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(57) Abstract: In one embodiment, a circuit includes a first
amplitier having a first ditferential input, a second ditferen-
tial input, and an output. The replica device is configured to
generate a replica current of a current flowing through the
battery where the first amplifier controls the control device
to control the replica current. The circuit also includes a
second amplifier having a third differential input, a fourth
difterential input, and an output. The second amplifier is
configured to compensate for a first offset error of the first
amplitier and a second offset error of the second amplifier
based on selectively coupling the third differential input to
the output of the first amplifier during a first phase, select-
ively coupling the output of the second amplifier to the
second differential input during the first phase, and select-
ively coupling the output of the second amplifier to the
fourth differential input during a second phase.
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COMPENSATION TECHNIQUE FOR AMPLIFIERS IN A CURRENT SENSING

CIRCUIT FOR A BATTERY

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] The present disclosure claims priority to U.S. App. No. 14/149,739 filed
January 7, 2014, the content of which is incorporated herein by reference in its entirety

for all purposes.
BACKGROUND

[0002] Battery operated systems require accurate measurement of current flowing into
and out of the system during charging and discharging of the battery. FIG. 1 shows an
example of a battery monitoring system or fuel gauge system. Battery current flows
between a system node VSYS and a battery terminal VBATT through a main transistor
(e.g., a transistor BATFET). One technique for measuring the battery current is to use
replica devices (e.g., replica transistors Replical and Replica2) in parallel with the main
transistor BATFET. The replica transistors Replical and Replica2 produce replica
currents (e.g., a charging current Icyarge and a discharge current Ipiscuarce) that are a
scaled down version of the battery current. The charging current Icaarce and the
discharge current Ipiscrarce flow through sensing resistors R1 and R2, respectively. An
analog to digital converter (ADC) samples the voltage across resistors R1 and R2 to
determine the charge across the battery. The battery monitoring system then uses the

output of the ADC to monitor the battery.

[0003] For accuracy, it is important to control the voltage across control transistors
M1 and M2 for the replica device. The system may use a feedback loop to control the
voltage. For example, amplifiers AMP1 and AMP2 control the voltage across control
transistors M1 and M2, respectively. In this case, the inputs of amplifier AMP1 are
coupled to the system node VSYS and the gate and source of replica transistor Replica2
and the output is coupled to a control transistor M1. Also, the inputs of amplifier AMP2
are coupled to the system node VBATT and the drain of replica transistor Replical and
the output is coupled to a control transistor M2. Amplifiers AMP1 and AMP2 control
the voltage at the gate of control transistors M1 and M2, respectively, to produce the
replica currents. One problem with this approach is that offset error within each
amplifier may cause errors in the replica currents. Also, the resistor used to measure the

voltage can cause errors across process and temperature variations.
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SUMMARY
[0004] In one embodiment, a circuit includes a first amplifier having a first
differential input, a second differential input, and an output. The first differential input
is coupled to a replica device and a voltage of a battery and the output is coupled to a
control device. The replica device is configured to generate a replica current of a
current flowing through the battery where the first amplifier controls the control device
to control the replica current. The circuit also includes a second amplifier having a third
differential input, a fourth differential input, and an output. The second amplifier is
configured to compensate for a first offset error of the first amplifier and a second offset
error of the second amplifier based on selectively coupling the third differential input to
the output of the first amplifier during a first phase, selectively coupling the output of
the second amplifier to the second differential input during the first phase, and
selectively coupling the output of the second amplifier to the fourth differential input

during a second phase.

[0005] In one embodiment, during the second phase, the second amplifier stores the
second offset error of the second amplifier on a first set of storage elements coupled to
the fourth differential input of the second amplifier for use in compensating for the

second offset error of the second amplifier during the first phase.

[0006] In one embodiment, during the first phase, the second amplifier stores the first
offset error of the first amplifier on a second set of storage elements coupled to the
second differential input of the first amplifier for use in compensating for the first offset

error of the first amplifier during a subsequent second phase.

[0007] In one embodiment, a gain of the second amplifier is used to compensate for

the first offset error during the first phase.

[0008] In one embodiment, the output of the second amplifier is a differential output,
and the circuit further includes a common mode feedback circuit coupled to the
differential output and configured to maintain a common mode portion of the

differential output at a fixed value different from the voltage of the battery.

[0009] In one embodiment, the circuit further includes a resistor configured to receive
the replica current, wherein a voltage across the resistor is sensed to monitor the voltage

across the battery.
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[0010] In one embodiment, a method includes: during a first phase, storing, by a
second amplifier, a first offset error of a first amplifier on a first set of storage elements
coupled to a differential input of the first amplifier for use in compensating for the first
offset error of the first amplifier during a second phase; during the second phase,
storing, by the second amplifier, a second offset error of the second amplifier on a
second set of storage elements coupled to a differential input of the second amplifier for
use in compensating for the second offset error of the second amplifier during a
subsequent first phase; during the second phase, controlling, by the first amplifier, a
control device to control a replica current generated by the replica device, the replica
current being a replica of a current flowing through the battery, wherein the first offset
error is compensated for using the first offset error stored during the first phase; and
during the subsequent first phase, controlling, by the first amplifier, the control device
to control the replica current, wherein a gain of the second amplifier is used to
compensate for the first offset error and the second offset error is compensated for using

the second offset error stored during the second phase.

[0011] The following detailed description and accompanying drawings provide a

better understanding of the nature and advantages of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] FIG. 1 shows an example of a battery monitoring system or fuel gauge system.

[0013] FIG. 2 depicts an example of a battery monitoring system according to one

embodiment.

[0014] FIG. 3 depicts an example of amplifier ErrAmp2 during clock phase ®©2

according to one embodiment.

[0015] FIG. 4 depicts an example of amplifiers ErrAmpl (amplifiers Al and A2) and
ErrAmp2 (amplifiers Anl and An2) during clock phase ®1 according to one

embodiment.

[0016] FIG. 5 depicts an example of amplifier ErrAmp1 in clock phase @2 according

to one embodiment.

[0017] FIGs. 6 and 7 show examples of implementations of ErrAmpl and ErrAmp2,

respectively.
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[0018] FIG. 8 shows an example of a battery monitoring system using a single output

of amplifier ErrAmp2 according to one embodiment.

[0019] FIG. 9 depicts a simplified flowchart of a method for compensating for offset

error according to one embodiment.

[0020] FIG. 10 shows an example implementation of resistor R; to compensate for

temperature variations according to one embodiment.

[0021] FIG. 11 depicts an example of the temperature correction using resistor rspl

according to one embodiment.

DETAILED DESCRIPTION
[0022] The present disclosure pertains to battery monitoring system. In the following
description, for purposes of explanation, numerous examples and specific details are set
forth in order to provide a thorough understanding of the present disclosure. It will be
evident, however, to one skilled in the art that the present disclosure as expressed in the
claims may include some or all of the features in these examples alone or in
combination with other features described below, and may further include modifications

and equivalents of the features and concepts described herein.

[0023] FIG. 2 depicts an example of a battery monitoring system 200 according to
one embodiment. Battery monitoring system 200 may monitor battery currents (e.g.,
discharging and charging currents) for a battery (BATT) 202 flowing through a
transistor BATFET from a node VSYS to a node VBATT. In FIG. 2, only the charging
current is shown, but a person skilled in the art will appreciate how to implement the

battery monitoring system to monitor the discharging current.

[0024] Battery monitoring system 200 may monitor the battery current using an
internal (e.g., on chip) current-sensing resistor R;. Although an internal resistor is
discussed, external (e.g., off chip) resistors may be used. System 200 uses a replica
transistor Replical to generate a replica current of a battery current Ig that flows through
battery transistor BATFET and battery 202 through a node VBATT. In one
embodiment, transistors BATFET and replical may be N-channel MOSFET devices
with their gate and sources coupled together. As shown, the replica current Icpyarge
flows through transistor Replical and may be a scaled-down version of the battery

current Ip.
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[0025] Amplifiers ErrAmpl and ErrAmp2 form a feedback loop that controls the
voltage across a replica device, such as a control transistor M, which operates in
different operating regions (saturation or linear) depending on the mode of operation of
a linear charger for battery 202. In one embodiment, amplifier ErrAmp1 controls a gate
voltage of control transistor M, to control the replica current Icparce through sensing
resistor Ry. The control of control transistor M, may regulate the replica current Icyarce
to be proportional to the battery current Ig. As discussed above, an ADC (not shown)
may measure the voltage across sensing resistor Ry, where the output of the ADC is

used by a battery management system or fuel gauge measurement algorithm.

[0026] As discussed above in the Background, the offset error of the amplifiers may
affect the performance of battery monitoring system 200. For example, the replica
current Icparce may be small and the voltage across sensing resistor Ry may be as low
as hundreds of microvolts. Thus, the offset error of amplifiers ErrAmpl and ErrAmp2
may affect the measured voltage. Particular embodiments compensate for the amplifier
offset error and also employ a technique to reduce the effect of temperature variations

on resistor R;.

[0027] In one embodiment, amplifier ErrAmpl may include a first differential input
and a second differential input along with an output coupled to transistor M.. Amplifier
ErrAmp2 may include a first differential input, a second differential input, and a
differential output. Accordingly, amplifier ErrAmp1 and amplifier ErrAmp2 have two
gain stages as will be described in more detail below. Although amplifier ErrAmp?2 is
described as having a differential output, amplifier ErrAmp2 may have a single output.
As will be discussed in more detail below, the differential output allows system 200 the
compensation to be performed at a different voltage than VBATT or a rail voltage of the

system.

[0028] Amplifier ErrAmp2 may be a nulling amplifier that is used to compensate for
the offset error in the main amplifier ErrAmpl. Further, Amplifier ErrAmp2 also
compensates for its own offset error. As will be discussed in more detail below, the
technique may be used continuously to track changes in the offset error and effectively
compensate for the changes in the offset error. Thus, amplifiers ErrAmp2 and ErrAmp1

can track any shift in the offset errors due to operating conditions and compensate for
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the errors (e.g., null or zero the errors). Thus, the compensation may be better than a

one-time compensation.

[0029] Battery monitoring system 200 may use multiple clock phases, such as a clock
phase @1 and a clock phase ®2, to compensate for the offset errors of amplifier
ErrAmp1 and amplifier ErrAmp2. In clock phase ®©1, amplifier ErrAmp?2 stores the
offset error of amplifier ErrAmp1 on capacitors C1. This value will be used to
compensate for the offset error of amplifier ErrAmp1 in a subsequent clock phase ©2.
Also, in clock phase @2, system 200 stores the offset error of amplifier ErrAmp2 on
capacitors C2. This compensates for the offset error of amplifier ErrAmp2 in a
subsequent clock phase @1 as the stored offset error makes sure the offset error of
amplifier ErrAmp2 does not affect the storing of the offset error of amplifier ErrAmp1
on capacitors C1. As shown in FIG. 2, switches S1 and S2 may be open or closed based
on the clock phase. For example, switches S1 are closed during clock phase @1 and
open during clock phase @2, and switches S2 are closed during clock phase ®2, and
open during clock phase ®1. The use of switches S1 and S2 couples the inputs and
outputs of amplifiers ErrAmpl and ErrAmp2 differently depending on the clock phase.

These configurations will now be described in more detail.

[0030] FIG. 3 depicts an example of amplifier ErrAmp2 during clock phase ®©2
according to one embodiment. In clock phase ®2, switches S2 are closed and switches
S1 are open, which isolate the input and output of amplifier ErrAmp2 from the input
and output of amplifier ErrAmpl. In this case, amplifier ErrAmp2 may be in an open
loop gain configuration. As discussed above, amplifier ErrAmp?2 stores the offset error

of amplifier ErrAmp2 on capacitors C2 during this clock phase.

[0031] Amplifier ErrAmp2 includes a first amplifier Anl and a second amplifier An2
that receive a first differential input and a second differential input, respectively. Both
inputs of the differential input of amplifier An1 are coupled to battery 102. The offset
error of amplifier Anl is shown as an offset error voltage Vonl at the input of one of the

differential inputs.

[0032] To store the offset error of amplifier ErrAmp2, a feedback path from the
output of amplifier ErrAmp?2 to the differential input of amplifier An2 is used. In the
feedback path, the output of amplifier ErrAmp?2 (e.g., differential output VonulIN and

VonullP) is coupled to capacitors C2, which can store the offset error during clock
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phase ®2. The offset error stored on capacitors C2 includes an inferred offset error
voltage Von2 on one input of the differential input of amplifier An2 and the offset error

voltage Vonl.

[0033] In operation, the differential output vnl of amplifier Anl and the differential
output vn2 of amplifier An2 are added together to generate a differential output
VonulIN and VonulIP. As will be discussed in more detail below, a common mode
feedback circuit CMFB may shift the differential output calculation to a common mode
voltage based on Vref. The differential output may be the combination of vnl + vn2,
which reflect the offset errors Vonl and Von2. The outputs VonulIN and VonullP are

then stored on capacitors C2 during clock phase ®2.

[0034] The following represents the calculation of the two control paths of the

common mode and differential.

Acurr
Voem = HA—{W Vie f
Vonutte = Voo + %Cvnl + Vn2) (1)
Vomuiv = Voom — % (1 + Up2) (2)
AVonun= vémg e = Vonuun my (vni + vn:&) (3)
Vpa = Az X (Vona ~ AVgnuar) (4)

V1 = Apg X (VBATT — VBATT + v,n1)  (5)

AVonun= Vonuur — Vonuun = (¥n1 + Vnz) (6)
= Apa X (Von2 — AVpnun)+ Any X (Won1)

Az

- _Anz
= 1A, (Von2) + 144, (Yon1)

[0035] The voltage of the common mode amplifier Acm is based on the gain of
amplifier Acm and a voltage Vref. Voltage Vref may be different from the voltage of
the battery or rail, such as Vdd/2.

[0036] Equation 1 shows the calculation for output VonullP and equation 2 shows the
calculation for output VonulIN. In this case, output VonullP is the common mode
output voltage Vocm plus half of the differential output of vnl and vn2. Output

VonulIN is equal to the common mode voltage Vocm minus half of the differential
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output of vnl and vn2. Equation 3 shows the calculation of the differential between
outputs VonullN and VonullP and equations 4 and 5 show the calculation of the
amplifier outputs of vn2 and vnl. As shown, equation 3 shows that the differential
output AVonull is equal to the amplifier outputs vnl and vn2 as the common mode
voltage Vocm cancels. Output vn2 is equal to the gain of amplifier An2 and the offset
error of amplifier An2 minus the differential output. Output vnl is equal to the gain of

amplifier Anl and the offset error of amplifier Anl.

[0037] In equation 6, the differential output voltage AVonull may be determined
based on equations 3, 4, and 5. Equation 6 shows that the differential output of
amplifier ErrAmp?2 is based on the offset errors Vonl and Von2 of amplifiers Anl and
An2 and the gain of error amplifiers Anl and An2. These values are stored on
capacitors C2 during clock phase ®2. As will be discussed in the next figure, the values
stored on capacitors C2 are used to cancel the offset errors Vonl and Von2 during the

next clock phase @1.

[0038] FIG. 4 depicts an example of amplifiers ErrAmpl (amplifiers Al and A2) and
ErrAmp2 (amplifiers Anl and An2) during clock phase ®1 according to one
embodiment. During clock phase @1, switches S1 are closed and switches S2 are open.
This couples the differential output of ErrAmp2 to a differential input of ErrAmpl.
This stores the offset error for amplifier ErrAmp1 on capacitors C1 via amplifier
ErrAmp2. Further, the offset error of amplifier ErrAmp2 is canceled via the previous
stored values on capacitors C2 in clock phase ®2 so that the amplifier ErrAmp2 offset
error does not affect the storing of the values on capacitors C1. The following will now

discuss the offset compensation in more detail.

[0039] In amplifier ErrAmpl, the inputs of amplifier A1 are coupled to the output
Vout of amplifier ErrAmp1 and the voltage of battery 102. The offset error of amplifier
Al is shown as an offset error voltage Vol on one of the inputs of amplifier Al. The
differential input of amplifier A2 is coupled to the differential output of amplifier
ErrAmp2. Also, the offset error of amplifier A2 is shown as an offset error voltage Vo2

on one of the inputs of amplifier A2.

[0040] In this clock phase, amplifier ErrAmp2 stores outputs VonullN and VonullP

on capacitors C1. Equation 7 shows the differential voltage across capacitors Cl1:
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(Vg — Zns (“gm)‘}}' Ani X (rsnl +VBATT - Voa,:,t)

144 4
$tdpn T¥da

= (A-n.z X 1"9112} - (An:z X 1am2) - (Ani X Ucnl} + (Am * ““?a'n:i} + {Anl X VQATT.} - {‘41‘(1 X tht)

o v . _ .
A et = Va-n.u!lpi - ijamu‘.i:\’z = A X I"V'on: -

S Ay X (VBATT ~ V) (D)

[0041] As shown in equation 7, the differential output voltage of amplifier ErrAmp2
is equal to the gain of amplifier Anl times the difference between the battery voltage
VBATT and the output voltage of amplifier ErrAmpl. The offset errors Vonl and
Von2 of amplifiers Anl and An2 have been canceled in this case via the values stored
on capacitors C2. That is, amplifier An2 cancels offset error Von2 and outputs offset

error Vonl (e.g., Vonl times the gain of An2). This outputted offset error Vonl cancels

the offset error from amplifier Anl.

[0042] Now turning to amplifier ErrAmpl, the output Vout of amplifier ErrAmp1
substantially equals the battery voltage VBATT. Equation 8 shows the output of

amplifier ErrAmpl as follows:

szr = *’:11 X (VBATT - Vour +¥ ‘01}+ ‘42 A (mfsnum Tv 32)

= AIX (VBATT - %M v ﬂin' AZ X Kﬂmx {(VBATT - Vozs.t.} T 02]

vields

ey E“!ou.t X Il + Al + z‘%z X f’iﬂi] = [ VBATT ¥ (‘"}1 + r‘lz ¥ A.‘il)} + {AIX 1}91} + i\[’izx 1392}
ylelds A 1 N A ‘ 4 ,
Vous X {1 * At mﬂj = VEATT+ (A1 +A; Ndyy X Fm}jt (4 A XA X FSZ) 8

[0043] Because all open loop gain values are large (at least in the order of 1000),

equation 8 can be approximated to:

Vour © VBATT +(——2— xwg )+ (2L —xvg;) ~ VBAIT

Ay+dpNdyy Aq +adp Xy

[0044] In the above, there is an effective cancellation of the offset errors Vol and
Vo2, because the gain of amplifier Anl is large, which minimizes the values of Vol and
Vo2 compared to the value of the battery voltage VBATT. Thus, the gain of amplifier

Anl has been used to compensate for the offset errors of amplifiers Anl and An2.

[0045] In the above discussion of clock phase @2, amplifier ErrAmp2 was discussed.
In this clock phase, amplifier ErrAmp]1 also operates in an open loop gain configuration
where the values stored on capacitors C1 are used to compensate for the offset errors of

amplifiers Al and A2. FIG. 5 depicts an example of amplifier ErrAmp! in clock phase

9
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®2 according to one embodiment. The inputs of amplifier Al are coupled to the output
Vout of amplifier ErrAmp1 and to the battery voltage VBATT. The offset error voltage
Vol is also shown at an input of amplifier Al. Also, the inputs of amplifier A2 are
coupled to capacitors C1. The offset error voltage Vo2 is also shown at an input of

amplifier A2.

[0046] As shown in equation 10 below, capacitors C1 hold the differential voltage
AVonulll, which is based on the gain of amplifiers Al and A2 and the offset errors of
amplifiers Al and A2 of Vol and Vo2. In equation 7 above, the differential output
voltage of amplifier ErrAmp?2 is equal to the gain of Amplifier Anl times the difference
of VBATT and Vout. In this case, the values stored on capacitors C1 are a function of
the gain of amplifiers Al and A2 and the offset errors Vol and Vo2. Equation 10

summarizes these values:

+3
) -

A WA ;

. 1 <o 5 i i o~ ‘41 . ‘
AVonun = — (—1 & X L"m) - (_Al e 1’(32) ¥ N Vo1 T Ve {10)

Any Ay

[0047] The following shows the cancelation of the offset errors of amplifiers Al and
A2 based on the values stored in capacitors C1. That is, the offset errors stored on
capacitors C1 compensate for the offset error of amplifiers Vol and Vo2 during this
clock phase. Equation 11 represents the determination of the output voltage Vout of

ErrAmp1, which shows the cancellation of offset errors Vol and Vo2 as follows:

Vour = 41 X (VBATT — Vi + v 0t A i( (AVonuan + Voz)
= A, X (VBATT =V, + vy )F Ay X [—;}—‘1 X Uy — oy + 1302]
X 2 d

10
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maf - Al X (VBATT Vﬂ‘lit + voi)+ Az X ('&Veﬂuil‘i + vof_ﬁ}
= Ay X (VBATT = Voue + Do)+ Ay X | =22 X vg) — v, + 1)
= Ay X (VBATT = Ve ) + (A X w1 — Ay X V1)

vields
et Voe X {1+ A1 = A XVBATT

x A s
Vour = X VBATT

1+ 4, Ay
yields ;
s Ve = VBATT

yields

e

(11)

[0048] As seen in equation 11, the offset errors Vol and Vo2 are cancelled and the
output voltage Vout of amplifier ErrAmp1 approximately equals the battery voltage
VBATT, Vout = VBATT. In this case, as seen in equation 10, the values stored on
capacitors Cl1 include offset errors Vol and Vo2. The offset error Vo2 stored on
capacitor C1 cancels the offset error Vo2 of amplifier A2. Then, amplifier A2 outputs
offset error Vol amplified by the gain A2 of amplifier A2. Also, amplifier A1 outputs
offset error Vol amplified by the gain A1 of amplifier A1l. The outputs of amplifiers
Al and A2 are of the opposite polarity and thus cancel offset error Vol when combined.
Accordingly, the offset errors of Vol and Vo2 are cancelled in clock phase ®2 and
output voltage Vout substantially equals the battery voltage VBATT.

[0049] Different implementations of amplifiers ErrAmpl and ErrAmp2 may be
appreciated. FIGs. 6 and 7 show examples of implementations of ErrAmp1 and
ErrAmp2, respectively. However, it will be understood that other implementations may

be appreciated.

[0050] In FIG. 6, differential amplifiers Al and A2 are shown as a differential pair of
transistors M4 and a differential pair of transistors Ma,. Amplifiers A1 and A2 are
coupled to a shared output stage 602. Shared output stage 602 provides a resistor gain
that converts a current output of differential amplifiers A1 and A2 into a voltage output.

Different variations of shared output stage 602 may be appreciated.

[0051] In FIG. 7, differential amplifiers Anl and An2 are shown as a differential pair
of transistors Max» and a differential pair of transistors Mani, respectively. The output
of amplifiers Anl and An2 are coupled to a shared output stage 702. Shared output

stage 702 also converts a current output of amplifiers Anl and An2 to a voltage, but the

11
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output of shared output stage 702 is a differential output Out- and Out+. Also, a
common mode feedback circuit 704 is coupled to the differential output and maintains
an average value of the differential output at a fixed level based on a voltage Vref,
which may be at a different level than the rail voltage, such as 4(Vdd). Using common
mode feedback circuit 704, the differential voltage measurement is moved away from
the rail voltage or battery voltage VBATT. For example, if the differential voltage
measurement is close to the rail, then it might be hard to measure the differential voltage
accurately. Thus, setting the common mode differential output voltage to a value, such
as Y2 of the rail voltage, makes calculating the offset at the average value more accurate.
That is, outputs Out+ and Out- are both set at a common mode voltage. Then, the
differential of outputs Out+ and Out- can be calculated based on that common mode
value that is different from the rail voltage. The common mode voltage drops out while
the differential voltage is output on outputs Out+ and Out-. Using the common mode

voltage at around half the battery voltage VBATT may simplify the output stage 702.

[0052] Although a differential output of amplifier ErrAmp2 was discussed above, a
single output may be used. In this case, the differential output voltage at the output of
amplifier ErrAmp2 is not performed at the common mode level. This may decrease the
accuracy, but offset error compensation is still performed as described above. FIG. 8
shows an example of a battery monitoring system 800 using a single output of amplifier
ErrAmp?2 according to one embodiment. As shown, a single output of amplifier
ErrAmp2 is coupled to amplifier ErrAmpl. Also, the single output of amplifier
ErrAmp2 is coupled to an input of amplifier ErrAmp2 in a feedback configuration.
Another input of amplifier ErrAmp?2 and another input of amplifier ErrAmp1 are

coupled to a voltage Vref, which may be a voltage different from the rail voltage.

[0053] In clock phase ®2, the voltage stored across capacitors C2 includes the offset
errors Vonl and Von2. In clock phase @1, these stored offset errors compensate for the
offset errors of amplifier ErrAmp2. Also, in clock phase ®1, Vout = VBATT due to the
gain of amplifier An2 (not shown) of amplifier ErrAmp2 substantially canceling the
offset errors of amplifier ErrAmpl. Further, in clock phase ®2, the offset error stored

on capacitors C1 cancels the error of amplifier ErrAmpl.

[0054] FIG. 9 depicts a simplified flowchart 900 of a method for compensating for

offset error according to one embodiment. At 902, during a first phase, amplifier
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ErrAm?2 stores a first offset error of amplifier ErrAmplon capacitors C1 for use in
compensating for the offset error of amplifier ErrAmplduring a second phase. At 904,
during the second phase, amplifier ErrAmp2 stores an offset error of amplifier ErrAmp2
on capacitors C2 for use in compensating for the offset error of amplifier ErrAmp2
during a subsequent first phase. At 906, during the second phase, amplifier ErrAmpl
controls control transistor Mc to control a replica current generated by the replica
device. During this phase, the first offset error is compensated for using the first offset
error stored during the first phase. At 908, during a subsequent first phase, amplifier
ErrAmp1 controls control transistor Mc to control the replica current where a gain of the
second amplifier is used to compensate for the offset error of amplifier ErrAmp1 and
the offset error of amplifier ErrAmp?2 is compensated for using the offset error of

amplifier ErrAmp?2 stored on capacitors C2 during the second phase.

[0055] Temperature Variation Offset

[0056] As discussed above, sensing resistor Ry may be located on chip and thus may
be sensitive to temperature variations of the chip. FIG. 10 shows an example
implementation of resistor R; to compensate for temperature variations according to one
embodiment. The temperature variations may be compensated for during the current
voltage conversion using two types of resistors. The first type of resistor R is a poly
resistor with P+ doping having a negative temperature coefficient. The second type of
resistors rsp are silicided and having a positive temperature coefficient. The opposite

temperature coefficients can be used to compensate for temperature variations.

[0057] As shown, the size of resistor rsp (e.g., rsp 1, 1sp 2, rsp 3, . . ., 1sp N) can be
adjusted via taps 1002. Different tap settings may be used to adjust for the temperature
variation by opening or closing different taps to couple various resistors rsp to the
replica current. The size of resistors rsp may then compensate for the temperature
variation. For example, the size of resistors rsp will determine the final slope of the

resistance with respect to temperatures.

[0058] FIG. 11 depicts an example of the temperature correction using resistor rspl
according to one embodiment. Resistor RSP in FIG. 10 represents the combination of
resistors rspl - rspN that are coupled to the replica current based on the tap settings. In

this case, Vout may be determined as follows:
[0059] Vout=I1/2 (R + 1/2rsp).

13
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[0060] As shown, the output voltage Vout across sensing resistor R; is equal to the
resistance of R that is compensated by the resistance of resistor rsp. Although internal
resistors are discussed as being used, particular embodiments may also use external

resistors that are off-chip and thus do not need temperature compensation.

[0061] The above description illustrates various embodiments of the present
disclosure along with examples of how aspects of the particular embodiments may be
implemented. The above examples should not be deemed to be the only embodiments,
and are presented to illustrate the flexibility and advantages of the particular
embodiments as defined by the following claims. Based on the above disclosure and
the following claims, other arrangements, embodiments, implementations and
equivalents may be employed without departing from the scope of the present disclosure

as defined by the claims.

WHAT IS CLAIMED I8S:

14
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CLAIMS

1. A circuit comprising:

a first amplifier comprising a first differential input, a second differential
input, and an output, the first differential input coupled to a replica device and a voltage of a
battery and the output coupled to a control device, the replica device configured to generate a
replica current of a current flowing through the battery where the first amplifier controls the
control device to control the replica current; and

a second amplifier comprising a third differential input, a fourth differential
input, and an output, wherein the second amplifier is configured to compensate for a first
offset error of the first amplifier and a second offset error of the second amplifier based on
selectively coupling the third differential input to the output of the first amplifier during a
first phase, selectively coupling the output of the second amplifier to the second differential
input during the first phase, and selectively coupling the output of the second amplifier to the

fourth differential input during a second phase.

2. The circuit of claim 1, wherein during the second phase, the second
amplifier stores the second offset error of the second amplifier on a first set of storage
elements coupled to the fourth differential input of the second amplifier for use in

compensating for the second offset error of the second amplifier during the first phase.

3. The circuit of claim 2, wherein during the first phase, the second
amplifier stores the first offset error of the first amplifier on a second set of storage elements
coupled to the second differential input of the first amplifier for use in compensating for the

first offset error of the first amplifier during a subsequent second phase.

4. The circuit of claim 3, wherein a gain of the second amplifier is used to

compensate for the first offset error during the first phase.

5. The circuit of claim 1, wherein the second amplifier includes a third
amplifier including the third differential input and a fourth amplifier including the fourth
differential input, and wherein during the second phase:

a first input and a second input of the third differential input are coupled to the
voltage of the battery, wherein the third amplifier includes a third amplifier offset error of the

second offset error, and
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a first input of the fourth differential input is coupled to the output of the
second amplifier, wherein the fourth amplifier includes a fourth amplifier offset error of the

second offset error.

6. The circuit of claim 5, wherein:

a first set of storage elements are coupled to the fourth differential input and
the output of the second amplifier during the second phase, and

the first set of storage elements is configured to store the third amplifier offset

error and the fourth amplifier offset error during the second phase.

7. The circuit of claim 6, wherein:
the third amplifier offset error and the fourth amplifier offset error stored
during the second phase are used to compensate for the third amplifier offset error and the

fourth amplifier offset error during a subsequent first phase.

8. The circuit of claim 5, wherein:

the first input of the fourth differential input is coupled to a first differential
output of the second amplifier, and

a second input of the fourth differential input is coupled to a second

differential output of the second amplifier.

9. The circuit of claim 5, wherein the first amplifier includes a fifth
amplifier including the first differential input and a sixth amplifier including the second
differential input, and wherein during the first phase:

a first input of the first differential input is coupled to the output of the first
amplifier and a second input of the first differential input is coupled to the voltage of the
battery, the fifth amplifier including a fifth amplifier offset error of the first offset error, and

a first input of the second differential input is coupled to the output of the
second amplifier, the sixth amplifier including a sixth amplifier offset error of the first offset

CIror.

10. The circuit of claim 9, wherein:
a gain of the second amplifier is used to compensate for the fifth amplifier

offset error and the sixth amplifier offset error during the first phase.
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11. The circuit of claim 10, wherein:

the second set of storage elements are coupled to the second differential input
and the output of the second amplifier during the first phase, and

the second set of storage elements is configured to store the fifth amplifier

offset error and the sixth amplifier offset error during the first phase.

12. The circuit of claim 11, wherein:
the fifth amplifier offset error and the sixth amplifier offset error stored during
the second phase are used to compensate for the fifth amplifier offset error and the sixth

amplifier offset error during a subsequent second phase.

13. The circuit of claim 9, wherein:

the first input of the second differential input is coupled to a first differential
output of the second amplifier, and

a second input of the second differential input is coupled to a second

differential output of the second amplifier.

14. The circuit of claim 1, wherein the output of the second amplifier is a
differential output, the circuit further comprising;:

a common mode feedback circuit coupled to the differential output and
configured to maintain a common mode portion of the differential output at a fixed value

different from the voltage of the battery.

15. The circuit of claim 1, further comprising;:
a resistor configured to receive the replica current, wherein a voltage across

the resistor is sensed to monitor the voltage across the battery.

16. The circuit of claim 15, wherein the resistor is configured to

compensate for temperature changes.

17. The circuit of claim 16, wherein:

the resistor comprises a first set of resistors and a second set of resistors,

the first set of resistors have a first temperature coefficient and a second set of
resistors have a second temperature coefficient that is opposite of the first temperature

coefficient,
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the first set of resistors are selectively coupled to a plurality of taps, and
taps in the plurality of taps selective connect resistors in the first set of

resistors to compensate for temperature variations.

18. A method comprising:

during a first phase, storing, by a second amplifier, a first offset error of a first
amplifier on a first set of storage elements coupled to a differential input of the first amplifier
for use in compensating for the first offset error of the first amplifier during a second phase;

during the second phase, storing, by the second amplifier, a second offset error
of the second amplifier on a second set of storage elements coupled to a differential input of
the second amplifier for use in compensating for the second offset error of the second
amplifier during a subsequent first phase;

during the second phase, controlling, by the first amplifier, a control device to
control a replica current generated by the replica device, the replica current being a replica of
a current flowing through the battery, wherein the first offset error is compensated for using
the first offset error stored during the first phase; and

during the subsequent first phase, controlling, by the first amplifier, the control
device to control the replica current, wherein a gain of the second amplifier is used to
compensate for the first offset error and the second offset error is compensated for using the

second offset error stored during the second phase.

19. The method of claim 18, further comprising maintaining a common
mode portion of a differential output of the second amplifier at a fixed value different from a

voltage of the battery.

20. The method of claim 18, further comprising coupling a resistor
configured to receive the replica current to the control device, wherein a voltage across the
resistor is sensed to monitor a voltage across the battery and the resistor is configured to

compensate for temperature variations.
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