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1
CIRCUITS AND METHODS FOR
MEASURING THE OUTPUT CURRENT OF A
SWITCHED CAPACITOR REGULATOR

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 62/756,064, filed Nov. 5, 2018,
which is hereby incorporated by reference herein in its
entirety.

BACKGROUND

Switched Capacitor (SC) regulators can be used in various
applications including direct-current-to-direct-current (DC/
DC) converters and battery charger integrated circuits (ICs).

It can be helpful to measure the output current of a
Switched Capacitor (SC) regulator. For example, it can be
helpful to measure the output current of an SC battery
charger IC so that the SC battery charger IC can regulate a
charge current used to charge a battery. To regulate the
charge current, the charger IC needs to measure its output
current and determine if it is larger or smaller than a target
output current value. Based on that result, the charger IC can
adjust the output current to be as similar as possible to the
target value. In another example, it can be helpful to measure
output power in a SC DC/DC converter by measuring output
current and multiplying it by an output voltage. In a power
management IC (PMIC) with multiple SC DC/DC convert-
ers, it can be helpful to measure the output power of each SC
DC/DC converter so that the PMIC can keep track of how
much power is consumed by each DC/DC converter.

While it is useful to measure output current, prior tech-
niques for doing so are inefficient from a power usage
perspective. A straightforward way to measure output cur-
rent is to add a series resistor at the output and measure the
voltage across the resistor as illustrated in FIG. 1. Since
IR=V, measuring the voltage across the resistor R ;z,-5 120
and dividing by the resistor value can compute the amount
of current flowing through Rz s 120. The problem with
this approach is that there is power loss of I°R. If R is equal
to 5 milliOhms and I is equal to 5 Amps, I°R power loss is
equal to 125 milliWatts. It is possible to reduce R to reduce
I°R loss. However, a small R value results in a small IR=V
value, and it becomes more difficult to sense the small
voltage value (e.g., a higher bit analog to digital converter is
needed to sense smaller voltages).

Accordingly, new mechanisms (which can include cir-
cuits and methods) for measuring the output current of a
switched capacitor (SC) regulator are desirable.

SUMMARY

Circuits and methods for measuring the output current of
a switched capacitor regulator are provided. In some
embodiments, circuits for measuring a current provided to a
load comprising: a capacitor having a first side and a second
side; a plurality of switches that, when in a first state, couple
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2

the capacitor in parallel with the load and, when in a second
state, coupled the capacitor in series with the load, wherein
a first switch of the plurality of switches connects the first
side of the capacitor to ground when the plurality of switches
are in the first state and wherein a second switch of the
plurality of switches connects the second side of the capaci-
tor to an input voltage when the plurality of switches are in
the second state; a third switch having a first side and a
second side, wherein the first side of the third switch is
connected to the capacitor identically to one of the first
switch and the second switch, wherein the third switch
switches identically to the one of the first switch and the
second switch, wherein the third switch is smaller than the
one of the first switch and the second switch; a first resistor
having a first side and a second side, wherein the first side
of the first resistor is connected to the second side the third
switch; and a hardware processor that measures a current
flowing through the first resistor and estimates the current
provided to the load based on the current measured as
flowing through the first resistor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is schematic diagram of an example of a switched
capacitor converter in accordance with the prior art.

FIG. 2 is schematic diagram of an example of a switched
capacitor converter using a small switch and a small resistor
to estimate output current in accordance with some embodi-
ments.

FIG. 3 is schematic diagram of another example of a
switched capacitor converter using a small switch and a
small resistor to estimate output current in accordance with
some embodiments.

FIG. 4 is schematic diagram of an example of a switched
capacitor converter using a replica converter to estimate
output current in accordance with some embodiments.

DETAILED DESCRIPTION

Mechanisms (which can include circuits and methods) for
measuring the output current of a switched capacitor (SC)
regulator are provided.

In some embodiments, the mechanisms can measure the
output current of a SC regulator by measuring input current
(I) to the SC regulator, measuring the output voltage
(Vo) of the SC regulator, measuring the input voltage
(V) to the SC regulator, and calculating the output current
(Iog7) based on these measurements and an efficiency
estimate.

For example, in some embodiments, the efficiency esti-
mate can be calculated during a calibration process using the
following equation:

Efficiency=Po7r/P n=(V ourxloun) (V vx1ay)-

where Vi, Vour v and I, are measured under
expected operating conditions. Then, during operation, I,
can be calculated using the following equation:

Loyr=Efficiencyx(V pxIpn)/Vour

In some embodiments, efficiency can be estimated using
pre-simulated data and stored in memory in an SC regulator
integrated circuit (IC) or in external memory. Vi and V7
can be measured in any suitable manner, such as using an
analog to digital converter (ADC), for example. In some
cases, Vpy and V 5., values need not be measured when set
to given values by an SC regulator, for example. I, can be
determined by measuring the voltage across a resistor in
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series with V, (which can be done in any suitable manner,
such as using an ADC) and calculating for the current
passing through that resistor (as described above). While this
technique will incur an I°R loss in the resistor, the I’R loss
of measuring 1, using a resistor is smaller than the I°R loss
of measuring I,,, when I, is smaller than I, For
example, in a 2:1 SC regulator, the input current is roughly
50% of the output current, so I°R loss when I, is measured
is roughly 25% of the I°R loss when I,,,,- is measured. An
advantage of measuring I, in this manner is that it is less
lossy to measure 1, V. and V,,, and use an estimate
efficiency to calculate I, than to measure I, as shown
in FIG. 1. A disadvantage of measuring I, in this manner
is that it is less accurate than measuring I, directly using
a series resistor at the output of the SC regulator (as shown
in FIG. 1) because errors in the efficiency estimate and the
measurements of Vi, 11, Vo7 can compound.

In some embodiments, the mechanisms can measure the
output current of a SC regulator by measuring the output
impedance (R,;7) of the SC regulator and calculate 1,
For example, in a N:M SC regulator, the following equation
computes 1,7

Lour=(VpxM/N=-V oy )/Ropr

M and N are known based on the SC regulator design, and
V;» and V. can be measured using an ADC in some
embodiments. R, is a function of the SC regulator topol-
ogy (e.g., the values of N and M in the N:M SC regulator),
switch on-state resistance (because switches are non-ideal
and have parasitic resistance even when they are ON), the
switching frequency of the SC regulator (freq), and the
amount of flying capacitance (Cr;y). Thus, R, can be
represented by:

Ropr=f(topologyRswrreanfreq,.Crry)

Among these variables, topology and C;, are known since
they are decided by the designer in design time. In some
embodiments, freq can be measured in any suitable manner
(e.g., using counters to count how quickly the signals
switch). In some embodiments, R g,z can be measured in
any suitable manner (e.g., during calibration by flowing a
known current through the switch and measuring the voltage
across the switch). The calculated Rgyp7-p value can be
stored in in a memory, whether it is in the SC regulator chip
or external memory, in some embodiments. An advantage of
this method of calculating 1, is that it does not incur the
I°R loss of using a series resistor. A disadvantage is that it
can be less accurate if errors in measuring these variables
compound.

In some embodiments, the mechanisms can measure the
output current of a SC regulator by adding a small switch
and a series small resistor in parallel with a switch of the SC
regulator and using that small resistor to estimate the output
current of the SC regulator.

FIG. 2 illustrates an example of a 2:1 SC regulator using
this technique on Ny, 208 in accordance with some
embodiments. As shown, a small switch Nz saz47, 220
(with similar characteristics to Nz, 208 except that it has a
much smaller width than Ny, 208) and a small resistor
Rgpzarz 221 are connected in parallel to Ny, 208. That is,
the gate of switch Nz 7 sazsrr 220 is connected to Ny o7 &
216, the top of Ngoy sazsrs 220 is connected to node C,,
BOT 116, and the bottom of N, cirirz 220 is connected
via resistor Ry, ,,,, 221 to ground. For example, if the width
of Ngor sararr 220 is Yiooo of the width of N, 208, the
current flowing through Nzor sz 220 is  also
roughly Y1000 of the current flowing through N, 208. Once
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the current value is reduced, it is easier to measure the
current with smaller loss. For example, the I°R loss through
Rarzarz would be ¥i000000 compared to using a series
resistor on N, 208.

During operation, the current through Nz, 208 can be
measured by measuring the voltage across Rg,,,,; 221 and
dividing that by the value of Rg,,,,; 221 to measure the
current through Nzor carerz 220, and then by multiplying
the resulting value by 1000 if N, 208 has 1000 times
larger width than Ngop sazrz 220. If the 2:1 SC regulator is
operating at 50% duty cycle, I ,,112 can be estimated to be
roughly two times the current through Ny, 208. The
voltage can be measured in any suitable manner such as
using an analog-to-digital converter (ADC) 222 that is
coupled to a hardware processor 224.

Although resistor Rg,,,,; 221 is shown in FIG. 2 on the
lower side of switch Nzor oazar, 220, the resistor can
instead be placed on the upper side of switch Nzo7 sazurs
220 in some embodiments. -

FIG. 3 illustrates an example of a 2:1 SC regulator using
this technique on P,,, 202 in accordance with some
embodiments. As shown, a small switch Prop cazarr 320
(with similar characteristics to P, 202 except that it has a
much smaller width than P,,, 202) and a small resistor
Rgprarz 321 are connected in parallel to P, 202. That is,
the gate of switch Pyyp saz47, 320 is connected to Pypp G
210, the top of P, SMALL 320 is connected via resistor
Rasarr 321 t0 Vo104, and the bottom of P, SMALL 320
is connected to node Cg; ,, TOP 118. Similar to Nz sazurs
220 for N, 208, the width of P, SMALL 320 can be, for
example, Yiooo the width of P, 202. If the 2:1 SC regulator
is operating at 50% duty cycle, we can estimate that Tour
112 is roughly two times the current through P, 202. The
voltage can be measured in any suitable manner such as
using an analog-to-digital converter (ADC) 222 that is
coupled to a hardware processor 224.

To calculate 1,,, 112 more accurately, some embodi-
ments can implement both Nz 7 saz4r7 220 and R, ., , 221
and Prop sazarr 320 and Rg,,,,, 321. Instead of assuming
the current in State0 and Statel are equal when duty cycle
is 50%, the current flowing in both StateO and Statel can be
calculated using Ng,r sazarr 220 and Rg,,,,; 221 and
Prop snearr 320 and Rg.,7; 321, respectively, and adding
the two current values results in [, 112.

Although resistor Rg,,,;; 321 is shown in FIG. 3 on the
upper side of switch Prop a4, 320, the resistor can instead
be placed on the lower side of switch Pyyp cararr 320 in
some embodiments. -

In some embodiments, when using multi-phase SC regu-
lators in which copies of SC regulators are operating in
parallel in a time interleaved fashion, if there are N phases,
the measured per phase current (that can be calculated as
illustrated above in connection with FIGS. 2 and 3) can be
multiplied by N to calculate 1, 112.

In some embodiments, the mechanisms can measure the
output current of a SC regulator by using a replica 2:1 SC
regulator that is much smaller than the actual 2:1 SC
regulator to estimate 15, 112. FIG. 4 illustrates an example
of a replica SC replica regulator in accordance with some
embodiments. As shown, replica 2:1 SC regulator 420 has
the same structure and input signals as actual 2:1 SC
regulator 422, but its switch widths and capacitor sizes are
reduced to 1/N of the counterparts in regulator 422. For
example, the capacitance values of Cgp;y zpp 414 and
Coor rep 406 are 1/N of the capacitance values of C; - 114
and C,,r 106, respectively, and the switch widths of P,
REP 402, N1, zer 404, Pryp rpp 406, and Nygor rpp 408
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are 1/N of the switch widths of P, 202, N, 204, P, .,
206, and N, 208, respectively. The output impedance of
replica 2:1 SC regulator 420 is roughly N times larger than
the output impedance of actual 2:1 SC regulator 422.
During operation, replica 2:1 SC regulator 420 can be
connected to a fixed output current 1,7 rzp 412 with a
known current value. Given the following relationships:

Vour=Vm/2-Rovrxlour
Vour zrzr=Vin'2-Rour rep¥lour rep; and

Rovr rerNxRour

i VourVour zee then Loy lopr gepXN.
To determine 1,7, the value of I,y zzp 412 can be

controllably swept to identify at which value of 1,7 zzp
412 Vo zpp 408 becomes equal to Vi 108, in some
embodiments. Then, the identified value of 1,7 zzp 412
can be multiplied by N to get I,,,,,- 112, in some embodi-
ments. The voltages V511 zzr 408 and V.- 108 can be
measured, and I, zzr 412 can be controlled, in any
suitable manner such as using an analog-to-digital converter
(ADC) 222 that is coupled to a hardware processor 224. For
example, the hardware processor can adjust Loy zp 412
and measure voltages V 57 rzr 408 and V5, 108 until a
setting of Iop 7 zzp 412 is found at which voltages
Voour rep 408 and V5 108 are equal.

In some embodiments, N can be set to a very large number
so that the area overhead of the replica 2:1 SC regulator 420
can be small. An advantage of this approach to measuring
Iogr 1s that 15, can be measured with little power loss. A
disadvantage is that this approach is that it is vulnerable to
inaccuracies in the relationships between the capacitances of
the replica 2:1 SC regulator and the actual 2:1 SC regulator.
More particularly, because the value of C,; 114 could
change with temperature and voltage, if the same type of
capacitor (e.g., ceramic capacitor, MOSFET capacitor, etc.)
is not used for Cpy y zzp 414, the value of Cpyy zzp 414 in
the replica regulator may not be actually 1/N of the value of
Cg;y 114 after a temperature change and/or a voltage
change. If the capacitance value of Cr;y rpp 414 is not
actually 1/N of the value of C,,, 114, the assumption of
Rour rep=N*R o can be wrong, resulting in an inaccurate
logr 112 value. Another disadvantage is that sweeping
lour rep 412 takes time, so calculating 1,,,,-112 could take
longer time. If 15, 112 keeps changing rapidly, it could be
challenging to calculate Tour 112 quickly.

In some embodiments in which it is acceptable to simply
know whether I, 112 is lower or higher than a certain
value, instead of sweeping 1,7 zzp 412, Loy gep 412 can
be set to a fixed current value and V5,108 and V5.7 rzp
408 can be compared. If V.7 108 is larger than Vopr zzp
408, this indicates that Tour 112 is smaller than N times
lovr rep 412. If V517 108 is smaller than V., zzp 408,
this indicates that 1,,,,,- 112 is larger than N times 1,7 zzp
412. An advantage of this approach is that it does not require
sweeping I zzp 412 and can get the result more quickly.
A disadvantage of this approach is that it does not measure
the value of Tour 112, but merely indicates whether [, 112
is larger or smaller than a certain value.

The techniques described above can be used in 2:1 SC
regulators that are different from the ones in the figures. For
example, PMID 206 and P,,, 202 could be NMOS FETs.
Also, these techniques can be used in N:M SC regulators
other than 2:1 SC regulators.

As described above, various measurements are made, data
(e.g., estimates) used, values calculated, and controls imple-
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6

mented (e.g., sweeping values of [, rzp). Any suitable
general-purpose computer or special-purpose computer can
be used to perform these functions in some embodiment.
Any such general-purpose computer or special-purpose
computer can include any suitable hardware. For example,
such hardware can include a hardware processor and
memory.

The hardware processor can include any suitable hard-
ware processor, such as a microprocessor, a micro-control-
ler, digital signal processor(s), dedicated logic, and/or any
other suitable circuitry for controlling the functioning of a
general-purpose computer or a special-purpose computer in
some embodiments. In some embodiments, hardware pro-
cessor can be controlled by a program stored in the memory.

The memory can be any suitable memory and/or storage
for storing programs, data, and/or any other suitable infor-
mation in some embodiments. For example, the memory can
include random access memory, read-only memory, flash
memory, hard disk storage, optical media, and/or any other
suitable memory.

In some embodiments, any suitable computer readable
media can be used for storing instructions for performing the
functions and/or processes herein. For example, in some
embodiments, computer readable media can be transitory or
non-transitory. For example, non-transitory computer read-
able media can include media such as non-transitory forms
of magnetic media (such as hard disks, floppy disks, and/or
any other suitable magnetic media), non-transitory forms of
optical media (such as compact discs, digital video discs,
Blu-ray discs, and/or any other suitable optical media),
non-transitory forms of semiconductor media (such as flash
memory, electrically programmable read-only memory
(EPROM), electrically erasable programmable read-only
memory (EEPROM), and/or any other suitable semiconduc-
tor media), any suitable media that is not fleeting or devoid
of any semblance of permanence during transmission, and/
or any suitable tangible media. As another example, transi-
tory computer readable media can include signals on net-
works, in wires, conductors, optical fibers, circuits, any
suitable media that is fleeting and devoid of any semblance
of permanence during transmission, and/or any suitable
intangible media.

Although the invention has been described and illustrated
in the foregoing illustrative embodiments, it is understood
that the present disclosure has been made only by way of
example, and that numerous changes in the details of imple-
mentation of the invention can be made without departing
from the spirit and scope of the invention, which is limited
only by the claims that follow. Features of the disclosed
embodiments can be combined and rearranged in various
ways.

What is claimed is:

1. A circuit for measuring a current provided to a load
comprising

a capacitor having a first side and a second side;

a plurality of switches that, when in a first state, couple the
capacitor in parallel with the load and, when in a
second state, couple the capacitor in series with the
load, wherein a first switch of the plurality of switches
has a first side, a second side, and a control input and
connects the first side of the capacitor to ground when
the plurality of switches are in the first state and
wherein a second switch of the plurality of switches has
a first side, a second side, and a control input and
connects the second side of the capacitor to an input
voltage when the plurality of switches are in the second
state;
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a third switch having a first side, a second side, and a
control input, wherein the first side of the third switch
is connected to the first side of one of the first switch
and the second switch, wherein the control input of the
third switch is connected to the control input of the one
of the first switch and the second switch, and wherein
the third switch is smaller than the one of the first
switch and the second switch;

a first resistor having a first side and a second side,
wherein the first side of the first resistor is directly
connected to the second side of the third switch; and

a hardware processor that measures a current flowing
through the first resistor and estimates the current
provided to the load based on the current measured as
flowing through the first resistor.

2. The circuit for measuring a current provided to a load
of claim 1, wherein the one of the first switch and the second
switch is the first switch.

3. The circuit for measuring a current provided to a load
of claim 2, wherein the first switch and the third switch are
NMOS transistors and wherein the second switch is a PMOS
transistor.

4. The circuit for measuring a current provided to a load
of claim 2, wherein the second side of the resistor is
connected to ground.

5. The circuit for measuring a current provided to a load
of claim 1, wherein the one of the first switch and the second
switch is the second switch.

6. The circuit for measuring a current provided to a load
of claim 5, wherein the second switch and the third switch
are PMOS transistors and wherein the first switch is an
NMOS transistor.

7. The circuit for measuring a current provided to a load
of claim 5, wherein the second side of the resistor is
connected to the input voltage.

8. The circuit for measuring a current provided to a load
of claim 5, further comprising:

a fourth switch having a first side, a second side, and a
control input, wherein the first side of the fourth switch
is connected to the first side of the first switch, wherein
the control input of the fourth switch is connected to the
control input of the first switch, and wherein the fourth
switch is smaller than the first switch; and

a second resistor having a first side and a second side,
wherein the first side of the second resistor is connected
to the second side the fourth switch and wherein the
second side of the second resistor is connected to
ground,

wherein the hardware processor also measures a current
flowing through the second resistor and estimates the
current provided to the load based on the current
measured as flowing through the second resistor.

9. The circuit for measuring a current provided to a load
of claim 8, wherein the hardware processor estimates the
current provided to the load based on a combination of the
current flowing through the first resistor and the current
flowing through the second resistor.

10. The circuit for measuring a current provided to a load
of claim 1, wherein the third switch has a width that is equal
to or smaller than Vioth of a width of the one of the first
switch and the second switch.

11. The circuit for measuring a current provided to a load
of claim 1, wherein the third switch has a width that is equal
to or smaller than Yiooth of a width of the one of the first
switch and the second switch.

12. The circuit for measuring a current provided to a load
of claim 1, wherein the third switch has a width that is equal
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to or smaller than %ioooth of a width of the one of the first
switch and the second switch.

13. The circuit for measuring a current provided to a load
of claim 1, further comprising an analog-to-digital converter
that measures a voltage at the first side of the first resistor.

14. The circuit for measuring a current provided to a load
of claim 1, wherein the hardware processor measures the
current flowing through the first resistor by determining a
voltage across the resistor and dividing the voltage across
the resistor by a known value of the resistor.

15. The circuit for measuring a current provided to a load
of claim 1, wherein the hardware processor estimates the
current provided to the load by dividing the current flowing
through the first resistor by a percentage of time that the
plurality of switches are in the first state when the one of the
first switch and the second switch is the first switch and by
a percentage of time that the plurality of switches are in the
second state when the one of the first switch and the second
switch is the second switch.

16. A regulator comprising:

a plurality of switches, wherein a first switch of the

plurality of switches has a first size;

a capacitor;

a second switch having a second size that is smaller than

the first size;

a first resistor having one end connected dirvectly to one

side of the second switch; and

a hardware processor configured to calculate an output

current of the regulator based upon a voltage measured
across the first resistor,

wherein the second switch and the first resistor are

connected in series, and are collectively in parallel
with the first switch, and

wherein, when in a first state, the plurality of switches

couple the capacitor in parallel with a load and, when
in a second state, the plurality of switches couple the
capacitor in series with the load.

17. The circuit of claim 16, further comprising an analog-
to-digital converter that measures a voltage at the first side
of the first resistor.

18. The regulator of claim 16, wherein the first switch
connects the first side of the capacitor to ground when the
plurality of switches are in the first state.

19. The circuit of claim 18, wherein the hardware pro-
cessor also estimates the output current provided to a load
by dividing an amount of current flowing through the first
resistor by a percentage of time that the plurality of switches
are in the first state.

20. The regulator of claim 16, wherein the first switch
connects the capacitor to an input voltage when the plurality
of switches are in the second state.

21. The circuit of claim 20, further comprising a hardware
processor that estimates the output current provided to a
load by dividing an amount of current flowing through the
first vesistor by a percentage of time that the plurality of
switches are in the second state.

22. The regulator of claim 16, wherein the plurality of
switches includes a third switch having a third size, further
comprising:

a fourth switch having a fourth size that is smaller than

the third size; and

a second resistor having one end connected to one side of

the fourth switch,

wherein the fourth switch and the second resistor are

connected in series, and are collectively in parallel
with the third switch, and
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wherein the output current of the regulator is estimated
based upon voltages measured across the first resistor
and the second resistor.

23. The circuit of claim 16, wherein the first size and the
second size are tramsistor widths, and wherein the second 5
size is equal to or smaller than Yioth of the first size.

24. The circuit of claim 16, wherein the first size and the
second size are tramsistor widths, and wherein the second
size is equal to or smaller than Yiooth of the first size.

25. The circuit of claim 16, wherein the first size and the 10
second size are tramsistor widths, and wherein the second
size is equal to or smaller than Yioooth of the first size.
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