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GAIN ENHANCEMENT USING ADVANCED
CORRELATED LEVEL SHIFTING

FIELD OF THE DISCLOSURE

[0001] The present disclosure relates to a system and
method for enhancing the low frequency (DC) gain of an
operational amplifier (OPAMP) of switched capacitor cir-
cuits using multiple correlated level shifting capacitors.

BACKGROUND

[0002] An OPAMP is generally utilized in a feedback
circuit in order to amplify an input voltage to a desired
output voltage. Generally, the OPAMP consists of two input
terminals, (i) a positive input terminal (i.e., non-inverting)
and (ii) a negative input terminal (i.e., inverting), and an
output terminal. Further, in the context of the feedback
circuit, a portion of the output is fed back to the inverting
terminal to establish a fixed closed-loop gain for the feed-
back circuit, G,. The feedback gain G, is the ratio of the
voltage across the feedback circuit element, V,, to the
voltage across the input circuit element, V,,,. During opera-
tion of the feedback circuit, the OPAMP’s DC open-loop
gain A amplifies the potential difference between the nega-
tive and positive inputs of the OPAMP. The open-loop DC
gain A of the amplifier will continue to amplify the potential
difference between the negative and positive input terminals
of the OPAMP until the potential difference is zero. As long
as the input and output stay in the operational range of the
OPAMP, the output of the OPAMP will be the input voltage
multiplied by the closed-loop gain set by the feedback, G,,.
[0003] However, OPAMPs do not have an infinite DC
open-loop gain in real world use. As such, a finite DC
open-loop gain A limits the feedback circuit from attaining
the ideal feedback gain G, (i.e., limiting an input voltage
from achieving an ideal output voltage). Further, the limited
gain A can also introduce error in signal transfer functions,
which further limits the performance of the OPAMP. In
addition, OPAMPs also have a very narrow output swing
range. Therefore, if the output swings beyond the narrow
range, the DC open-loop gain of the amplifier A will
decrease, which causes the closed-loop gain G, to decrease
as well.

[0004] There is thus a need to enhance the DC gain of an
OPAMP for circuits with low power consumption.

SUMMARY OF THE DISCLOSURE

[0005] In certain embodiments, a switched capacitor cir-
cuit includes: an amplifier circuit, wherein the amplifier
circuit includes (i) an operational amplifier, (ii) at least one
sampling capacitor and (iii) at least one feedback capacitor;
a plurality of level shifting capacitors; and a switching
circuit network, wherein the switching circuit network (i)
includes a plurality of switches and (ii) is configured to
selectively connect the plurality of level shifting capacitors
to the amplifier circuit in first and at least second, non-
overlapping, level shifting phases.

[0006] In certain embodiments, a method for operating a
switched capacitor circuit is provided, wherein the switch
capacitor circuit includes: (i) an amplifier circuit including
an operational amplifier, at least one sampling capacitor and
at least one feedback capacitor, (ii) a plurality of level
shifting capacitors and (iii) a switching circuit network
including a plurality of switches, the method discloses
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selectively connecting, with the switching circuit network,
the plurality of level shifting capacitors to the amplifier
circuit in first and at least second, non-overlapping, level
shifting phases.

[0007] In certain embodiments, a switched capacitor cir-
cuit includes: means for amplifying an input voltage; means
for storing electrical charge; and means for selectively
connecting the means for storing electrical charge to the
means for amplifying the input voltage in first and at least
second, non-overlapping, level shifting phases.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 depicts an embodiment of a conventional
charge amplifier during the amplification phase.

[0009] FIG. 2A illustrates an embodiment of a charge
amplifier incorporating the multiple correlated level shifting
capacitors.

[0010] FIG. 2B illustrates a timing diagram of the charge
amplifier of FIG. 2A incorporating the multiple correlated
level shifting capacitors.

[0011] FIG. 3A illustrates an embodiment of an integrator
incorporating the multiple correlated level shifting capaci-
tors.

[0012] FIG. 3B illustrates a timing diagram of the inte-
grator of FIG. 3 A incorporating the multiple correlated level
shifting capacitors.

[0013] FIG. 4A illustrates the charge amplifier of FIG. 2A
during a sampling phase.

[0014] FIG. 4B illustrates the charge amplifier of FIG. 2A
during a charging phase.

[0015] FIG. 4C illustrates the charge amplifier of FIG. 2A
during the first level shift phase.

[0016] FIG. 4D illustrates the charge amplifier of FIG. 2A
during the second level shift phase.

[0017] FIG. 5 illustrates an embodiment of a method
utilizing the multiple correlated level shifting capacitors.

DETAILED DESCRIPTION

[0018] The following description of embodiments pro-
vides non-limiting representative examples referencing
numerals to particularly describe features and teachings of
different aspects of the disclosure. The embodiments
described should be recognized as capable of implementa-
tion separately, or in combination, with other embodiments
from the description of the embodiments. A person of
ordinary skill in the art reviewing the description of embodi-
ments should be able to learn and understand the different
described aspects of the disclosure. The description of
embodiments should facilitate understanding of the disclo-
sure to such an extent that other implementations, not
specifically covered but within the knowledge of a person of
skill in the art having read the description of embodiments,
would be understood to be consistent with an application of
the disclosure.

[0019] Embodiments of the present disclosure provide
systems and methods for enhancing the DC gain of an
OPAMP of switched capacitor circuits using multiple cor-
related level shifting capacitors. In an embodiment, the
OPAMP is level shifted with a first correlated level shifting
capacitor in a first phase and, then, is level shifted again with
at least a second correlated level shifting capacitor in at least
a second, non-overlapping, consecutive phase. In an
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embodiment, the multiple correlated level shifting capaci-
tors are controlled by a switching circuit network.

[0020] FIG. 1 depicts an embodiment of a conventional
charge amplifier during the amplification phase. Charge
amplifier 100 (ie., including a feedback component)
includes a sampling capacitor 101 (i.e., C,), a feedback
capacitor 102 (i.e., C,), load 103 (e.g., a load capacitor) and
OPAMP 104. Further, as depicted in FIG. 1, feedback
capacitor 102 is connected between the output of OPAMP
104 and the negative input terminal of OPAMP 104. Further,
both of the sampling capacitor 101 and the positive input
terminal of OPAMP 104 are connected to a ground. In an
embodiment, because the charge amplifier 100 of FIG. 1 is
in a charge amplification phase, it is assumed that the
sampling capacitor 101 is already charged with a previously
sampled input voltage (not shown). Further, during an
operation of the charge amplifier 100 in the amplification
phase, the charge stored on sampling capacitor 101 is
transferred to the feedback capacitor 102. Further, during the
amplification phase, the open-loop DC gain A of the
OPAMP 104 amplifies the potential difference between the
positive and negative terminal inputs of the OPAMP 104
until the charge stored on the sampling capacitor 101 is
completely transferred to the feedback capacitor 102 (i.e.,
when the potential difference between the positive and
negative terminals is zero). In an embodiment, the output of
the OPAMP 104 will be the input voltage multiplied by the
closed-loop gain, G, set by the feedback circuit (i.e., the
sampling capacitor 101 and the feedback capacitor 102).
Further, the load 103 is charged with the output voltage,
V,..» of OPAMP 104. With regard to charge amplifier 100 of
FIG. 1, the closed-loop gain, G, is (1/C,)/(1/C,) or C,/C,
(i.e., ratio of the voltage across feedback capacitor 102 to the
voltage across the sampling capacitor 101). However,
because of finite DC open-loop gain A of OPAMP 104, the
final closed-loop gain, G, is closer to the following equation
(i.e., assuming that OPAMP 104 has infinite bandwidth):

Go Go (69)

1
1+ —(1+G
+A(+0)

[0021] In an embodiment, due to the finite DC open-loop
gain A of OPAMP 104, not all of the charge stored on the
sampling capacitor 101 is transferred to the feedback capaci-
tor 102. Accordingly, the potential difference between the
positive and negative input terminals of the OPAMP 104 will
not reach zero during the amplification phase, and, therefore,
the final gain G will be below the ideal gain G,. As such, the
output voltage, V,_,,, will also fall below an ideal output
voltage.

[0022] FIG. 2A illustrates an embodiment of a charge
amplifier incorporating the multiple correlated level shifting
capacitors. System 200 includes a charge amplifier (i.e.,
including a feedback component) comprised of sampling
capacitor 201 (i.e., C,), a feedback capacitor 202 (i.e., C,),
first level shifting capacitor 203 (i.e., C;), second level
shifting capacitor 204 (i.e., C,), load 205 (e.g., a load
capacitor C5) and OPAMP 206. In an embodiment, system
200 can also include additional sampling, feedback and load
capacitors. System 200 further includes a switching circuit
network comprised of switches S, S,, S;, S,, Ss, Sg, S, Sg,
Sy, S;p and S;,. In an embodiment, a switching circuit
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network control (not shown) controls the state (i.e., opened
or closed) of each of the aforementioned switches. In an
embodiment, as depicted in FIG. 2A, switch S, is positioned
between an input voltage node (i.e., to receive an input
voltage, V,,) and a first terminal of the sampling capacitor
201; switch S, is positioned between the first terminal of the
sampling capacitor 201 and a ground; switch S; is positioned
between a second terminal of the sampling capacitor 201
and a ground; switch S, is positioned between the second
terminal of the sampling capacitor 201 and a first input
terminal of OPAMP 206; switch S is positioned between the
output of OPAMP 206 and a first terminal of the first level
shifting capacitor 203; switch S is positioned between the
first terminal of the first level shifting capacitor 203 and a
ground; switch S, is positioned between the output of
OPAMP 206 and an output node, V. of the system 200;
switch S; is positioned between the output of OPAMP 206
and a first terminal of the second level shifting capacitor
204; switch S, is positioned between the first terminal of the
second level shifting capacitor 204 and a ground; switch S,
is positioned between the output node, V,_,,, and a ground;
and S, is positioned between a first terminal of the feedback
capacitor 202 and a ground. In an embodiment, system 200
can also include further level shifting capacitors. In an
embodiment, the additional level shifting capacitor(s) can be
positioned in parallel with the first level shifting capacitor
203 and the second level shifting capacitor 204. Accord-
ingly, the additional level shifting capacitor(s) will also be
connected to a plurality of switches, e.g., (i) a switch
positioned between the output of the OPAMP 206 and a first
terminal of the additional level shifting capacitor, and (ii) a
switch positioned between the first terminal of the additional
level shifting capacitor and a ground.

[0023] Further, in an embodiment, the second input ter-
minal of OPAMP 206 is connected to a ground. In an
embodiment, the first input terminal of the OPAMP 206 is a
negative input terminal, and the second input terminal of the
OPAMP 206 is a positive input terminal. In an embodiment,
OPAMP 206 can also be utilized in a single-stage amplifier
configuration as well as an inverter-based amplifier configu-
ration.

[0024] FIG. 2B illustrates a timing diagram of the charge
amplifier of FIG. 2A incorporating the multiple correlated
level shifting capacitors. Accordingly, the operation of the
charge amplifier occurs in four phases: (i) phase A (i.e., the
sampling phase), (ii) phase B (i.e., the charging phase), (iii)
phase C (i.e., first level shifting phase) and (iv) phase D (i.e.,
second level shifting phase). In an embodiment, phase A
occurs in a first main clock cycle and phases B to D occur
in a second main clock cycle. In an embodiment, phases A
to D are non-overlapping. In an embodiment, phases B to D
are of equal time length. In another embodiment, phases B
to D are of varying time lengths. In an embodiment, as
depicted in FIG. 2B, the process restarts at phase A at the
third main clock cycle. In an embodiment, during phase A
(i.e., the sampling phase) switches S|, S5, S¢, Sy, Sjpand S|
are the only switches closed. At the end of phase A (i.e., the
first main clock cycle), switches S, S5, S, S, S, and S,
are opened. At the start of the second main clock cycle,
switches S, and S, are closed for the entirety of the clock
cycle. Further, during phase B (i.e., the charging phase) of
the second main clock cycle, switches S¢, S, and S, are also
closed. At the end of phase B, switches S, are S, are opened.
At the start of phase C (i.e., the first level shifting phase),
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switches Ss is closed and S, remains closed. At the end of
phase C, switches S5 and S, are opened. At the start of phase
D (i.e., the second level shifting phase), switch Sg is closed.
At the conclusion of phase D (i.e., the end of the second
main clock cycle), S,, S,, and Sg are opened.

[0025] FIG. 3A illustrates an embodiment of an integrator
incorporating the multiple correlated level shifting capaci-
tors. The integrator of system 300 includes similar structure
and function as the charge amplifier of system 200 in FIG.
2A except that there is no switch S;; connected between a
first terminal of the feedback capacitor 302 and a ground.
Thus, the charge that accumulates at the feedback capacitor
302 over time will not be discharged through a ground.
[0026] FIG. 3B illustrates a timing diagram of the inte-
grator of FIG. 3A incorporating the multiple correlated level
shifting capacitors. The timing diagram of FIG. 3B is similar
to the timing diagram of FIG. 3B except that switch S, is
not included. Accordingly, contrary to the feedback capaci-
tor 202 of the charge amplifier in FIG. 2A, the feedback
capacitor 302 of the integrator in FIG. 3A is not reset at the
start of each new sampling phase A. Therefore, the feedback
capacitor 302 will continue to accumulate additional charge.
[0027] FIG. 4A illustrates the charge amplifier of FIG. 2A
during a sampling phase. In an embodiment, during the
sampling phase, the input voltage V,, is sampled at sampling
capacitor 401 (i.e., capacitor 401 is charged). Further, in an
embodiment, during the sampling phase, a feedback capaci-
tor 402, a first level shifting capacitor 403, a second level
shifting capacitor 404 and a load 405 (e.g., a load capacitor)
are all reset. In other words, any charge left on those
capacitors is drained through a ground.

[0028] FIG. 4B illustrates the charge amplifier of FIG. 2A
during a charging phase. In an embodiment, during the
charging phase, the sampling capacitor 401 transfers its
charge to feedback capacitor 402 and OPAMP 406 charges
the first level shifting capacitor 403, the second level shifting
capacitor 404 and load capacitor 405. In an embodiment,
after a certain settling time, the charging of the first level
shifting capacitor 403, the second level shifting capacitor
404 and load 405 completes and the voltage (i.e., potential
difference) across the aforementioned capacitors will settle
on an output voltage, V.. However, due to the limited DC
gain of OPAMP 406, the sampling capacitor 401 does not
transfer its whole charge to the feedback capacitor 402 via
the positive terminal of the OPAMP 406 (i.e., the summing
node). Therefore, there will still be some residual charge at
the summing node; resulting in a nonzero potential differ-
ence between the positive and negative input terminals of
the OPAMP 406. Accordingly, the closed-loop gain of the
feedback circuit of the charge amplifier has to be determined
by the formula in equation 1. Further, the output voltage,
V.. across capacitors 403, 404 and 405 will be somewhere
below the ideal voltage.

[0029] FIG. 4C illustrates the charge amplifier of FIG. 2A
during the first level shift phase. In an embodiment, during
the first level shift phase, a first terminal of the first level
shifting capacitor 403 is connected to the output of the
OPAMP 406. Accordingly, because the first level shifting
capacitor 403 has a potential difference of V_,,, connecting
the first level shifting capacitor 403 to the output of the
OPAMP 406 forces the output voltage of the OPAMP 406 to
near zero (i.e., the potential difference between the output of
the OPAMP 406, V_,,,, and the voltage across the first level
shifting capacitor 403, which is also V,,, is zero). In other
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words, the first level shifting capacitor 403 removes the
burden of generating V_, from the OPAMP 406. Accord-
ingly, since the voltage at the summing node (i.e., positive
terminal of the OPAMP 406) is defined by following equa-
tion:

Vour @
o

Voum =

as the output voltage V ,,0f the OPAMP 406 decreases, so
does the voltage, V,,.,, at the summing node (i.e., bringing
the voltage at the summing node closer to virtual ground).
Further, as the voltage at the summing node decreases, more
charge will transfer from the sampling capacitor 401 to the
feedback capacitor 402. Further, the potential difference
between the positive and negative input terminals of the
OPAMP 406 will get much closer to zero, effectively result-
ing in (i) a virtual increase in the DC open-loop gain A of
OPAMP 406 and (ii) an increase in the generated output
voltage, V,_,,, of the OPAMP 406 (i.e., bringing the output
voltage closer to its ideal value). In an embodiment, as V_,,
approaches the more ideal voltage, the voltage across the
second level shifting capacitor 404 and the load capacitor
405 will also increase (i.e., getting closer to the ideal output
voltage). Specifically, in an embodiment, as charge is trans-
ferred from the sampling capacitor 401 to the feedback
capacitor 402, a small amount of charge is also discharged
from the first level shifting capacitor 403. In an embodiment,
the aforementioned discharged charge from the first level
shifting capacitor 403 is transferred to the second level
shifting capacitor 404 and the load capacitor 405, thereby
increasing the voltage across the second level shifting
capacitor 404 and the load capacitor 405. Accordingly, the
charge in the second level shifting capacitor 404 and the load
capacitor 405 at the end of the first level shifting phase in
FIG. 4C is greater than the charge in the second level
shifting capacitor 404 and the load capacitor 405 at the end
of the charging phase in FIG. 4B.

[0030] FIG. 4D illustrates the charge amplifier of FIG. 2A
during the second level shift phase. In an embodiment,
during the second level shifting phase, (i) the first terminal
of the first level shifting capacitor 403 is disconnected from
the output of the OPAMP 406 and (ii) the first terminal of the
second level shifting capacitor 404 is connected to the
output of the OPAMP 406 instead. In an embodiment,
similar to the first level shifting phase, because the second
level shifting capacitor 404 has a potential difference of V_,,,
(i.e., increased after the first level shifting phase), connect-
ing the second level shifting capacitor 404 to the output of
the OPAMP 406 forces the output voltage of the OPAMP
406 closer to near zero. Thus, as previously explained, the
voltage, V. at the summing node will decrease as the
output voltage V. of the OPAMP 406 decreases. Further, as
the voltage at the summing node decreases, more charge will
transfer from the sampling capacitor 401 to the feedback
capacitor 402. Further, the potential difference between the
positive and negative input terminals of the OPAMP 406 will
also get much closer to zero. Accordingly, (i) there will be
avirtual increase in the DC open-loop gain A of OPAMP 406
and (ii) the generated output voltage, V_,,, of the OPAMP
406 get closer to its ideal value. Therefore, the voltage
across the load capacitor 405 will also increase and, thus, get
closer to the ideal output voltage. Accordingly, with the
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second, non-overlapping, consecutive level shifting phase,
the DC open-loop gain A of OPAMP 406 is enhanced much
further than possible with only the single level shifting
phase.

[0031] Inan embodiment, the integrator of FIG. 3A essen-
tially follows the level-shifting process as the charging
amplifier (i.e., FIGS. 4A-4D) except that, during the sam-
pling phase (i.e., FIG. 4A), the feedback capacitor 402 is not
reset. In other words, the charge left on the feedback
capacitor 402 after the previous level shifting process is not
drained through a ground.

[0032] FIG. 5 illustrates an embodiment of a method
utilizing the multiple correlated level shifting capacitors. In
an embodiment, during the sampling phase 501, (i) the
feedback capacitor, first level shifting capacitor, second
level shifting capacitor, and load capacitor of an amplifier
circuit are reset and (ii) the sampling capacitor samples an
input voltage. Then, during the charging phase 502, (i) the
sampling capacitor transfers most (e.g., a majority) of its
charge to the feedback capacitor and (ii) the OPAMP charges
the first level shifting capacitor, the second level shifting
capacitor and the load capacitor. Then, during the first level
shifting phase 503, the first level shifting capacitor is con-
nected (e.g., inserted) between the output of the OPAMP and
the output node of the amplifier circuit. Then, during the
second level shifting phase, (i) the first level shifting capaci-
tor is disconnected and (ii) the second level shifting capaci-
tor is connected (e.g., inserted) between the output of the
OPAMP and the output node of the amplifier circuit. In an
embodiment, the method can either proceed back to the
sampling phase 501 (i.e., in order to sample another input
voltage of a signal) or conclude at step 505. In an embodi-
ment, the amplifier can be a charge amplifier or an integrator.
In an embodiment, the integrator will essentially follow the
aforementioned method except that, during the sampling
phase 501, the feedback capacitor will not be reset.

[0033] Several embodiments of the disclosure are specifi-
cally illustrated and/or described herein. However, it will be
appreciated that modifications and variations of the disclo-
sure are covered by the above teachings and within the
purview of the appended claims without departing from the
spirit and intended scope of the disclosure. Further varia-
tions are permissible that are consistent with the principles
described above.

1-11. (canceled)

12. A method for operating a switched capacitor circuit,
wherein the switch capacitor circuit is comprised of (i) an
amplifier circuit including an operational amplifier, at least
one sampling capacitor and at least one feedback capacitor,
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(ii) a plurality of level shifting capacitors and (iii) a switch-
ing circuit network including a plurality of switches, the
method comprising:

selectively connecting, with the switching circuit net-

work, the plurality of level shifting capacitors to the
amplifier circuit in first and at least second, non-
overlapping, level shifting phases;

controlling, through the switching circuit network, the

amplifier circuit and the plurality of level shifting
capacitors in a sampling phase and a non-overlapping,
charging phase;

during the sampling phase, (i) the sampling capacitor

samples an input voltage and (ii) the plurality of level
shifting capacitors are reset; and

wherein, during the charging phase, (i) the sampling

capacitor transfers a majority of its sampled charge to
the feedback capacitor and (ii) the operational amplifier
charges the plurality of level shifting capacitors.

13. The method of claim 8, wherein the sampling phase,
the charging phase, the first level shifting phase, and a
second level shifting phase are consecutive, non-overlap-
ping phases.

14. The method of claim 13, wherein (i) the sampling
phase occurs within a first main clock cycle and (ii) the
charging phase, the first level shifting phase and the second
level shifting phase all occur within a second main clock
cycle.

15. The method of claim 14, wherein the charging phase,
the first level shifting phase, and the second level shifting
phase are of varying time lengths.

16-19. (canceled)

20. A switched capacitor circuit, comprising:

means for amplifying an input voltage;

means for storing electrical charge; and

means for selectively connecting the means for storing

electrical charge to the means for amplifying the input
voltage in first and at least second, non-overlapping,
level shifting phases;
means for controlling the means for amplifying the input
voltage and the means for storing electrical charge in a
sampling phase and a non-overlapping, charging phase;

wherein during the sampling phase, (i) a sampling capaci-
tor of the means for amplifying the input voltage
samples an input voltage and (ii) the means for storing
electrical charge are reset; and

wherein, during the charging phase, (i) the sampling

capacitor transfers a majority of its sampled charge to
a feedback capacitor of the means for amplifying the
input voltage and (ii) the operational amplifier charges
the means for storing electrical charge.
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