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BUFFER AMPLIFIER CIRCUIT

Technical Field

[0001] This application is directed to microelectronic circuits and circuit design
and operation. More particularly, this application is directed to microelectronic
amplifier circuits for use in semiconductor devices, integrated circuits and other

electronic devices.

Related Applications

[0002] This application is related to and claims the benefit and priority of U.S.
Provisional Application No. 61/791,911 entitled, “Buffer-Based Signal

Amplification” filed on March 15, 2013, which is hereby incorporated by reference.

Background

[0003] Signal amplification is widely used in a variety of electronic systems. For
example, in wireless communication systems, a low-noise amplifier (LNA) in the
receiver amplifies the tiny signal picked up by an antenna. The amplified signal is
then filtered, demodulated and further amplified again. The signal is often
converted to a digital signal by an analog-to-digital converter. The analog-to-
digital converter also typically amplifies the signal in the conversion process. In
the transmitter, the power amplifier amplifies the radio frequency signal before the
signal is transmitted through the antenna. In systems employing sensors, such as
image sensors, microphones, and micro-electromechanical sensors, the signal
produced by the sensors is very small, and thus must be amplified before further
signal processing. There are numerous other places where signal amplification is

required in a system. Conventional amplifier circuits fall into three general
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categories: a common-emitter amplifier (a common-source amplifier in MOS
technologies), a common-based (a common-gate amplifier in MOS technologies),
and an emitter-follower amplifier (a source-follower amplifier in MOS
technologies). The first two types typically provide a substantial amount of voltage
gain. However, the last type provides voltage gain that is close to one or slightly
less, and as a result it has been suitable only as a buffer amplifier, but not as a

voltage amplifier.

[0004] As an example of a simple circuit according to the prior art, Fig. 1 provides
an illustration of a representative common-source amplifier circuit 20 which
operate in continuous-time. The circuit 20 also includes a MOSFET My, and a load
resistor R.. An analog input voltage vin (hereafter referred to as “input voltage™)
provides an input to the circuit 20, and a voltage vo (hereafter referred to as
“output voltage”) is provided as an output of the circuit 20. The input voltage vin
generally includes a DC bias component Viy and a small-signal component vi,
(hereafter referred to as “input signal”) such that viN=Vin+Vin. Likewise, the output
voltage vo generally includes a DC component Vo and a small-signal component
Vo (hereafter referred to as “output signal”) such that vo=Vo+v,. The DC
components are required to bias the MOSFET in the desired region of operation.
The small-signal components are typically the signals of interest. The circuit 20
amplifies the input signal vi such that the output signal v, is given by

Vo = _ngLVin

where gn is the transconductance of M1. The small-signal voltage gain (hereafter
referred to as “voltage gain”), defined as the ratio between the output signal v, and

the input signal v; is then

a, = Yo =-g R, .

v

Vin
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[0005] Further analysis of the circuit 20 shows that the frequency f,, where the
magnitude of the voltage gain drops by 3 dB’s from the low frequency value
(hereafter referred to as “bandwidth”) is given by

1

Ji= 2aR,C,

where C_ is the total capacitance at the output node. A figure-of-merit, the gain-
bandwidth product GBW, of an amplifier is defined as the product between the
low-frequency gain and the bandwidth. For the circuit 20, it is given by

GBW =|a,f,|= =52

27C,

Summary

[0006] Applicants have recognized that substantial voltage amplification can be
achieved with a buffer amplifier whose voltage gain is substantially equal to one,
with the application including but not limited to signal amplification, voltage
comparators, and A/D converters. In view of the foregoing, various preferred
embodiments disclosed herein generally relate to an amplifier circuits having one
or more buffer amplifiers and one or more resistors or one or more capacitors.
Those skilled in the art will appreciate that the present concepts can be extended
to other applications and circuits than the ones presented herein for the purpose
of illustration. These and equivalent and similar circuits and techniques are

intended to be covered by the scope of the appended claims.

[0007] An embodiment is directed to an amplifier circuit operable in continuous-
time. The amplifier circuit comprises: a buffer amplifier having an input terminal
and an output terminal and an input source having a source resistance. The
buffer amplifier has high input resistance and a voltage gain substantially equal to
one, and the input source is electrically coupled across the input terminal and the
output terminal of the buffer amplifier.
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[0008] Another embodiment is directed to an amplifier circuit operable in
continuous-time with a voltage gain determined by a resistor ratio. The amplifier
circuit comprises: a buffer amplifier having an input terminal and an output
terminal, at least one resistor coupled to the input terminal of the buffer amplifier,
and an input source having a source resistance. The buffer amplifier has high
input resistance and a voltage gain substantially equal to one, and the input
source is electrically coupled across the input terminal and the output terminal of
the buffer amplifier.

[0009] And another embodiment is directed to a discrete-time amplifier circuit
operable in a sampling phase and an amplification phase to amplify a weighted
sum of two input voltages. The ampilifier circuit comprises a plurality of switches, a
first and a second capacitor, and at least one buffer amplifier having an input
terminal and an output terminal. During the sampling phase, the plurality of
switches are configured to couple a first input voltage to the first capacitor and a
second input voltage to the second capacitor. During the amplification phase, the
plurality of switches are configured to couple the first and the second capacitors
across the input terminal and the output terminal of the buffer amplifier to amplify

a weighted sum of the first and the second input voltages.

[0010] Yet another embodiment is directed to a discrete-time amplifier circuit
operable in a sampling phase and an amplification phase to amplify a weighted
sum of two input voltages without the adverse effect of an offset voltage of a
buffer amplifier. The amplifier circuit comprises a plurality of switches, a first and a
second capacitor, and at least one buffer amplifier having an input terminal and
an output terminal. During the sampling phase, the plurality of switches are
configured to couple a first input voltage and the output terminal of the buffer
amplifier to the first capacitor and a second input voltage and the output terminal
of the buffer amplifier to the second capacitor. During the amplification phase, the
plurality of switches are configured to couple the first and the second capacitors
across the input terminal and the output terminal of the buffer amplifier to amplify



WO 2014/152402 PCT/US2014/027303

a weighted sum of the first and the second input voltages without the adverse
effect of an offset voltage of the buffer amplifier.

[0011] Still another embodiment is directed to a discrete-time amplifier circuit
operable in a sampling phase and an amplification phase to amplify a difference
between an input voltage and an intentional offset voltage of a buffer amplifier.
The amplifier circuit comprises a plurality of switches, at least one capacitor, and
a buffer amplifier having an input terminal and an output terminal. The buffer
amplifier includes an intentional offset voltage, and the second capacitor is
electrically coupled to the input terminal of the first buffer amplifier. During the
sampling phase, the plurality of switches are configured to couple an input voltage
to the first capacitor. During the ampilification phase, the plurality of switches are
configured to couple the at least one capacitor across the input terminal and the
output terminal of the buffer amplifier to amplify a difference between the first

input voltage and the first intentional offset voltage.

[0012] An embodiment is directed to a discrete-time amplifier circuit operable in
a sampling phase and an amplification phase to amplify a difference between an
input voltage and intentional offset voltages of a plurality of buffer amplifiers. The
amplifier circuit comprises a plurality of switches, a first, a second, and a third
capacitor, and a first and a second buffer amplifier. The first buffer amplifier
includes a first intentional offset voltage and the second buffer amplifier includes a
second intentional offset voltage. The third capacitor is electrically coupled to the
input terminal of the first buffer amplifier. During the sampling phase, the plurality
of switches are configured to couple a first input voltage to the first and the
second capacitor. During the amplification phase, the plurality of switches are
configured to couple the first capacitor across the input terminal and the output
terminal of the first buffer amplifier and the second capacitor across the input
terminal and the output terminal of the first buffer amplifier.

[0013] Another embodiment is directed to a flash analog-to-digital converter
employing a buffer-based discrete-time amplifier circuit operable in a sampling
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phase and an amplification phase as a preamplifier for a voltage comparator. The
analog-to-digital converter circuit comprises a plurality of switches, at least one
capacitor, at least one buffer amplifier having an input terminal and an output
terminal, and a latch circuit coupled to the input terminal of the buffer amplifier.
During the sampling phase, the plurality of switches are configured to couple an
input voltage to the at least one capacitor. During the ampilification phase, the
plurality of switches are configured to couple the at least one capacitor across the
input terminal and the output terminal of the buffer amplifier.

[0014] Yet another embodiment is directed to a successive approximation
register analog-to-digital converter employing a buffer-based discrete-time
amplifier circuit operable in a sampling phase and an amplification phase as a
preamplifier for a voltage comparator. The analog-to-digital converter circuit
comprises a plurality of switches, at least one capacitor, a first and a second
buffer amplifier having an input terminal and an output terminal, and a latch circuit
coupled to the input terminal of the first buffer amplifier. An output of the latch
circuit is coupled to the plurality of switches. During the sampling phase, the
plurality of switches are configured to couple an input voltage to the at least one
capacitor. During the amplification phase, the plurality of switches are configured
to couple the at least one capacitor across the input terminal and the output
terminal of the first buffer amplifier or the second buffer amplifier depending on
the digital output of the latch circuit.

[0015] It should be appreciated that all combinations of the foregoing concepts
and additional concepts discussed in greater detail below (provided such
concepts are not mutually inconsistent) are contemplated as being part of the
inventive subject matter disclosed herein. In particular, all combinations of
claimed subject matter appearing at the end of this disclosure are contemplated
as being part of the inventive subject matter disclosed herein. It should also be
appreciated that terminology explicitly employed herein that also may appear in
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any disclosure incorporated by reference should be accorded a meaning most
consistent with the particular concepts disclosed herein.

In the Drawings

[0016] The appended drawings are provided to aid the understanding of the
inventions and the following description of certain embodiments, and are to be
considered as illustrative rather than limiting the scope of the inventive subject
matter described herein. The drawings are not necessarily to scale; in some
instances, various aspects of the inventive subject matter disclosed herein may
be shown exaggerated or enlarged in the drawings to facilitate an understanding
of different features. In the drawings, like reference characters generally refer to

like features (e.g., functionally similar and/or structurally similar elements).

[0017] Fig. 1 provides an illustration of a prior art MOS common-source amplifier
according to the prior art.

[0018] Fig. 2 illustrates an amplifier circuit including a buffer amplifier, according

to a first embodiment of the present invention.
[0019] Fig. 3 illustrates the equivalent circuit of Fig. 2.

[0020] Fig. 4 illustrates an amplifier circuit including a buffer amplifier and a

resistor, according to a second embodiment of the present invention.

[0021] Fig. 5 illustrates a discrete-time amplifier circuit including a buffer amplifier
and a plurality of capacitors, according to a third embodiment of the present

invention.

[0022] Fig. 6 illustrates the circuit of Fig. 5 redrawn without switches and showing
the state of electrical connections during a sampling phase of circuit operation.

[0023] Fig. 7 illustrates the circuit of Fig. 5 redrawn without switches and showing
the state of electrical connections during an amplification phase of circuit
operation.
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[0024] Fig. 8 illustrates a discrete-time amplifier circuit including a buffer amplifier
and plurality of capacitors, according to a fourth embodiment of the present

invention.

[0025] Fig. 9 illustrates the circuit of Fig. 8 redrawn without switches and showing

the state of electrical connections during a sampling phase of circuit operation.

[0026] Fig. 10 illustrates the circuit of Fig. 8 redrawn without switches and
showing the state of electrical connections during an amplification phase of circuit
operation.

[0027] Fig. 11 illustrates a discrete-time amplifier circuit including a buffer
amplifier with an undesirable offset voltage and plurality of capacitors, according to
a fifth embodiment of the present invention.

[0028] Fig. 12 illustrates the circuit of Fig. 11 redrawn without switches and
showing the state of electrical connections during a sampling phase of circuit

operation.

[0029] Fig. 13 illustrates the circuit of Fig. 11 redrawn without switches and
showing the state of electrical connections during an amplification phase of circuit
operation.

[0030] Fig. 14 illustrates a discrete-time amplifier circuit including a buffer
amplifier with an intentional offset voltage and a capacitor, according to a sixth

embodiment of the present invention.

[0031] Fig. 15 illustrates the circuit of Fig. 14 redrawn without switches and
showing the state of electrical connections during a sampling phase of circuit
operation.

[0032] Fig. 16 illustrates the circuit of Fig. 14 redrawn without switches and
showing the state of electrical connections during an amplification phase of circuit

operation.
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[0033] Fig. 17 illustrates a discrete-time amplifier circuit including a buffer
amplifier with an intentional offset voltage and plurality of capacitors, according to
a seventh embodiment of the present invention.

[0034] Fig. 18 illustrates the circuit of Fig. 17 redrawn without switches and
showing the state of electrical connections during a sampling phase of circuit
operation.

[0035] Fig. 19 illustrates the circuit of Fig. 17 redrawn without switches and
showing the state of electrical connections during an amplification phase of circuit

operation.

[0036] Fig. 20 illustrates a discrete-time amplifier circuit including a plurality of
buffer amplifiers each with an intentional offset voltage and plurality of capacitors,
according to an eighth embodiment of the present invention.

[0037] Fig. 21 illustrates the circuit of Fig. 20 redrawn without switches and
showing the state of electrical connections during a sampling phase of circuit
operation.

[0038] Fig. 22 illustrates the circuit of Fig. 20 redrawn without switches and
showing the state of electrical connections during an amplification phase of circuit

operation.
[0039] Fig. 23 illustrates a prior art flash A/D converter.

[0040] Fig. 24 illustrates a successive approximation register (SAR) A/D
converter including a plurality of buffer amplifiers each with an intentional offset
voltage and plurality of capacitors, according to a ninth embodiment of the present

invention.

[0041] Fig. 25 illustrates the circuit of Fig. 24 redrawn without switches and
showing the state of electrical connections during a sampling phase of circuit

operation.
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[0042] Fig. 26 illustrates the circuit of Fig. 24 redrawn without switches and
showing the state of electrical connections during a successive approximation

phase of circuit operation.

Detailed Description

[0043] The following description provides a discussion of various concepts
related to, and embodiments of the present inventive apparatus and methods
relating to signal amplification circuits. It should be appreciated that various
concepts introduced above and discussed in greater detail below may be
implemented in any of numerous ways, as the disclosed concepts are not limited
to any particular manner of implementation. Examples of specific implementations

and applications are provided primarily for illustrative purposes.

[0044] Some aspects of the present invention provide a continuous-time amplifier
topology based on a buffer amplifier (hereafter referred to as “buffer”). A buffer is
an amplifier that provides a voltage gain substantially close to one as would be
understood by those skilled in the art, while providing high input resistance and
low output resistance. Those skilled in the art would also understand that a

source-follower circuit or an emitter-follower circuit can be examples of a buffer.

[0045] A first embodiment of the present invention is shown in Fig. 2. The
amplifier circuit 100 comprises a buffer amplifier BA, which may be a simple
follower circuit such as an emitter follower or a source follower. A more
sophisticated buffer such as an operational amplifier based buffer can also be
employed for higher precision. The input source 101 is represented as a Thevenin
equivalent circuit with an input voltage source viy and the source resistance Rs.
The input source 101 is applied across the input terminal102 and the output
terminal 103 of BA.

[0046] The equivalent circuit of the ampilifier circuit 100 according to the first
embodiment is shown in Fig. 3. The buffer amplifier is modeled as a voltage

10
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controlled-voltage source with a voltage gain (1-¢) where ¢ is typically much less
than unity (<<1), and an output resistance R,. Since the input resistance of BA is
high, it is modeled as an open-circuit in Fig. 3. Therefore, the current j; into the
amplifier is zero. Hence, the current through the output resistance R, and the
source resistance Rs is also zero, giving;

vo=(1-¢)v

and

Vi =Vo =Vmw

[0047] Combining the above two equations, the output voltage vo of the amplifier
100 is found to be
1-¢ 1

Vo=—""Vw="Vw
£

Thus voltage gain of the amplifier 100 is given by;

v_o_l—g 1

v
vy € €

—_— —

In a typical buffer, ¢ is small, thus the voltage gain a, is large.

[0048] The output resistance of the amplifier 100 according to the first

embodiment is shown to be

R 1-¢p _

out o

&

R

o

o | =

[0049] For certain applications, it may be more convenient to use the input
voltage of BA v, as the output voltage. In this case, the voltage gain is given by

[0050] Further analysis of the amplifier 100 shows that the bandwidth is given by

11
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1 €
fh = =
2aR,C, 2nRC,
and its GBW
8
GBW =|a f,|= 2"
vfh| 2]TCL

which is identical to that of the prior art amplifier 20. Thus, the first embodiment of
the present invention provides an new amplifier configuration with the same figure

of merit as a prior art amplifier 20.

[0051] A second embodiment of the present invention shown in Fig. 4 in which
the amplifier circuit 200 further includes a resistor Ry. The input source 201 is
represented as a Thevenin equivalent circuit with an input voltage source vy and
the source resistance Rs. The input source 201 is applied across the input
terminal 202 and the output 203 terminal of BA. It can be shown that for e<<1, the

voltage gain of the amplifier is approximated by

The above equation indicates that the voltage gain is determined by the ratio of
resistors, which can be controlled more precisely and vary less due to process,
temperature, or power supply voltage variations than the value of ¢ in the first

embodiment.

[0052] A third embodiment of the present invention is shown in Fig. 5. The
amplifier 300 performs discrete-time signal addition and amplification. In the circuit
of Fig. 5 the switches S0, S1 and S2 are operable to operate the circuit in two
phases, namely a “sampling phase” and an “amplification phase.” For purposes of
illustration, in Fig. 5 the switch SO is shown as a single-pole single-throw (SPST)
switch and switches S1 and S2 are shown as single-pole double-throw (SPDT)
switches having a common terminal C and respective output terminals 1 and 2.

During the sampling phase, the switches are operated to be in the state shown in

12
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Fig. 5, i.e., SO closed and the common terminal C of each of S1 and S2 is
electrically coupled to terminal 1 of the switch.

[0053] Fig. 6 illustrates the circuit of Fig. 5 redrawn without the switches S0, S1
and S2 and showing the state of electrical connections during the sampling phase.
As shown in Fig. 6, the input voltage vIN is applied across the capacitor C1 and
the reference voltage VREF is applied across the capacitor C2. Thus, the total
charge Qtotal stored during the sampling phase on the capacitor plate 301 is given
by —vIN C1-VREFC2. During the amplification phase, the switches are operated
such that SO is open, and the common terminal C of each of S1 and S2 is
electrically coupled to terminal 2 of the switch.

[0054] Fig. 7 illustrates the circuit of Fig. 5 redrawn without the switches S0, S1
and S2 and showing the state of electrical connections during the amplification
phase. In the amplification phase, because charge is conserved on capacitor plate
301,

Qamp = (Cl + CZ)(VI - Vo)
= Qtoml
=-Cvy —C,Vigr

Solving for the output voltage vo:

Vo= 1-& Cviy + CVper - 1 Gy + GV
0 e C+C, e C+C,

which is amplification of the weighted sum of two voltages, vin and Vrer with a
voltage gain of -1/e. The weighting between the two voltages is given by the ratio
of the two capacitors C1 and C,. Such an operation is useful, for example, in an
A/D converter.

[0055] For some applications, it may be more convenient to use the input voltage
of the buffer v as the output voltage. In this case, the output voltage is also given

by

13
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1 Gy + GV
e C+C,

v, =

[0056] A fourth embodiment of the present invention is illustrated in Fig. 8, where
the amplifier circuit 400 includes a third capacitor C,, which may be parasitic
capacitance or an intentional capacitance. As would be readily appreciated by one
of skill in the art, in the circuit of Fig. 8 the switches Sy, S1 and S, are operable to
operate the circuit in two phases, namely a “sampling phase” and an “amplification
phase.” For purposes of illustration, in Fig. 8 the switch Sp is shown as a single-
pole single-throw (SPST) switch and switches S| and S, are shown as single-pole
double-throw (SPDT) switches having a common terminal C and respective output
terminals 1 and 2. During the sampling phase, the switches are operated to be in
the state shown in Fig. 8, i.e., Sp closed and the common terminal C of each of Sy

and S is electrically coupled to terminal 1 of the switch.

[0057] Fig. 9 illustrates the circuit of Fig. 8 redrawn without the switches Sp, S+
and S, and showing the state of electrical connections during the sampling phase.
As shown in Fig. 8, the input voltage v\ is applied across the capacitor C; and the
reference voltage Vrer is applied across the capacitor Co. Thus, the total charge
Quotal Stored during the sampling phase on the capacitor plate 401 is given by —viy
C1-VrerC2 . During the amplification phase, the switches are operated such that
So is open, and the common terminal C of each of S4 and S is electrically coupled
to terminal 2 of the switch.

[0058] Fig. 10 illustrates the circuit of Fig. 8 redrawn without the switches Sy, S+
and S, and showing the state of electrical connections during the amplification
phase. In the amplification phase, because charge is conserved,

0 —(C1 +C2)(v1 —vo)+CPv1

amp —

= Qtotal
= _CIVIN - CZVREF

14
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[0059] Assuming the gain of the buffer is very close to 1, i.e. e<<1, and solving for
the output voltage vo
Ci+C, Cviy + Vg

C C +C,

P

%

which is amplification of the weighted sum of two voltages, vin and Vrer with a
voltage gain of
C +C,

CP

Using the voltage v at the input terminal of BA as the output yields substantially
the same output voltage, and may be preferred in some applications.

[0060] Buffers can exhibit an undesirable offset voltage. In other words, the
output voltage is shifted by an offset voltage Vos from an ideal output voltage.
Such an offset voltage is amplified by the amplifier circuit and produce an error at
the output. In a fifth embodiment of the present invention shown in Fig. 11, the
effect of an undesirable offset voltage Vos, modeled as a voltage source in series
of BA, is removed. The second capacitor C, may be parasitic capacitance or an
intentional capacitance. In the circuit of Fig. 11 the switches Sy, S1, S2 and S; are
operable to operate the circuit in two phases, namely a “sampling phase” and an
“amplification phase.” For purposes of illustration, in Fig. 11 the switch Sg is shown
as a single-pole single-throw (SPST) switch and switches S4, S and S; are shown
as single-pole double-throw (SPDT) switches having a common terminal C and
respective output terminals 1 and 2. During the sampling phase, the switches are
operated to be in the state shown in Fig. 11, i.e., Sp closed and the common
terminal C of each of S4, S, and Ss is electrically coupled to terminal 1 of the

switch.

[0061] Fig. 12 illustrates the circuit of Fig. 11 redrawn without the switches S, S1
and S, and showing the state of electrical connections during the sampling phase.
As shown in Fig. 11, the input voltage vix is applied across the capacitor C1 and

15
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the reference voltage Vrer is applied across the capacitor C,. Thus, the total
charge Qiotal Stored during the sampling phase on the capacitor plate 401 is given
by —vin C1-VrerC2 . During the amplification phase, the switches are operated
such that Sy is open, and the common terminal C of each of S4, Sy and Ss is
electrically coupled to terminal 2 of the switch. Fig. 13 illustrates the circuit of Fig.
11 redrawn without the switches Sg, S1, S2 and Sz and showing the state of
electrical connections during the amplification phase. Assuming the gain of the
buffer is very close to 1, i.e. e<<1, and using v, as the output, it can be shown that

C+C, Cyy, +C Ve,

C C, +C,

P

Vi

which shows that the effect of the BA offset voltage Vos is removed.

[0062] In a sixth embodiment of the present invention, shown in Fig. 14, an
intentional offset voltage Vgrer provided in the BA, as represented by a voltage
source VRger in series with the output of the BA. The offset can be introduced by a
variety of methods, for example a base-to-emitter voltage Vge of an emitter
follower, a gate-to-source voltage Vs of a source follower, or a capacitive level
shifting. The amplifier 600 performs discrete-time signal amplification. In the circuit
of Fig. 14 the switches S and S+ are operable to operate the circuit in two phases,
namely a “sampling phase” and an “amplification phase.” For purposes of
illustration, in Fig. 14 the switch Sy is shown as a single-pole single-throw (SPST)
switch and switch S, is shown as a single-pole double-throw (SPDT) switch having
a common terminal C and respective output terminals 1 and 2. During the
sampling phase, the switches are operated to be in the state shown in Fig. 14, i.e.,
So closed and the common terminal C of Sy is electrically coupled to terminal 1 of
the switch.

[0063] Fig. 15 illustrates the circuit of Fig. 14 redrawn without the switches Sy and
S1 and showing the state of electrical connections during the sampling phase. As
shown in Fig. 15, the input voltage vy is applied across the capacitor C4. During

16
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the amplification phase, the switches are operated such that Sy is open, and the
common terminal C of S4 is electrically coupled to terminal 2 of the switch. Fig. 16
illustrates the circuit of Fig. 14 redrawn without the switches Sg and Sy and
showing the state of electrical connections during the amplification phase.

[0064] It can be shown that the voltage at the output of the BA in the ampilification
phase is given by

1—-
Vo = _TS(VIN - VREF) + Verr

1
~ _;(VIN - VREF) +Virr

[0065] In some applications, it may be desirable to use the input voltage v, as the
output voltage. In this case, the output voltage is given by

1—-
v, = _Tg(VIN _VREF)

1
~ __(VIN - VREF)

£
Thus, the amplifier amplifies the difference between the input voltage and the

offset voltage Vrer by a voltage gain -1/¢.

[0066] In a seventh embodiment of the present invention shown in Fig. 17, the
buffer BA is provided with an intentional offset voltage Vrer, and a capacitor Co
further included, which can be either intentional capacitance or parasitic
capacitance. It can be shown that for e<<1, the output voltage in the amplification
phase of the amplifier is given by
Vour = _C_I(VIN - VREF) + VREF
2

and if the input voltage v4 of BA is used as the output

G

Vi = __(VIN _VREF)

C2
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Thus, the difference between the input voltage viy and the offset voltage Vrer is
amplified by a voltage gain a, determined by the ratio of capacitors C1 and Cy;

[0067] Fig. 18 illustrates the circuit of Fig. 17 redrawn without switches and
showing the state of electrical connections during a sampling phase of circuit
operation.

[0068] Fig. 19 illustrates the circuit of Fig. 17 redrawn without switches and
showing the state of electrical connections during an amplification phase of circuit
operation.

[0069] In an eighth embodiment of the present invention, shown in Fig. 20, the
buffer based amplification circuit 800 is used as a preamplifier for a comparator
with two reference voltages, Vrern and Vrerp. Such an arrangement can be used
in flash analog-to-digital (A/D) converters and successive approximation register
(SAR) A/D converters.

[0070] The comparator typically consists of a latch (LATCH) or a preamplifier
followed by a latch. Due to the device variability, a latch typically has a large
random offset voltage, and is not suitable for ADC resolutions over 3-4 bits.
Comparators for higher resolution ADCs generally employ a preamplifier in order
to reduce the offset voltage. A potential drawback of such implementations is

significant power consumption of the preamplifier.

[0071] An eighth embodiment of the present invention shown in Fig. 20 provides
preamplification. Two buffer amplifiers, BA1 and BA2, and two capacitors, C1 and
C2 are employed for a comparator. A latch 810 receives the output Vout of the
preamplifier. BA1 and BA2 are buffers with appropriate offsets provided. For
example, the offset Vrerp Of BA1 and Vgern Of BA2, where Vrerp- VrRern=VREF.

[0072] Fig. 21 illustrates the previous circuit without switches showing the state of
electrical connections during the sampling phase. Fig. 22 illustrates the same

18



WO 2014/152402 PCT/US2014/027303

circuit without the switches showing the state of electrical connections during the
amplification phase. Assuming e<<1 for both BA1 and BA2, the output voltage

Vour in the amplification phase is

C,+C, Gy
REF

+C,

VI ~ YREFN T
14 1

VOUT =

where C, is capacitance at the output node. The output voltage Vour is the
difference between the input voltage and Vx amplified by a voltage gain a, where

VX = VREFN + mVREF
a - C +C,
C

This amplified difference is applied to the latch 810, and the digital output Q of the
latch is then applied to a logic circuit.

[0073] A prior art flash A/D converter is shown in Fig. 23, where a resistor ladder
produces the tap voltages that are compared with the input voltage by a bank of N
comparators. With the top of the ladder connected to one reference voltage Vgerp
and the bottom of the reference connected to another reference voltage Vrern, the
voltage at the k-th tap from the bottom is given by;

k
Vk = VREFN + VREF ﬁ
where Vrer= Vrerp-Vrern and N the number of resistors in the ladder. The input

voltage is compared with the tap voltages by a bank of comparators.

[0074] The comparator typically consists of a latch or a preamplifier followed by a
latch. Due to the device variability, a latch typically has a large random offset
voltage, and is not suitable for ADC resolutions over 3-4 bits. Comparators for
higher resolution ADCs generally employ a preamplifier in order to reduce the
offset voltage. A drawback here is, again, the power consumption of the
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preamplifier. A preamplifier amplifies the difference between the input voltage Vi
and the tap voltage Vi by a voltage gain a, producing an output voltage;
k

Vour =a,| Viy = Vegry - Vier N

where a, is the voltage gain of the preamplifier.

[0075] In a ninth embodiment, shown in Fig. 24, a SAR A/D converter 900 is
provided two buffers, BA1 and BA2. A plurality of capacitors, C1, Co, through Ch,
are appropriately ratioed for successive approximation. The the buffer based
amplification is used as a preamplifier for comparators in flash analog-to-digital
(A/D) converter. In a flash A/D converter, an input voltage Vx is compared with N

tap voltages simultaneously by N comparators.

[0076] The ninth embodiment of the present invention includes a voltage
comparator preamplifier circuit 800 described in the eighth embodiment of the
present invention for each voltage comparator in a flash A/D converter. Each
comparator samples the input voltage during the sampling phase as described in
the eighth embodiment. The output voltage Vour of the circuit 800 in the
amplification phase is

Cl
C +C,

C +C,

VREF

VOUT = VI ~ YREFN T

P

where C, is capacitance at the output node. Comparing this result with the
preamplifier equations given previously, it is noted that they are equivalent, where
C +C,

v_C—

P

z |
9
+
O

Thus, by choosing an appropriate ratio between C1 and Cs, an effective tap

voltage is created, and an output voltage that is equivalent to the output voltage of
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a prior art preamplifier is produced, without the use of the resistor ladder. The
digital output Q of the latch is then applied to an encoding logic circuit.

[0077] Fig. 25 shows A/D converter 900 without switches showing the state of
electrical connections during the sampling phase. The input voltage vy is sampled
across Cy, Cp, through Cy during the sampling phase of the operation. During the
subsequent successive approximation phases, shown in Fig. 26 without the
switches for simplicity, capacitors C1, Co, through Cy are switched to the output of
BA1 or BA2 according to the digital output Q of a latch 910 following a successive
approximation algorithm. The output voltage Vour is coupled to the latch 910 and
the digital output Q of the latch is then applied to a SAR logic circuit, which
controls the positions of the switches Sy, Sy, through Sn. More specifically, if the /-
th digital output code of the latch 910 D; (i=1,2, k, ... N)is 1, the switch S; is thrown
to position 2 such that the corresponding capacitor C;is connected to the output
voltage vop of BA1, if the i-th digital code D; is 0, the switch S; is thrown to position
3 such that the corresponding capacitor C; is connected to the output voltage von
of BA2. This operation produces an output voltage

N

i=l ~'TOT

where the voltage gain a, is

[0078] It is shown that the output voltage is identical to that of a preamplifier
output in a prior art successive approximation ADC with a voltage gain a,. Since a
reference buffer is generally required for each of the reference voltages in a prior
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art A/D converter, BA1 and BA2 may be created by slight modifications of these
reference buffers. Therefore, an effective preamplification is achieved without a

significant increase in complexity or power consumption.

[0079] Although the exemplary embodiments described in the previous herein
have been illustrated in single-ended topologies, the extension to fully-differential
topologies are straightforward. Also, a ground voltage is indicated in these
embodiments for simplicity of explanation. The ground voltage can be replaced by
a system common-mode voltage Vcum in actual circuits without affecting the

functionality of the embodiments.

[0080] While various inventive embodiments have been described and illustrated
herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the function and/or obtaining the results
and/or one or more of the advantages described herein, and each of such
variations and/or modifications is deemed to be within the scope of the inventive
embodiments described herein. More generally, those skilled in the art will readily
appreciate that all parameters, dimensions, materials, and configurations
described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the inventive teachings is/are used. Those
skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments
are presented by way of example only and that, within the scope of the appended
claims and equivalents thereto, inventive embodiments may be practiced
otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article,
material, kit, and/or method described herein. In addition, any combination of two

or more such features, systems, articles, materials, kits, and/or methods, if such
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features, systems, articles, materials, kits, and/or methods are not mutually
inconsistent, is included within the inventive scope of the present disclosure.

[0081] The above-described embodiments of the invention can be implemented
in any of numerous ways. For example, some embodiments may be implemented
using hardware, software or a combination thereof. When any aspect of an
embodiment is implemented at least in part in software, the software code can be
executed on any suitable processor or collection of processors, whether provided

in a single computer or distributed among multiple computers.

[0082] Also, the technology described herein may be embodied as a method, of
which at least one example has been provided. The acts performed as part of the
method may be ordered in any suitable way. Accordingly, embodiments may be
constructed in which acts are performed in an order different than illustrated,
which may include performing some acts simultaneously, even though shown as

sequential acts in illustrative embodiments.

[0083] What is claimed is:
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Claims

1. An amplifier circuit comprising:
a buffer amplifier having an input terminal and an output terminal; and
an input source having a source resistance wherein:
the buffer amplifier has high input resistance and a voltage gain
substantially equal to one; and
the input source is electrically coupled across the input terminal and the
output terminal of the buffer amplifier.

2. The circuit of claim 1, further including a resistor electrically coupled to the input
terminal of the buffer amplifier.

3. The circuit of claim 1, wherein an output voltage is obtained at the output terminal
of the buffer amplifier.

4. The circuit of claim 1, wherein an output voltage is obtained at the input terminal
of the buffer amplifier.

5. A discrete-time amplifier circuit operable in a sampling phase and an
amplification phase, the amplifier circuit comprising:

a plurality of switches;

a first and a second capacitor; and

at least one buffer amplifier having an input terminal and an output terminal,
wherein:

during the sampling phase, the plurality of switches are configured to
couple a first input voltage to the first capacitor and a second input voltage to the
second capacitor; and
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during the amplification phase, the plurality of switches are configured to
couple the first and the second capacitors across the input terminal and the
output terminal of the buffer amplifier to amplify a weighted sum of the first and

the second input voltages.

6. The circuit of claim 5, wherein an output voltage is obtained at the output terminal

of the buffer amplifier.

7. The circuit of claim 5, wherein an output voltage is obtained at the input terminal

of the buffer amplifier.

8. The circuit of claim 5, further including a third capacitor electrically coupled to the

input terminal of the buffer amplifier.

9. The circuit of claim 5, wherein the second input voltage is a reference voltage.

10. A discrete-time amplifier circuit operable in a sampling phase and an
amplification phase, the amplifier circuit comprising:
a plurality of switches;
a first and a second capacitor; and
at least one buffer amplifier having an input terminal, an output terminal, and an
offset voltage, wherein:
during the sampling phase, the plurality of switches are configured to
couple a first input voltage and the output terminal of the buffer amplifier to the
first capacitor and a second input voltage and the output terminal of the buffer
amplifier to the second capacitor; and
during the amplification phase, the plurality of switches are configured to

couple the first and the second capacitors across the input terminal and the
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output terminal of the buffer amplifier to effectively remove the offset voltage of

the buffer amplifier.

11.  The circuit of claim 10, wherein an output voltage is obtained at the output

terminal of the buffer amplifier.

12.  The circuit of claim 10, wherein an output voltage is obtained at the input terminal

of the buffer amplifier.

13.  The circuit of claim 10, further including a third capacitor electrically coupled to

the input terminal of the buffer amplifier.

14.  The circuit of claim 10, wherein the second input voltage is a reference voltage.

15. A discrete-time amplifier circuit operable in a sampling phase and an
amplification phase, the amplifier circuit comprising:
a plurality of switches;
a capacitor; and
a buffer amplifier having an input terminal and an output terminal, wherein:
the buffer amplifier includes an intentional offset voltage;
during the sampling phase, the plurality of switches are configured to
couple an input voltage to the capacitor; and
during the amplification phase, the plurality of switches are configured to
couple the capacitor across the input terminal and the output terminal of the
buffer amplifier to amplify a difference between the input voltage and the

intentional offset voltage.

16.  The circuit of claim 15, wherein an output voltage is obtained at the output

terminal of the first buffer amplifier.
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17.  The circuit of claim 15, wherein an output voltage is obtained at the input terminal
of the first buffer amplifier.

18.  The circuit of claim 15, wherein the first intentional offset voltage is a reference
voltage.

19.  The circuit of claim 15, further including:
a second buffer amplifier and a second and a third capacitor; wherein:
the second capacitor receives the first input voltage during the sampling
phase;
the second capacitor is coupled across the second buffer amplifier during
the amplification phase; and
the third capacitor is electrically coupled to the first buffer amplifier.

20. The circuit of claim 19, wherein an output voltage is obtained at the input terminal
of the first buffer amplifier.

21.  The circuit of claim 15, wherein the first intentional offset voltage is a reference
voltage.

22.  An analog-to-digital converter comprising;
a plurality of switches;
at least one capacitor;
a first buffer amplifier having an input terminal and an output terminal,
a second buffer amplifier having an input terminal and an output terminal; and
a latch circuit coupled to the input terminal of the buffer amplifier, wherein:

during the sampling phase, the plurality of switches are configured to

couple an input voltage to the at least one capacitor;
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during the successive approximation phase, the plurality of switches are
configured to couple the at least one capacitor across the input terminal and the
output terminal of the first buffer amplifier or the second buffer amplifier.

23. The circuit of claim 22, wherein the analog-to-digital converter is a flash analog-
to-digital converter.

24.  The circuit of claim 22, wherein the analog-to-digital converter is a successive
approximation analog-to-digital converter.

25.  The circuit of claim 24, wherein an output of the latch circuit is coupled to the
plurality of switches.
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