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APPARATUS FOR CURRENT SENSING
FIELD OF THE INVENTION

[0001] The present invention generally relates to current monitoring, and more

particularly relates to a circuit for sensing current across a known resistance.
BACKGROUND OF THE INVENTION

[0002] Many portable devices perform current sensing as part of a battery current
monitoring function to provide an indication of the battery charge, such as a visual bar
indicating the current battery level. During this function, a current sensing circuit
typically measures a voltage difference across a known resistance. One common method
used for battery current monitoring utilizes a continuous time current measurement. In
continuous time current measurement, the current sensing circuit typically uses a single-
ended (i.e., a single voltage input to a differential amplifier) measurement that may be
susceptible to noise and transients. When sensing smaller currents, as in the case in
mobile communication products, the noise and transients may be reflected in the sensed

current and thereby significantly affect the accuracy of the sensed current.

[0003] Mobile communication products place a premium on maximizing battery life,
and measuring the current across a low known resistance minimizes the power drain on
the battery during current sensing. For example, in a mobile communication product, the
measured voltage difference is typically in the order of about 80mV Full Scale, and the
sensed current reflects the measured voltage difference across the low known resistance as

a smaller current.

[0004] Additionally, the mobile communication product may use the sensed current to
perform other functions that require an instantaneous and relatively accurate current
measurement, such as in the order of about a ten (10) bit resolution. For example, the
sensed current may be fed to an Analog-to-Digital (A/D) converter to produce a relatively
high resolution value of the sensed current for use in a downstream microprocessor. In
comparison, conventional continuous time measurements generally provide a

measurement on the order of about a seven (7) bit resolution.
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[0005] Further, the A/D converter, or other downstream component, coupled to the
current sensing circuit, may require an input within a pre-determined voltage range that is
significantly greater than the measured voltage difference. Although the conventional
‘continuous time measurements generally amplify the measured voltage difference within a
single stage, the amplified output is generally limited by the size of the low known
resistance.  These constraints generally reduce the effectiveness of conventional
continuous time measurements for mobile communication products and other devices

requiring higher resolution battery current measurements.

[0006] Accordingly, a circuit for sensing current is desired having reduce& power
consumption. In addition, a circuit for sensing relatively low current levels is desired that
minimizes circuit component size for battery current monitoring applications, such as in
mobile communication products. Furthermore, other desirable features and characteristics
of the present invention will become apparent from the subsequent detailed description of
the invention and the appended claims, taken in conjunction with the accompanying

drawings and this background of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The present invention will hereinafter be described in conjunction with the

following drawing figures, wherein like numerals denote like elements, and

[0008] FIG. 1 is a schematic diagram of an exemplary embodiment of a current sensing

circuit according to the present invention;

[0009] FIG. 2 is a circuit diagram of an exemplary embodiment of a gainstage for the

current sensing circuit shown in FIG. 1;

[0010] FIG. 3 is a circuit diagram of a current sensing circuit according to another

exemplary embodiment of the present invention; and

[0011] FIG. 4 is a graph illustrating a timing sequence of the current sensing circuit
shown in FIG. 3.
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DETAILED DESCRIPTION

[0012] The following detailed description of the invention is merely exemplary in nature
and is not intended to limit the invention or the application and uses of the invention.
Furthermore, there is no intention to be bound by any theory presented in the preceding

background of the invention or the following detailed description.

[0013] According to various embodiments, an apparatus is provided for sensing a
current across a known resistor and is well-suited for sensing current output from a battery
to monitor battery current in a mobile communication handset. In a mobile
communication handset implementation, the apparatus senses the current output from the
battery across the known resistor and outputs an amplified current value to an Analog-to-

Digital (A/D) converter for further processing such as battery or charge level indication.

[0014] Referring to the drawings, FIG. 1 is a schematic diagram of an exemplary
embodiment of a current sensing circuit 10 according to the present invention. Current
sensing circuit 10 comprises a first gainstage (G1) 12 having first and second inputs 11, 13
configured to be coupled to first and second references potentials (Vinp, Vinm) and having
first and second outputs, a second gainstage (G2) 14 having first and second inputs 19, 21
coupled, respectively, to outputs 15, 17 of first gainstage 12 and having first and second
outputs 23, 25, and a sample and hold (S/H) stage 16 having first and second inputs 27, 29
coupled, respectively, to outputs 23, 25 of second gainstage 14 and having first and second
outputs 24, 26. The first reference potential (Vinp) corresponds to the potential at a first
terminal of the known resistor (R), and the second reference potential (Viyy) corresponds
to the potential at a second terminal of the known resistor (R). When implementing the
current sensing circuit 10 in a battery current monitoring or charger current monitoring
circuit, current sensing circuit 10 further comprises an A/D converter 28 coupled to

outputs 24, 26 of S/H stage 16.

[0015] In an exemplary embodiment, each stage 12, 14, 16 of current sensing circuit 10
is amplifier based (e.g., includes an operational amplifier) to produce an amplified voltage
output from an voltage input to the stage. First gainstage 12 senses the current (I) across

the known resistor (R) from the difference between the first reference potential (Viup) and
3
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the second reference potential (Vinm) and produces a first amplified voltage output from
the first and second reference potentials (Vip, Vinm). Second gainstage 14 further
amplifies the first amplified voltage output from first gainstage 12 to produce a second
amplified voltage output indicating an amplified value of the current (I) sensed across the
known resistor (R). In an exemplary embodiment, the second amplified voltage output is
conveniently read by the A/D converter 28. S/H stage 16 samples the second amplified
voltage output from second gainstage 14 and holds the second amplified voltage output for
a predetermined time period (e.g., a specified settling time) sufficient for retrieval by the
A/D converter 28. From the sampled values of the second amplified voltage output, a

measurement of the relatively low level sensed current (I) may be derived.

[0016] Additionally, current sensing circuit 10 further comprises a first Common Mode
FeedBack circuit (CMFB) 18 coupled across first and second outputs 15, 17 of first
gainstage 12, a second CMFB 20 coupled across first and second outputs 23, 25 of second
gainstage 14, and a third CMFB 22 coupled across first and second outputs of S/H stage
16. CMFBs are commonly used to stabilize the common-mode voltages of differential
amplifiers by adjusting the common-mode output currents thereof, as appreciated by those
of skill in the art. First CMFB 18 stabilizes the common-mode voltages associated with
the amplifier in first gainstage 12, second CMFB 20 stabilizes the common-mode voltages
associated with the amplifier in second gainstage 14, and third CMFB 22 stabilize the

common-mode voltages associated with the amplifier in S/H stage 16.

[0017] FIG. 2 is a circuit diagram of an exemplary embodiment of a gainstage 30 for use
in current sensing circuit 10 shown in FIG. 1. Each stage 12, 14, 16 shown in FIG. 1 may
be implemented as shown in FIG. 2. Gainstage 30 comprises a first switched capacitor
network, an Operational Amplifier (OPAMP) 32 having an input coupled to the first
switched capacitor network and having an output, and a second switched capacitor
network coupled between the input of OPAMP 32 and the output of the OPAMP 32. The
input of OPAMP 32 comprises first and second voltage inputs 31, 39 of opposite polarity
(e-.g, Vin", Vi), and the voltage output of OPAMP 32 is coupled to first and second
supply voltage inputs 41, 43 of opposite polarity (e.g., supply voltages V*, V") of OPAMP
32.
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[0018] The first switched capacitor network substantially instantaneously samples the
first and second reference potentials (Vinp, Vipv) at the input to gainstage 30 and comprises
a pair of two-phase switched capacitors coupled to each of first and second voltage inputs
31, 39 of OPAMP 32. Each two-phase switched capacitor is selectively coupled to one of
the input potentials (e.g., Vimp, Vinm) during one phase and to a common-mode voltage
(Vem) during the other phase based on a pre-determined switching sequence, as described
in greater detail hereinafter. The common-mode voltage (V.,) may be any reference
potential and is preferably a stable reference potential, such as ground or a band gap
potential. In an exemplary embodiment, the first switched capacitor network comprises
first and second input capacitors 40, 42 that each have a first electrode coupled to a first
voltage input (e.g., Vin') of OPAMP 32, third and fourth input capacitors 44, 46 that each
have a first electrode coupled to a second voltage input (e.g., Vin ) of OPAMP 32, and first
phase switches 48, 49, 52, 53 and second phase switches 47, 50, 51, 54 coupled,

respectively, to a second electrode of input capacitors 40, 42, 44, 46.

[0019] While the first switched capacitor network samples the first and second reference
potentials (Vizp, Vinm), the second switched capacitor network captures the input potentials
received by OPAMP 32 (e.g., Vinm and Vigp) for offset cancellation. In an exemplary
embodiment, the second switched capacitor network comprises a first feedback capacitor
33 having a first electrode coupled to the first voltage input 31 (e.g., Vin") of OPAMP 32,
a second feedback capacitor 36 having a first electrode coupled to the second voltage input
39 (e.g., Vin) of OPAMP 32, a first phase switch 34 coupled to a second electrode of
feedback capacitor 33, a second phase switch 35 coupled to the second electrode of
feedback capacitor 33, a first phase switch 37 coupled to a second electrode of feedback
capacitor 36, and a second phase switch 38 coupled to the second electrode of feedback
capacitor 36. Using a switched capacitor topology more readily achieves offset
cancellation that, if unperformed, would generally degrade the accuracy of any sensed
current by OPAMP 32.

[0020] The first and second switched capacitor networks operate using timing phases to
open and close switches for initializing and scaling gainstage 30. The first switched
capacitor network initializes gainstage 30 during a first timing phase (®;) for sensing an
input potential, such as the reference potentials (Vinp, Vinm), at the input of OPAMP 32 and

senses the input potentials (e.g., Visp, Vinm) during a second timing phase (®;). During the
5
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first timing phase (@), the second switched capacitor network captures offset voltages
that may appear at the input of OPAMP 32. During the second timing phase (@), the
second switched capacitor network is configured to enable scaling by OPAMP 32 of the
sensed input potentials (Vinp, Vinm) to produce the first amplified voltage output at an

output of gainstage 30 (Voum, Voup) While canceling the offset voltages.

[0021] First phase switches 48, 49, 52, 53 open and close together to initialize gainstage
30. During the first timing phase (@), first phase switches 48, 52 couple, respectively,
input capacitors 40, 44 to Vg, first phase switch 49 couples input capacitor 42 to Vi,
and first phase switch 53 couples input capacitor 46 to Vimp. Second phase switches 47,
50, 51, 54 open and close together to sense and remove the common mode at the input
potentials (e.g., Vinp, Vinv) s0 as to allow processing of full scale input voltage differential
signals without saturating the amplifier stages. During the second timing phase (@),
second phase switches 50, 54 couple, respectively, the second electrode of input capacitors
42, 46 to Ve, second phase switch 47 couples the second electrode of input capacitor 40
to Vigp, and second phase switch 51 couples the second electrode of input capacitor 44 to
Viam. Additionally, first phase switches 48, 49, 52, 53 open during the second timing
phase (@,). In effect, an initial configuration of the input potentials (e.g., Vinn and Vigp) is
received at the input of OPAMP 32 during the first timing phase (®;) for initialization and
offset cancellation, and an inverted configuration of the input potentials (e.g., Vipp and
Vinm) is received at the input of OPAMP 32 during the second timing phase(®,) for

common mode removal.

[0022] During the first timing phase (®;), first phase switches 34, 37 couple,
respectively, the second electrode of feedback capacitors 33, 36 to V., and feedback
capacitors 33, 36 capture any offset voltage appearing at first and second voltage inputs
31, 39 (e.g., Vin" and Vi) of OPAMP 32. During the second timing phase (®,), second
phase switch 35 couples the second electrode of feedback capacitor 33 to first voltage
output 41 (e.g., V') of OPAMP 32 and to a first output of gainstage 30 (e.g., Voun), and
second phase switch 38 couples the second electrode of feedback capacitor 36 to second
voltage output 43 (e.g., V) of OPAMP 32 and to a second output of gainstage 30 (e.g.,
Voup). Additionally, first phase switches 34, 37 open during the second timing phase (®,)
to cancel any offset voltage at voltage inputs 31, 39 of OPAMP 32 (e.g., Vin™ and Vi)

with the captured offset voltages of feedback capacitors 33, 36. Thus, first phase switches
6
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34, 37 open and close together for offset cancellation of gainstage 30, and second phase
switches 35, 38 open and close together for scaling of the input potentials (e.g., Vimp, Vinm)

sensed by gainstage 30.

[0023] In the cumrent sensing circuit 10 shown in FIG. 1, gainstage 30 may be
implemented in each stage 14, 16 subsequent to first gainstage 12, shown in FIG. 1, such
that first and second phase switches 47, 48, 49, 50, 51, 52, 53, 54 open and close in
response to later timing phases (e.g., subsequent to the first and second timing phases).
For example, gainstage 30 may be implemented in second gainstage 14 (FIG. 1) such that
third phase switches, corresponding to first phase switches 48, 49, 52, 53 of gainstage 30,
and fourth phase switches, corresponding to second phase switches 47, 50, 51, 54 of
gainstage 30, of second gainstage 14 (FIG. 1) operate based on a third timing phase (®3)
and a fourth timing phase (®4), respectively. The third timing phase (®3) and fourth
timing phase (®4) are preferably initiated after a pre-determined delay following the
initiation of the second timing phase (@) for capture of the first and second output (e.g.,
Voum and Voyp) of first gainstage 12 (FIG. 1) by second gainstage 14 (FIG. 1). This pre-
determined delay also provides a time period for initialization of second gainstage 14

(FIG. 1) prior to offset cancellation and scaling by second gainstage 14 (FIG. 1).

[0024] Gainstage 30 may also be implemented in S/H stage 16 (FIG. 1) such that first
and second phase switches 47, 48, 49, 50, 51, 52, 53, 54 open and close in response to
later timing phases (e.g., subsequent to the third and fourth timing phases). When
implementing gainstage 30 in S/H stage 16 (FIG. 1), sample phase switches,
corresponding to first phase switches 48, 49, 52, 53 of gainstage 30, of S/H stage 16 (FIG.
1) operate based on a sample timing phase (®s), and hold phase switches, corresponding
to second phase switches 47, 50, 51, 54 of gainstage 30, of S/H stage 16 (FIG. 1) operate
based on a hold timing phase (®y). The sample timing phase (®s) and hold timing phase
(®y) are preferably initiated after another pre-determined delay following the initiation of
the fourth timing phase (®y4) for capture of first and second outputs 23, 25 (e.g., Voup and
Voum) of second gainstage 14 (FIG. 1) by S/H stage 16 (FIG. 1). This pre-determined
delay also provides a time period for initialization of S/H stage 16 (FIG. 1) prior to
sampling and holding by S/H stage 16 (FIG. 1).
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[0025] FIG. 3 is a circuit diagram of a current sensing circuit 72 according to another
exemplary embodiment of the present invention. In this exemplary embodiment, current
sensing circuit 72 senses the current (I) across the known resistor (R) shown in FIG. 1 by
double sampling the first and second reference potentials (Vigp, Viom). Current sensing
circuit 72 comprises a first gainstage of the type shown in FIG. 2, having an input
configured to sample the first and second reference potentials (Vip, Vinm), a second
gainstage 69 having an input coupled to the output of first gainstage 30, and an S/H stage

67 having an input coupled to an output of second gainstage 69.

[0026] Second gainstage 69 re-samples the first and second reference potentials (Vigp,
Vimv), sensed at the input of first gainstage 30, to produce the second amplified voltage
output at the output of second gainstage 69. In an exemplary embodiment, second
gainstage 69 comprises a third switched capacitor network comprising a first gain
capacitor 74, a second gain capacitor 76, a third gain capacitor 78, a fourth gain capacitor
80, third phase switches 79, 81, 83, 85 coupled, respectively, to a first electrode of gain
capacitors 74, 76, 78, 80, fourth phase switches 73, 77, 82, 84 coupled, respectively, to the
first electrode of gain capacitors 74, 76, 78, 80, a fourth phase switch 86 coupled to a
second electrode of both of gain capacitors 74, 76, a fourth phase switch 87 coupled to a
second electrode of both of gain capacitors 78, 80, a third phase switch 88 coupled to the
second electrodes of both of gain capacitors 74, 76, and a third phase switch 89 coupled to
the second electrodes of both of gain capacitors 78, 80. The third switched capacitor
network is configured to perform the second sampling of the reference potentials (Vinp,
Viam) and scale the sample reference potentials to produce the second amplified voltage

output.

[0027] After second gainstage 69 re-samples the reference potentials (Viwp, Vinm) to
produce the second amplified voltage output, S/H stage 67 samples the second amplified
voltage output from second gainstage 69 and holds the second amplified voltage output for
a predetermined time period (e.g., specified settling time) sufficient for retrieval by the
A/D converter 28 (FIG. 1). In an exemplary embodiment, S/H stage 67 comprises a first
sampling capacitor 90, a second sampling capacitor 91, first and second sampling switches
92, 93 coupled, respectively, to a first electrode of sampling capacitors 90, 91, first and
second hold switches 94, 95 coupled, respectively, to the first electrodes of sampling

capacitors 90, 91, a third hold switch 96 having a first terminal coupled to a second
8
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electrode of first sampling capacitor 90 and having a second terminal coupled to the first
voltage input 31 (Vi,") of OPAMP 32, a fourth hold switch 97 having a first terminal
coupled to a second electrode of second sampling capacitor 91 and having a second
terminal coupled to the second voltage input 39 (Vi,) of OPAMP 32, a fifth hold switch
71 having a first terminal coupled to the second electrode of first feedback capacitor 33
and having a second terminal coupled to the first output 41 (e.g., Vourm) of first gainstage
30, a sixth hold switch 75 having a first terminal coupled to the second electrode of second
feedback capacitor 36 and having a second terminal coupled to the second output 43 (e.g.,
Voup) of first gainstage 30, a first sampling-done switch 98 coupled to the first voltage
input 31 (Vi,") of OPAMP 32 and to the second terminal of first hold switch 96, and a
second sampling-done switch 99 coupled to the second voltage input 39 (Vi) of OPAMP

32 and to the second terminal of second hold switch 97.

[0028] In second gainstage 69, third phase switches 79, 81, 83, 85, 88, 89 open and
close together during the third timing phase (®3) to cancel offset that may appear at the
output of first gainstage 30. During the third timing phase (®3), third phase switches 79,
81 couple, respectively, the first electrodes of gain capacitors 74, 76 to Voyp from first
gainstage 30, third phase switches 83, 85 couple, respectively, the first electrodes of gain
capacitors 78, 80 to Vg from first gainstage 30, and third phase switches 88, 89 couple,
respectively, the second electrodes of gain capacitors 74, 76, 78, 80 to V. The fourth
phase switches 73, 77, 82, 84 open and close together during the fourth timing phase (®,)
to sense and scale the input potentials (e.8., Voup, Vourm). During the fourth timing phase
(®4), fourth phase switches 82, 84 couple, respectively, the first electrode of gain
capacitors 76, 78 to Ve, fourth phase switch 86 couples the second electrodes of gain
capacitors 74, 76 to first voltage output 41 (e.g., Vouny) of OPAMP 32, and fourth phase
switch 87 couples the second electrodes of gain capacitors 78, 80 to second voltage output
31 (e.g., Vour) of OPAMP 32.

[0029] To sample the second amplified output voltage from second gainstage 69,
sampling switches 92, 93 open and close together during the sampling timing phase (®g).
During the sampling timing phase (®s), first sampling switch 92 couples the first electrode
of first sampling capacitor 90 to Voup from first gainstage 30, and second sampling switch

93 couples the first electrode of second sampling capacitor 91 to Vo from first gainstage
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30. S/H stage 67 thus receives the values of Voup and Vouam from first gainstage 30 as

further amplified by second gainstage 69.

[0030] After the second amplified voltage output (e.g., Vour and Vouy) is sampled from
second gainstage 69, hold switches 71, 75, 94, 95, 96, 97 open and close together during
the hold timing phase (@y) to capture the sampled values for retrieval by the A/D
converter 28 (FIG. 1). During the hold timing phase (®y), first hold switch 94 couples the
first electrode of first sampling capacitor 90 to Vyup from first gainstage 30, second hold
switch 95 couples the first electrode of second sampling capacitor 91 to Vuy from first
gainstage 30, third hold switch 96 couples the second electrode of first sampling capacitor
90 to first voltage input 31 (e.g., Vin") of OPAMP 32, fourth hold switch 97 couples the
second electrode of second sampling capacitor 91 to second voltage input 39 (e.g., Vin) of
OPAMP 32, fifth hold switch 71 couples the second electrode of first feedback capacitor
33 to first voltage output 41 (e.g., Vounm) of OPAMP 32, and sixth hold switch 75 couples
the second electrode of second feedback capacitor 36 to second voltage output 43 (e.g.,
Voum) of OPAMP 32. Additionally, sampling switches 92, 93 open to decouple sampling
capacitors 90, 91 from Vup and Vg, respectively, during the hold timing phase (®g),
and S/H stage 67 thereby holds Voyp and Vo for capture by the A/D converter 28 (FIG.
1). After a predetermined time period, such as sufficient for retrieval of the sampled
voltage output from S/H stage 67, sampling-done switches 98, 99 open and close together
during a sampling-done timing phase (@s4) to initialize the current sensing circuit 72 for
subsequent sampling. During the sampling-done phase (®sq), first sampling-done switch
98 couples first voltage input 31 (e.g., Vin’) of OPAMP 32 to Vi, and second sampling-
done switch 99 couples second voltage input 39 (e.g., Vi,) of OPAMP 32 to V.

[0031] In current sensing circuit 72, second gainstage 69 and S/H stage 67 both lack the
OPAMPs used in second gainstage 14 (FIG. 1) and S/H stage 16 (FIG. 1) of current
sensing circuit 10 (FIG. 1). Current sensing circuit 72 lacks the power consumption of
OPAMPs in second gainstage 69 and S/H stage 67 while continuing to sense the current
() across the known resistor (R) and produce an amplified voltage output indicating the

current (I).

[0032] FIG. 4 is a graph illustrating an exemplary embodiment of a timing sequence of

the current sensing circuit 72 shown in FIG. 3. For each timing phase of current sensing
10
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circuit 72, the corresponding switches open in response to a low signal (e.g., about 0V)
and close in response to a high signal (e.g., about 3V) over time. In this exemplary
embodiment, the first timing phase (®;) 60 illustrates a timing sequence of first phase
switches 34, 35, 48, 49, 52, 53 (FIG. 3) that initiates at a first time (T}). The second
timing phase (@) 62 illustrates a timing sequence of second phase switches 36, 38, 47, 50,
51, 54 (FIG. 3) that initiates at a second time (T) subsequent to the first time (T;). First
timing phase (®;) 60 ends at the second time (T2). The third timing phase (®s) 64
illustrates a timing sequence for third phase switches 79, 81, 83, 85, 88, 89 (FIG. 3) that
initiates at a third time (T3) subsequent to the second time (T2). The fourth timing phase
(®4) 66 illustrates a timing sequence for fourth phase switches 73, 77, 82, 84, 86, 87 (FIG.
3) that initiates at a fourth time (T4) subsequent to the third time (T3). The third timing
phase (®3) 64 ends at the fourth time (Ty). The sampling timing phase (®s) 68 illustrates a
timing sequence for sampling phase switches 92, 93 (FIG. 3) that initiates at sampling
time (Ts). Hold timing phase (®y) 70 illustrates a timing sequence for hold phase
switches 71, 75, 94, 95, 96, 97 (FIG. 3) that initiates at holding time (Ty). The sampling
timing phase (®s) 68 ends at the holding time (Ty). While the timing sequence is
described with respect to current sensing circuit 72 shown in FIG. 3, the timing sequence

may also be used with current sensing circuit 10 shown in FIG. 1.

[0033] Each timing phase initiates a function associated with a particular stage of
current sensing circuit 72. First timing phase (@) 60 initializes first gainstage 30 (FIG. 3)
and cancels offset voltages that may appear at the input of OPAMP 32 (FIG. 3). Second
timing phase (®;) 62 samples and scales the input potentials to first gainstage 30 (FIG. 3).
Third timing phase (®s) 64 cancels offset voltages that may appear at the input of second
gainstage 69 (FIG. 3) and initializes second gainstage 69 (FIG. 3). Fourth timing phase
(®4) 67 samples and scales the input potentials to second gainstage 69 (FIG. 3). Sampling
timing phase (®s) 68 samples the output from second gainstage 69 (FIG. 3). Hold timing
phase (®g) 70 holds the sampled output from second gainstage 69 (FIG. 3) for a pre-
determined time period, such as a time period sufficient for capture by the A/D converter
28 (FIG. 1).

[0034] The current sensing circuits of the present invention utilize switched capacitor
networks to sense the current across the known resistor with greater accuracy than

conventional current sensing circuits. Additionally, using a two-stage gain (e.g., the first
11
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and second gainstages) in the current sensing circuits of the present invention decreases
capacitor sizes of the switched capacitor networks. The decrease capacitor sizes make
these current sensing circuits atiractive for implementation in mobile communication

products where smaller component size is desirable.

[0035] In an exemplary embodiment, a circuit for sensing a current comprises a
switched capacitor network and an amplifier having an input coupled to an output of the
switched capacitor network. The switched capacitor network is configured to sample first
and second reference potentials indicating the current. The amplifier is configured to
produce first and second amplified potentials at an output of the amplifier based on the

first and second reference potentials.

[0036] In another exemplary embodiment, a circuit for sensing a current comprises a
first gainstage comprising a first switched capacitor network, a second gainstage
comprising a second switched capacitor network coupled to the first gainstage, an S/H
stage having an input coupled to the output of the second gainstage and having an output,
and an A/D converter coupled to the output of the S/H stage. The first switched capacitor
network is configured to sense first and second reference potentials indicating the current.
The second gainstage is configured to produce first and second amplified reference
potentials from the first and second reference potentials. The S/H stage is configured to
obtain first and second sampled potentials from the first and second reference potentials
for a predetermined time period. The A/D converter is configured to receive the first and

second sampled potentials from the S/H stage

[0037] In yet another exemplary embodiment, a circuit for sensing a current comprises a
first switched capacitor network having an output, an amplifier having an input coupled to
the output of the first switched capacitor network and having an output, a second switched
capacitor network having an input coupled to the output of the amplifier and having an
output coupled to the input of the amplifier, and an S/H stage having an input coupled to
the output of the amplifier. The first switched capacitor network is configured to sample
first and second reference potentials indicating the current. The amplifier is configured to
produce a first amplified potential from the first and second reference potentials. The
second switched capacitor network is configured to produce a second amplified potential

from the first amplified potential. The S/H stage is configured to produce a sampled
12
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amplified potential from the second amplified potential and hold the sampled amplified

potential for a pre-determined time period.

[0038] While at least one exemplary embodiment has been presented in the foregoing
detailed description, it should be appreciated that a vast number of variations exist. It
should also be appreciated that the exemplary embodiment or exemplary embodiments are
only examples, and are not intended to limit the scope, applicability, or configuration of
the invention in any way. Rather, the foregoing detailed description will provide those
skilled in the art with a convenient road map for implementing the exemplary embodiment
or exemplary embodiments. It should be understood that various changes can be made in
the function and arrangement of elements without departing from the scope of the

invention as set forth in the appended claims and the legal equivalents thereof.
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CLAIMS

What is claimed is;

1. A circuit for sensing a current, the circuit comprising:

a first switched capacitor network having an output and having an input configured
to sample first and second reference potentials indicating the current; and

an amplifier having an output and having an input coupled to said output of said
first switched capacitor network, said amplifier configured to produce first and second
amplified potentials at said output of said amplifier based on said first and second

reference potentials.

2. A circuit according to claim 1 further comprising:

a second switched capacitor network having a first terminal coupled to said input
of said amplifier and having a second terminal coupled to said output of said amplifier,
said second switched capacitor network configured to cancel an offset voltage at said input

of said amplifier.

3. A circuit according to claim 1, wherein said input of said amplifier
comprises a first input and a second input; and
wherein said first switched capacitor network comprises:

a first switchable capacitor having a first electrode coupled to said first
input of said amplifier and a second electrode configured to couple to a third
reference potential in a first phase and to said first reference potential in a second
phase;

a second switchable capacitor having a first electrode coupled to said first
input of said amplifier and having a second electrode configured to couple to said
second reference potential in said first phase and to said third reference potential in
said second phase;

a third switchable capacitor having a first electrode coupled to said second
input of said amplifier and having a second electrode configured to couple to said
third reference potential in said first phase and to said second reference potential in
said second phase; and

a fourth switchable capacitor having a first electrode coupled to said second

input of said amplifier and having a second electrode configured to couple to said
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first reference potential in said first phase and to said third reference potential in

said second phase.

4, A circuit according to claim 3, wherein said first switched capacitor
network comprises:

a first switch having a first terminal coupled to said second electrode of
said first switchable capacitor and having a second terminal coupled to said first
reference potential, said first switch configured to couple said first terminal of said
first switch with said second terminal of said first switch in said second phase; and

a second switch having a first terminal coupled to said second electrode of
said first switchable capacitor and having a second terminal coupled to said third
reference potential, said second switch configured to couple said first terminal of
said second switch with said second terminal of said second switch in said first
phase;
wherein said second switchable capacitor comprises:

a third switch having a first terminal coupled to said second electrode of
said second switchable capacitor and having a second terminal coupled to said
second reference potential, said third switch configured to couple said first
terminal of said third switch with said second terminal of said third switch in said
first phase; and

a fourth switch having a first terminal coupled to said second electrode of
said second switchable capacitor and having a second terminal coupled to said
third reference potential, said fourth switch configured to couple said first terminal
of said fourth switch with said second terminal of said fourth switch in said second
phase;
wherein said third switchable capacitor comprises:

a fifth switch having a first terminal coupled to said second electrode of
said third switchable capacitor and having a second terminal coupled to said
second reference potential, said fifth switch configured to couple said first terminal
of said fifth switch to said second terminal of said fifth switch in said second
phase; and

a sixth switch having a first terminal coupled to said second electrode of

said third switchable capacitor and having a second terminal coupled to said third
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reference potential, said sixth switch configured to couple said first terminal of said
sixth switch to said second terminal of said sixth switch in said first phase; and
wherein said fourth switchable capacitor comprises:

a seventh switch having a first terminal coupled to said second electrode of
said fourth switchable capacitor and having a second terminal coupled to said first
reference potential, said seventh switch configured to couple said first terminal of
said seventh switch to said second terminal of said seventh switch in said first
phase; and

an eighth switch having a first terminal coupled to said second electrode of
said fourth switchable capacitor and having a second terminal coupled to said third
reference potential, said eighth switch configured to couple said first terminal of
said eighth switch to said second terminal of said eighth switch in said second

phase.

5. A circuit according to claim 2, wherein said input of said amplifier
comprises first and second inputs, and said output of said amplifier comprises first and
second outputs; and

wherein said second switched capacitor network comprises:

a first switchable capacitor having a first electrode coupled to said first
inpu\t of said amplifier and having a second electrode coupled to a third reference
potential in a first phase and to said first output of said amplifier in a second phase;
and

a second switchable capacitor having a first electrode coupled to said
second input of said amplifier and having a second electrode coupled to said third
reference potential in said first phase and to said second output of said amplifier in

said second phase.

6. A circuit according to claim 5, wherein said first switched capacitor
network comprises:
a first switch having a first terminal coupled to said second electrode of
said first switchable capacitor and having a second terminal coupled to said third
reference potential, said first switch configured to couple said first terminal of said

first switch with said second terminal of said first switch in said first phase; and
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a second switch having a first terminal coupled to said second electrode of
said first switchable capacitor and having a second terminal coupled to said first
output of said amplifier, said second switch configured to couple said first terminal
of said second switch to said second terminal of said second switch in said second
phase; and
wherein said second switchable capacitor comprises:

a third switch having a first terminal coupled to said second electrode of
said second switchable capacitor and having a second terminal coupled to said
third reference potential, said third switch configured to couple said first terminal
of said third switch with said second terminal of said third switch in said first
phase; and

a fourth switch having a first terminal coupled to said second electrode of
said second switchable capacitor and having a second terminal coupled to said
second output of said amplifier, said second switch configured to couple said first
terminal of said fourth switch to said second terminal of said fourth switch in said

second phase.

7. A circuit according to claim 2 further comprising a Common Mode

FeedBack circuit (CMFB) coupled to said output of said amplifier.

8. A circuit for sensing a current, the circuit comprising:

a first gainstage comprising a first switched capacitor network configured to sense
first and second reference potentials indicating the current;

a second gainstage having an output and comprising a second switched capacitor
network coupled to said first gainstage, said second gainstage configured to produce first
and second amplified reference potentials from said first and second reference potentials at
said output;

a sample/hold (S/H) stage having an input coupled to said output of said second
gainstage and having an output, said S/H stage configured to obtain first and second
sampled potentials from said first and second amplified reference potentials for a
predetermined time period; and

an analog-to-digital converter coupled to said output of said S/H stage and

configured to receive said first and second sampled potentials from said S/H stage.
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9. A circuit according to claim 8, wherein said first gainstage further
comprises:

an amplifier having an input coupled to said first switched capacitor network and
having an output;

a third switched capacitor network having a first terminal coupled to said input of
said amplifier and having a second terminal coupled to said output of said amplifier, said
third switched capacitor network configured to cancel offset voltage at said input of said

amplifier.

10. A circuit according to claim 9, wherein said amplifier has first and second
outputs; and
wherein said third switched capacitor network comprises:

a first switchable capacitor having a first electrode coupled to said first
input of said amplifier and having a second electrode coupled to a third reference
potential in a first phase and to said first output of said amplifier in a second phase;
and

a second switchable capacitor having a first electrode coupled to said
second input of said amplifier and having a second electrode coupled to said third
reference potential in said first phase and to said second output of said amplifier in

said second phase.

11. A circuit according to claim 8, wherein said second gainstage further
comprises:

an amplifier having an input coupled to said second switched capacitor network
and having an output; and

a third switched capacitor network having a first terminal coupled to said input of
said amplifier and having a second terminal coupled to said output of said amplifier, said
third switched capacitor network configured to cancel offset voltage at said input of said

amplifier.

12, A circuit according to claim 11, wherein said amplifier has first and second
outputs; and

wherein said third switched capacitor network comprises:
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a first switchable capacitor having a first electrode coupled to said first
input of said amplifier and having a second electrode coupled to a third reference
potential in a first phase and to said first output of said amplifier in a second phase;
and

a second switchable capacitor having a first electrode coupled to said
second input of said amplifier and having a second electrode coupled to said third
reference potential in said first phase and to said second output of said amplifier in

said second phase.

13. A circuit according to claim 8, wherein said first gainstage comprises:

a first amplifier having an input coupled to said first switched capacitor
network and having an output; and

a first CMFB coupled to said output of said first amplifier; and
wherein said second gainstage cc;mprises:

a second amplifier having an input coupled to said second switched
capacitor network and having an output; and

a second CMFB coupled to said output of said second amplifier.

14. A circuit according to claim 8, wherein said S/H stage comprises:

a third switched capacitor network having a first terminal coupled to said output of
said second gainstage and having a second terminal, said third switched capacitor network
configured to obtain said first and second sampled potentials from said first and second
amplified potentials at said output of said second gainstage;

an amplifier having an input coupled to said second terminal of said third switched
capacitor network and having an output; and

a fourth switched capacitor network having a first terminal coupled to said input of
said amplifier and having a second terminal coupled to said output of said amplifier, said
fourth switched capacitor network configured to hold said first and second sampled

potentials at said output of said S/H stage for said predetermined time period.

15. A circuit according to claim 14, wherein said amplifier has first and second
inputs; and

wherein said third switched capacitor network comprises:
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a first switchable capacitor having a first electrode coupled to said first
input of said amplifier and a second electrode configured to couple to a third
reference potential in a first phase and to said first reference potential in a second
phase;

a second switchable capacitor having a first electrode coupled to said first
input of said amplifier and having a second electrode configured to couple to said
second reference potential in said first phase and to said third reference potential in
said second phase;

a third switchable capacitor having a first electrode coupled to said second
input of said amplifier and having a second electrode configured to couple to said
third reference potential in said first phase and to said second reference potential in
said second phase; and

a fourth switchable capacitor having a first electrode coupled to said second
input of said amplifier and having a second electrode configured to couple to said
first reference potential in said first phase and to said third reference potential in

said second phase.

16. A circuit according to claim 8, wherein said first gainstage further
comprises an amplifier having first and second inputs; and
wherein said first switched capacitor network comprises:

a first switchable capacitor having a first electrode coupled to said first
input of said amplifier and a second electrode configured to couple to a third
reference potential in a first phase and to said first reference potential in a second
phase;

a second switchable capacitor having a first electrode coupled to said first
input of said amplifier and having a second electrode configured to couple to said
second reference potential in said first phase and to said third reference potential in
said second phase;

a third switchable capacitor having a first electrode coupled to said second
input of said amplifier and having a second electrode configured to couple to said
third reference potential in said first phase and to said second reference potential in
said second phase; and

a fourth switchable capacitor having a first electrode coupled to said second

input of said amplifier and having a second electrode configured to couple to said
20
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first reference potential in said first phase and to said third reference potential in

said second phase.

17. A circuit according to claim 8, wherein said second gainstage further
comprises an amplifier having first and second inputs; and
wherein said second switched capacitor network comprises:

a first switchable capacitor having a first electrode coupled to said first
input of said amplifier and a second electrode configured to couple to a third
reference potential in a first phase and to said first reference potential in a second
phase;

a second switchable capacitor having a first electrode coupled to said first
input of said amplifier and having a second electrode configured to couple to said
second reference potential in said first phase and to said third reference potential in
said second phase;

a third switchable capacitor having a first electrode coupled to said second
input of said amplifier and having a second electrode configured to couple to said
third reference potential in said first phase and to said second reference potential in
said second phase; and

a fourth switchable capacitor having a first electrode coupled to said second
input of said amplifier and having a second electrode configured to couple to said
first reference potential in said first phase and to said third reference potential in

said second phase.

18. A circuit for sensing a current, the circuit comprising:

a first switched capacitor network having an output and configured to sample first
and second reference potentials indicating the current;

an amplifier having an input coupled to said output of said first switched capacitor
network and having an output, said amplifier configured to produce a first amplified
potential from said first and second reference potentials;

a second switched capacitor network having an input coupled to said output of said
amplifier and having an output coupled to said input of said amplifier, said second
switched capacitor network configured to produce a second amplified potential from said

first amplified potential; and
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an S/H stage having an input coupled to said output of said amplifier and
configured to produce a sampled potential from said second amplified potential and hold

said sampled amplified potential for a pre-determined time period.

19. A circuit according to claim 18, wherein said gainstage further comprises:

an amplifier having an input coupled to said first switched capacitor network and
having an output; and

a third switched capacitor network having a first terminal coupled to said input of
said amplifier and having a second terminal coupled to said output of said amplifier, said
third switched capacitor network configured to cancel a first offset voltage at said input of
said amplifier during a first phase; and

wherein said first switched capacitor network is further configured to sample said
first and second reference potentials during a second phase, and said amplifier is
configured to scale said first and second reference potentials to produce said first

amplified potential at said output.

20. A circuit according to claim 19 further comprising a fourth switched
capacitor network having a first terminal coupled to said output of said amplifier and
having a secoﬁd terminal coupled to said input of said amplifier, said fourth switched
capacitor network configured to cancel a second offset voltage at said input of said second
switched capacitor network during a third phase; and

wherein said second switched capacitor network is further configured to produce

said second amplified potential during a fourth phase.
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