOFF: TOFF = R2 =1 +{1 - R1 *55%) As T= TOFF + TON, T = R2 «

C1x (]_ — R % iEA) K+L1+[EA

, and thus:
VIin VIN
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T:RZ*C1+%(K*L1MR1*RZ*C1} (0

The right-hand term in Eq. (1) will be 0 when K*L1 equals RT*R2*C1. If the values of R1,
R2, C1, L1, and K are chosen s0 as to zero-out the right-hand term of £Eg. (1), then T is
only a function of R2 and C1, which are constants. Thus, T will be constant regardiess of
variations in loading conditions on the vollage reguiator 100.

[0038] In the described example, the adaptive off-time generator 160 uses the current
IEA from the error amplifier circuit 140 to generate the adaptive off-lime, not the voltage
from the SW node or the oulput volfage node 115, The adaptive off-time generator 160
helps achieve constant and stable switching frequency in DCM operation for relatively
high VOUT applications. By not using the switch node voltage (which may have ringing)
to generate RAMP, RAMP is ensured to increase monotonically.

[0031] FIG. 4 shows an example of a system using the boost voltage regulator with its
associated adaptive off-time generaior 160 as described above. The system includes a
semiconductor die 400 (packaged info a “chip”). The die 400 includes M1, the error
amplifier circuit 140, the current comparator 150, the RS latch 130, driver 110, the
adaptive off-time generator 160, and a current monitor and sample and hold circuit 420,
External to the die 400 is the inductor L1, didode D1, capacitors Cout, CIN {(and input
capacitor) and C3, feedback resistors Rb1/Rfb2 and resistor R3, and avalanche
photodicde 430 and a transimpedance ampiifier 435. The avalanche photodiode 430 is
reversed biased using g relatively high voltage generated by the boost voltage regulator.
The current monitor and sample and hold circuit 420 receives a voltage derived from the
output voltage VOUT as the voltage on the node connecting R3 to C3 (R3 and C3 are

connected in series between VOUT and ground. The transimpedance amplifier 435
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converts the cumrent produced by the avalanche photodiode 430 resulting from incident
photons to a voltage. The current monitor and sampie and hold circuit 420 includes one
or more current mirrors {o generate a current proportional to the current through the
avalanche photo diode 430. The mirrored current is then sampled and held and provided,
as desired o an external device (e.g., an analog-to-digital converter) to monitor the
current the photo diode 430. The adaptive off-time generator 160 that is used as part of
the boost voltage converter in this application provides any or all of the benefils discussed
above such as achieving constant and stable frequency for operating the avalanche
photodicde.

[0032] In this description, the term “couple” or “couples’ means either an indirect or
direct wired or wireless connection. Thus, if g first device couples to a second device, that
connection may be through a direct connection or through an indirect connection via cther
devices and conneclions. The recitation “based on” means “based at least in part on”
Therefore, if X is based on Y, X may be a function of Y and any number of other factors.
[0033] Modifications are possible in the described embodiments, and other

embodiments are possible, within the scope of the claims.



WO 2020/077553 PCT/CN2018/110580
15

CLAIMS

What is claimed is:

A voltage reguiator circuit, comprising:

a voltage converter including a first transistor, an inductor, a dicde, an input
voltage node and an oulput voltage node, the inductor connected to the
diocde at a swilch node, the voliage converter to produce an output vollage
on the output voitage node that is larger than an input voltage on the input
voltage node, the first transistor having an on state and an off state and the
first transistor to elecirically couple the swilch node to ground when in the
on state;

an error amplifier circuit to generate an error signal based on a difference a
reference voltage and a voltage indicative of the cutput voltage, the error
signal to cause the first transistor to transition from the on state {o the off
state; and

an adaptive off-time generator circuit coupled fo the inpul voltage node, the
adaptive ofi-lime generator circuit generate a signal to cause the first
transistor to transition from the off state {o the on state, wherein a length of
time the first fransistor is in the off state (foff time”} is inversely proportional

to a length of time the first transistor is in the on state ("on time”}.
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2. The voliage regulator circuit of claim 1, wherein:
the error amplifier circuit includes a voltage-controiled current source; and
the adaptive off-lime generator comprises a current mirror connected o the input
voltage node, a capacitor connected between the current mirror and a ground
node, a first resistor connected to the input voltage node and to a current
source device, the current source device is to produce a current based on the

current from the voitage controlled current source.

3. The voltage regulator circult of claim 2, wherein the adaptive off-time generator
circuit includes a comparator, the comparator having a first input and a second input, the
first input coupled to a node interconnecting the first resisior and the current source
device, and the second input coupled to a node interconnecting the current mirror and the

capacitor.

4. The voltage regulator circuit of claim 2, wherein the adaptive off-ime generator
circuit includes a second transistor having a current terminal and a control input, the
current terminal connecled to a node interconnecting the current mirror and the capacitor,
and the control input coupled o receive a control signal, the control signal also to control

the on and off state of the first transistor.

& The vollage regulator circuit of claim 2, wherein the adaplive off-time generator
circuit includes a second resistor connected between the current mirror and the ground

node.



WO 2020/077553 PCT/CN2018/110580
17

8. The voltage regulator circuit of claim &, wherein resistance values of the first and
second resistor, a capacitance value of the capacitor, and an inductance value of the
inductor are such that a sum of the on time and the off time is constant regardless of a

magnitude of an culput current from the vollage regulator circuit.

7. The voltage regulator circuit of claim 1, wherein a sum of the on time and the off
time is constant regardiess of a magnitude of an output current from the voltage regulator

circuit,

8. The voltage regulator circuit of claim 1, wherein the on time is based on a load
current produced by the voltage requlator circuit, wherein the off time varies inversely with
the on time, and wherein a sum of the on fime and off time of the first transistor remains

constant.

9. The voltage regulator circuit of claim 1, wherein the voliage converter comprises a

boost converter.
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10, A circuit, comprising:

a current mirror connecied {o an input vollage node;

a first resistor connected to the input voltage node;

a second resistor connectaed between the current mirror and a ground node;

a capacitor connecied between the current mirror and the ground node;

a current source device connected between the first resistor and the ground node;
and

a comparator having a first input and a second input, the first input coupled {0 a
node interconnecting the first resistor and the current source, and the second

input coupled to a node interconnecting the current mirror and the capacitor.

11.  The circuit of claim 10, further comprising a transistor having a current terminal
and a control input, the current terminal connected to the node interconnecting the current

mirror and the capacitor.

12.  The circuit of claim 11, further including a laich having a first input, a second input,
and output, the output of the laich coupled to the control input of the transistor and an

output of the comparator coupled to one of the first and second inputs of the laich.

13, The circuit of claim 12, further comprising an inductor, a diode and a transistor
switch configured to operate as a boost converter, the output of the lalch coupled to a

control input of the transistor switch of the boost converter.
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14, The circuit of claim 12, wherein the laich comprises an RS latch and the output of

the comparator is coupled to a set input of the RS laich.

16, A voltage regulator circuit, comprising:

an inductor connectad to an input voltage node;

a diode connected to the inductor at a swilch node and 1o an output voltage node;

a first transistor connected between the switch node and a ground node, the first
transistor having an on siate and an off state and {o electrically couple the
switch node to ground when in the on state, and

an adaptive off-time generator circuit connecled to the input voltage node, the
adaptive off-time generator circuit to conirol a length of time of the off state
of the first transistor based on an input voltage of the input voltage node,
wherein, during each of a plurality of cycles, a sum of the time in which the
first transistor is on and the time in which the first transistor is off is constant
regardiess of a magnitude of an output current through the output vollage

node.

16. The voltage regulator cdircuit of claim 15, further comprising an error amplifier
circuit 1o generate an error current based on a difference between a first reference
voltage and a voltage indicative of the output voltage, the error signal is to cause the firs
transisior to be off, and the adaptive off-ime generalor is to fum on the first transistor
based on a comparisen of a ramp signal derived from the input voltage and a second

reference voltage that is proportional to the oulput voltage of the cutput voltage node.
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17.  The voltage reguiator circuit of claim 15, wherein the adaptive off-ime generator
comprises a current mirror connected to the input voltage node, a capacitor connected
between the current mirror and the ground node, a first resistor connected {o the input

voltage node.

18. The wvoltage regulator of claim 17, further comprising a current source device

coupled to the first resistor.

18.  The voltage regulator of claim 18, further comprising a voltage comparator having
a first input and a second input, the first input coupled to a node interconnecting the first
resistor and the current source device, and the second input coupled to a node

interconnecting the current mirror and the capacitor.

20.  The vollage regulator of claim 17, wherein the adaptive off-time generaior
comprises a second fransistor comprising a control input, a first current terminal and a
second current terminal, the first current {erminal connecied {o a node interconnecting the
capacitor and the current mirrer, and the second current terminal connected o the ground
node, and the control input is coupled to receive a control signal that is used to control a

controf input of the first transistor.
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