WO 2025/136466 PCT/US2024/042743

DYNAMIC TRANSLINEAR CURRENT MULTIPLIER FOR ANALOG
COMPUTING

FIELD
[0001] The present disclosure relates generally to current multipliers, and more

particularly to dynamic translinear current multipliers for analog computing.

BACKGROUND
[0002] Translinear circuits are analog electronic circuits that employ the
relationship between exponential functions to perform mathematical operations. The
term translinear refers to operating a device or circuit to transform an input in a non-
linear fashion to an intermediate form, then using the same or similar circuit to reverse
the transformation to produce an output. The overall relation between the output and
the input is linear, hence the term trans-linear. Alterations of the intermediate form can
then be used to generate outputs that could not be obtained otherwise through normal
(or linear) processing of the input. The most common application of translinear circuits
operates transistors and diodes in the exponential region (or sub-threshold region for
field-effect transistors) of their characteristics. Operating these circuits in their
translinear regime allows them to perform a variety of functions on currents, including
multiplication, division, and exponentiation. The exponential nature of these devices is
what makes translinear circuits unique and powerful, as they can perform complex
computations with relatively simple circuitry. Thus, translinear circuits may be

employed in analog signal processing and analog computing applications.

BRIEF DESCRIPTION
[0003] Aspects and advantages of the present disclosure will be set forth in part in
the following description, or may be obvious from the description, or may be learned
through practice of the present disclosure.
[0004] According to some aspects of the present disclosure, a dynamic electrical
circuit receives a first input current, a second input current, a third input current, and an
input voltage. The circuit comprises an input branch and an output branch. The input

branch includes a first transistor-and a first capacitive element. The output branch
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includes a second transistor-and a second capacitive element. The electrical circuit is
configured to generate a first voltage difference associated with the first input current.
The first voltage difference is a voltage difference between a first voltage and the input
voltage. The first voltage is related to the first input current. The electrical circuit is
configured to generate a first charged state of the first capacitive element by storing the
first voltage. The electrical circuit is configured to generate a second voltage difference
associated with the second input current. The second voltage difference is a voltage
difference between the first voltage and a second voltage. The second voltage
difference is related to the second input current. The electrical circuit is configured to
generate a third voltage difference associated with the third input current. The third
voltage difference is a voltage difference between a third voltage and the second
voltage. The third voltage difference is related to the third input current. The electrical
circuit 1s configured to generate an output current by providing the input voltage and
the third voltage. The output current is related to a fourth voltage difference. The fourth
voltage difference is the difference between the third voltage and the input voltage. A
sum of the first voltage difference and the third voltage difference is equivalent to a
sum of the second voltage difference and the fourth voltage difference.

[0005] These and other features, aspects, and advantages of the present disclosure
will be further supported and described with reference to the following description and
appended claims. The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate embodiments of the disclosure and,

together with the description, serve to explain the principles of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] A full and enabling disclosure of the present disclosure, including the best
mode thereof, directed to one of ordinary skill in the art, is set forth in the specification,
which makes reference to the appended figures, in which:
[0007] FIG. 1A shows an embodiment of a continuous time two branch translinear
current multiplier;
[0008] FIG. 1B shows another embodiment of a continuous time two branch
translinear current multiplier, using an alternate biasing scheme;

[0009] FIG. 1C shows an embodiment of a continuous time two branch translinear
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current multiplier incorporating a low-pass filter feature;

[0010] FIG. 1D shows an embodiment of a continuous time three branch translinear
current multiplier;

[0011] FIG. 2A shows an embodiment of a discrete time two branch dynamic
translinear current multiplier;

[0012] FIG. 2B shows a timing diagram for the cyclic (and non-pipelined)
operation of the translinear current multiplier of FIG. 2A, according to various
embodiments;

[0013] FIG. 2C shows a timing diagram for the cyclic pipelined operation of the
translinear current multiplier of FIG. 2A, according to various embodiments;

[0014] FIG. 2D shows a timing diagram for the cyclic pipelined operation of the
translinear current multiplier of FIG. 2A, with additional optional stages, according to
various embodiments;

[0015] FIG. 3A shows an embodiment of a discrete time three branch dynamic
translinear current multiplier;

[0016] FIG. 3B shows a timing diagram for the cyclic (and non-pipelined)
operation of the translinear current multiplier of FIG. 3A, according to various
embodiments; and

[0017] FIG. 3C shows a timing diagram for the cyclic pipelined operation of the
translinear current multiplier of FIG. 3A, according to various embodiments.

[0018] Repeat use of reference characters in the present specification and drawings
is intended to represent the same or analogous features or elements of the present

technology.

DETAILED DESCRIPTION
[0019] Reference now will be made in detail to embodiments of the disclosure, one
or more examples of which are illustrated in the drawings. Each example is provided
by way of explanation of the disclosure, not limitation of the disclosure. In fact, it will
be apparent to those skilled in the art that various modifications and variations can be
made in the present disclosure without departing from the scope or spirit of the
disclosure. For instance, features illustrated or described as part can be used with

another embodiment to yield a still further embodiment. Thus, it is intended that the
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present disclosure covers such modifications and variations as come within the scope
of the appended claims and their equivalents.

[0020] In this document, relational terms, such as first and second, top and bottom,
and the like, are used solely to distinguish one entity or action from another entity or
action, without necessarily requiring or implying any actual such relationship or order

<

between such entities or actions. The terms “comprises,” “comprising,” or any other
variation thereof, are intended to cover a non-exclusive inclusion, such that a process,
method, article, or apparatus that comprises a list of elements does not include only
those elements but may include other elements not expressly listed or inherent to such
process, method, article, or apparatus. An element preceded by “comprises... a” does
not, without more constraints, preclude the existence of additional identical elements in
the process, method, article, or apparatus that comprises the element.

[0021] Approximating language, as used herein throughout the specification and

claims, is applied to modify any quantitative representation that could permissibly vary

without resulting in a change in the basic function to which it is related. Accordingly,

2 < 2

a value modified by a term or terms, such as “about,” “approximately,” “generally,”
and “substantially,” is not to be limited to the precise value specified. In at least some
instances, the approximating language may correspond to the precision of an instrument
for measuring the value, or the precision of the methods or apparatus for constructing
or manufacturing the components and/or systems. For example, the approximating
language may refer to being within a ten percent margin.

[0022] Moreover, the technology of the present application will be described in
relation to exemplary embodiments. The word “exemplary” is used herein to mean
“serving as an example, instance, or illustration.” Any embodiment described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
embodiments. Additionally, unless specifically identified otherwise, all embodiments
described herein will be considered exemplary.

[0023] As used herein, the term “and/or,” when used in a list of two or more items,
means that any one of the listed items can be employed by itself, or any combination of

two or more of the listed items can be employed. For example, if a composition or

assembly is described as containing components A, B, and/or C, the composition or
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assembly can contain A alone; B alone; C alone; A and B in combination; A and C in
combination; B and C in combination; or A, B, and C in combination.

[0024] In general, examples of the present subject matter are directed to designs
and architectures for translinear current multipliers (TCM). A TCM is a type of
electronic circuit that uses the translinear principle to multiply (and/or divide) electrical
currents. The translinear principle includes the exponential relationship between a
voltage applied to a first terminal of a transistor and the current at a second terminal of
the transistor. For bipolar junction transistors (BJTs), the current is the current
transmitted between the emitter and collector terminals, while the applied voltage is
between the base and emitter terminals. For field effect transistors (FETs), the current
is the current transmitted between the drain and source terminals and the applied voltage
is between the gate and source terminals (e.g., often referred to as the gate-to-source
voltage).

[0025] Various embodiments of TCMs are discussed herein. In much of the
discussion, FETs are employed to demonstrate the design, architecture, and operations
of the various TCM embodiments. However, the embodiments are not so limited, and
at least some of the embodiments may employ BJTs in addition to, or in the alternative
to, the employment of FETs. The FETs of the various embodiments may be metal-
oxide-semiconductor FETs (MOSFETs). The various TCMs may be fabricated on a
complementary metal-oxide-semiconductor (CMOS) process. As such, some of the
FETs may be P-MOS FETs (e.g., a p-channel FET), while other FETs may be N-MOS
FETs (e.g., an n-channel FET). In some embodiments, a FET may be a p-channel or an
n-channel junction FET (JFET).

[0026] Some embodiments include multiple branches (e.g., a first branch and a
second branch). The first branch may receive a first input current and a second input
current. The second branch may receive a third input current and may provide an output
current. The output current may be equivalent to the product of the third input current
with the ratio of the first and second input currents. The TCMs of the various
embodiments are scalable, such that more than two branches may be included for
additional multiplications and/or divisions of the input currents. For example, some
embodiments may include three branches: a first branch, a second branch, and a third

branch. The first branch receives first and second input currents, the second branch
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receives third and fourth input currents, and the third branch receives a fifth input
current and generates the output current. In such embodiments, the output current is
equivalent to the product of the fifth input current with the ratio of the first and second
currents and the ratio of the third and fourth input currents. In such embodiments, the
first branch may be referred to as the input branch, the third branch (or last branch) may
be referred to as the output branch, and the second branch (and any additional branches)
may be referred to as intermediate branches. In some embodiments, all inputand output
currents (and their associated voltages) may be associated with direct current (DC)
signals. However, the embodiments are not so limited and at least some embodiments
may be directed towards time-varying current signals, such as alternating current (AC)
signals.

[0027] This scalability can continue to have more than three branches (e.g., an input
branch, an output branch, and two or more intermediate branches). Each input branch
receives two input currents, each intermediate branch receives another two input
currents, and the output branch receives another input current and generates an output
current. The output current is equivalent to the product of the input current received by
the output branch with the ratio of the two input currents of the input branch and each
intermediate branch.

[0028] That is, each input branch and each intermediate branch (of a TCM) is
associated with an input current ratio for its two input currents. For a given input branch
or intermediate branch, a first input current that is included as the numerator in the input
current ratio for the given input branch or intermediate branch may be referred to as the
counterclockwise (CCW) input current for the given input branch or intermediate
branch. A second input current that is included as the denominator in the input current
ratio for the given input branch or intermediate branch may be referred to as a clockwise
(CW) input current for the given input branch or intermediate branch. For the output
branch of the TCM, the input current of the output branch may be a CCW input current
for the output branch, and the output current may be a CW output current for the output
branch. The usage of the terms CCW and CW for translinear elements is historical, and
refers to their orientation in BJT implementations. Thus, the output current (for a TCM)
is equivalent to the product of the input current received by the output branch with the

input current ratios of each of the input branches of the TCM. Stating this another way,
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the output current of a TCM is equivalent to the ratio of the product of all the CCW
input currents to the product of all of the CW input currents. Because the total number
of CCW input currents is one greater than the total number of CW input currents, the
units on the ratio of the two products of currents is amps (or some other unit of electrical
current). Noting that the output current is a CW current, still another way to state this
result is that the product of all CCW currents (of the TCM) is equivalent to the product
of all the CW currents (of the TCM). This result is a consequence of the translinear
nature of a correctly constructed TCM.

[0029] The branches of a TCM may be arranged in a cascading fashion. In the
following discussion, the multiple branches of a TCM are discussed as being arranged
in a (horizontal with respect to the page) linear fashion (e.g., an ordered 1D array of
cascading branches). Although, the embodiments are not so limited and the branches
may be arranged in alternative fashions, e.g., 2D and 3D arrays of cascading branches.
That 1s, the horizontal linear arrangements of cascading branches are logical
arrangements (or positioning) of the branches, and the actual physical arrangement (or
positioning) of the branches may take on a 2D or 3D arrangement on an integrated
circuit (e.g., a CMOS chip). Thus, in the following discussion, the arrangement of the
branches is logically (i.e., not necessarily physically) assumed to be a left-to-right 1D
chain of cascading branches. A first input branch is assumed to be the left-most branch
of the 1D chain, while the output branch is assumed to be the right-most branch of the
1D chain. Each of the intermediate branches may be logically arranged in the 1D chain
between the left-most input branch and the right-most output branch. Each intermediate
branch has a left-neighboring branch and a right-neighboring branch. The input branch
has only a right-neighboring branch, and the output branch has only a left-neighboring
branch. The terms left and right refer to an observer looking at a page that includes a
representation of the 1D chain of branches.

[0030] In some embodiments, each branch of a TCM may include a pair of
translinear elements (TEs) such as FETs. Such embodiments may be referred to as
continuous time TCMs. In a continuous time TCM, the first and second FETs of the
pair may each pass (or transmit) one of the two input currents between its drain and
source terminals. The FET (of a pair of FETs of a given input branch or intermediate

branch) that transmits the CCW input current (of the given input branch or intermediate
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branch) may be referred to as the CCW FET of the given input branch or intermediate
branch. Likewise, the other FET of the given input branch or intermediate branch that
transmits the CW input current (of the given input branch or intermediate branch) may
be referred to as the CW FET of the given input branch or intermediate branch.
Similarly, in the output branch of the continuous time TCM, the FET that transmits the
mput current (of the output branch) may be referred to as the CCW FET of the output
branch and the other FET that transmits the output current is referred to as the CW FET
of the output branch. Thus, each branch of a continuous time TCM may have a CCW
FET and a CW FET. In the logical 1D chain of cascading branches of a TCM discussed
above, the CCW FET is the logical-left FET of the branch and the CW FET is the
logical-right FET of the branch.

[0031] In some embodiments, all FETs may be matched. Matching FETs may be
required to have similar characteristics (for example, the base of the exponent in the
transistor’s exponential region is the same) but not necessarily the same size. In other
embodiments, the FETs may be matched pair-wise, where one CCW FET is matched
with another CW FET in the circuit. In other embodiments, the FETs may be matched
pair-wise within each branch. In other embodiments, the FETs may be matched pair-
wise within each branch and may also be similarly sized. Due to process variations
(e.g., variations of a CMOS process), the ability to manufacture precise matching FETs
may be difficult. The need for precise matching of the paired transistors is enhanced in
the exponential region of their operation. As such, the performance of a continuous time
TCM may be degraded.

[0032] To overcome such issues, other embodiments include a discrete-time TCM,
that is operated in multiple stages. Such embodiments may be referred to as a dynamic
TCM. For a dynamic TCM, each branch of the TCM includes a single FET and a
capacitive element. That is, the matching FETs of a continuous time TCM are replaced
by a single FET. Each branch has a set of switches that are employed to transition the
configurations of the FET and capacitive element in the branch. In some embodiments,
the number of operational stages may be two or more. For instance, in a non-limiting
embodiment of a two branch dynamic TCM, the input branch may include a first
transistor and a first capacitive element. The output branch may include a second

transistor and a second capacitive element. In some of the operational stages, the FET
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of a branch may function as a CCW FET, in that it is operating to transmit the CCW
current. In other stages, the FET of the branch may function as a CW FET, in that it 1s
operating to transmit the CW current. In some embodiments, the CCW current is
employed to charge the capacitive element. The charged capacitive element is enabled
to provide the gate terminal voltage for the transistor when it is transmitting the CW
current. That is, the capacitive element is employed as a storage (or memory)
means/mechanism. The capacitive element stores (e.g., learns) the voltage of the CCW
currents, and uses the stored voltage to drive the CW currents.

[0033] Each branch of a TCM has at least four signal lines: a first upper line, a
second upper line, a first lower line, and a second lower line. Within the 2D plane (of
the page), the terms upper and lower refer to the vertical dimension that is perpendicular
to the horizontal chain of branches (represented on a 2D page). For continuous time
TCMs, the CCW FET of the branch electrically couples the first upper line with the
first lower line and the CW FET of the branch electrically couples the second upper
line with the second lower line. Thus, the first upper line may be referred to as a CCW
upper line (of the branch) and the first lower line may be referred to as a CCW lower
line (of the branch). Similarly, the second upper line may be referred to as a CW upper
line (of the branch) and the second lower line may be referred to as a CW lower line (of
the branch). Note that dynamic TCMs have a single FET, but the CCW and CW terms
may still be applied to the signal lines of a dynamic TCM. The following discussion
assumes a continuous time TCM with matched and similarly sized CCW and CW FETs,
however, the concepts are relevant for the dynamic TCM embodiments also.

[0034] In some embodiments, the drain terminal of the CCW FET (in a static TCM)
is electrically coupled to the first (or CCW) upper line and the source terminal of the
CCW FET is electrically coupled to the first (or CCW) lower line. Likewise, the drain
terminal of the CW FET is electrically coupled to the second (or CW) upper line and
the source terminal of the CW FET is electrically coupled to the second (or CW) lower
line. A gate line may couple the gate terminal of the CCW FET to the gate terminal of
the CW FET, such that the gate terminals of the CCW and CW FETS have a common
voltage. Another line of the branch may couple the CCW upper line to the gate line.
The signal transmission line (of the branch) that includes the upper CCW line, the CCW
FET, and the lower CCW line may be referred to as the CCW transmission line of the
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branch. Likewise, the signal transmission (of the branch) that includes the upper CW
line, the CW FET, and the lower CW line may be referred to as the CW transmission
line of the branch.

[0035] The cascading branches of a TCM are coupled to their left and/or right
neighboring branches. In a branch of a continuous time TCM that has a left-neighboring
branch, the lower CCW line (of the branch) is coupled to the lower CW line of the
branch’s left-neighboring branch. Likewise, in a branch of a static TCM that has a right-
neighboring branch, the lower CW line (of the branch) is coupled to the lower CCW
line of the branch’s right-neighboring branch. Thus, the input branch of a TCM 1s
coupled to its right-neighboring branch. The output branch of a TCM is coupled to its
left-neighboring branch. Each of the intermediate branches is coupled to a left-
neighboring branch and a right-neighboring branch.

[0036] A dynamic TCM may include an input branch and an output branch. The
put branch may include a first transistor and a first capacitive element. The output
branch may include a second transistor and a second capacitive element. As noted
throughout, a dynamic TCM may include additional intermediate branches. However,
for ease of explanation, the following discussion is focused on a two branch dynamic
TCM. The two branch dynamic TCM receives a first input current (e.g., /a), a second
input current (e.g., Iv), a third input current (e.g., Ic), and an input voltage (e.g., Vrrr).
The two branch dynamic TCM produces an output current (e.g., Jou). A first voltage
difference (e.g., V1-Vrer) 1s associated with the first input current, a second voltage
difference (e.g., V1-V2) is associated with the second input current, a third voltage
difference (e.g., V3-72) is associated with the third input current and a fourth voltage
difference (e.g., V3-V4) 1s associated with the output current. The two branch dynamic
TCM is operated via a set of (cyclic and synchronous) operational stages. The set of
operational stages may include three stages (or two stages if pipelined as described
below). The TCM is transitioned between the stages via sets of switches of the first
branch and additional sets of switches of the second branch.

[0037] In a first operational stage, the TCM is configured (via the switches) to
generate a first voltage difference defined as (V1-Vrer). The first voltage difference (J1-
VrErF) 1s generated by providing the input voltage (Vrer) and the first input current (Z,)

to the first transistor. The first voltage difference (V1-Vrer) is logarithmically related to
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the first input current (/,). In the first operational stage, the TCM is also configured (via
the switches) to store the first voltage (/1) on the first capacitive element.

[0038] In a second operational stage, the TCM is configured (via the switches) to
generate a second voltage difference defined as (V1-12). The second voltage difference
(V1-V>) 1s generated by providing the second input current (/) and the first voltage (V1)
to the first transistor. The first voltage (V1) is provided by the first capacitance. The
second voltage difference (V1-1>) is logarithmically related to the second input current
(fy). In the second operational stage, the TCM is also configured (via the switches) to
generate a third voltage difference defined as (V3-73). The third voltage difference (V3-
V2) is generated by providing the second voltage (¥2) and the third input current (/;) to
the second transistor. The second voltage (72) is provided by the first transistor. The
third voltage difference (V3-1) is logarithmically related to the third input current (7).
In the second operational stage, the TCM is also configured (via the switches) to store
the third voltage (73) on the second capacitive element.

[0039] During a third operational stage, the TCM is configured (via the switches)
to generate the output current (/ou). The output current (/o) 1s related to a fourth voltage
difference defined as (V3-Vzrr). The output current (low) 1s generated by providing the
third voltage (J3) and the input voltage (V'rzr) to the second transistor. The third voltage
(V3) 1s provided by the second capacitance. The output current (Zou) 1s exponentially
related to the fourth voltage difference (V3-Vrer). As defined, the sum of the first (V3-
Vrer) and third (V3-V2) voltage differences equals the sum of the second (V1-7>) and
fourth (V3-Vrer) voltage differences. Therefore, because of the exponential relation
between the currents and the voltage differences, the product of the first (/) and third
(1) input currents must equal the product of the second input current (/;) and the output
current (Zout).

[0040] Although the operation of the TCM has been described in three operational
stages, the first and third operational stages are not mutually exclusive. The first
operational stage generates the first voltage (V1) and the third operational stage uses the
third voltage (7/3), so the first and second transistors operate independently. Therefore,
the first and third stages of operation can occur concurrently, and can be combined into
a single operational stage. This results in a pipelined TCM with two operational

pipelined stages. During the first pipelined operational stage, the TCM is configured as
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for both the first and third non-pipelined operational stages. During the second
operational pipelined stage, the TCM is configured as for the second non-pipelined
operational stage. The pipelined TCM will produce a new output current (/out) every
other operational pipelined stage, but the delay required to update the output current
(Zow) after a change in the first input current (/,) 1s still two operational stages (as in the
non-pipelined TCM).

[0041] Referring now to FIG 1A, FIG. 1A shows an embodiment of a two branch
continuous time translinear current multiplier (TCM) 100. TCM 100 has an input
branch 102 and an output branch 108. The input branch 102 has two matched NFETs:
first NFET ( 104) and second NFET ( 106). The output branch 108 also has two matched
NFETs: third NFET ( 110) and fourth NFET ( 112). The input branch 102 receives a
first input current (/,) and a second input current (/). The output branch 108 receives a
third input current ( /.) and generates an output current (Zou).

[0042] I, generates a voltage of V1 from the input voltage V'rer through the feedback
connection between the gate terminal of the first NFET (104) and the drain terminal of
the first NFET (104). I, generates a voltage of V; from voltage V1 at the source terminal
of the second NFET (100). /. generates a voltage of V3 from V; through the feedback
connection between the gate terminal of the third NFET (110) and the drain terminal of
the third NFET (110). The source terminals of the first NFET (104) and the fourth
NFET (112) are coupled to a common input voltage source ( VRrer). VG(;I =V, -
VoiasVos = V1 = VoiasVis = Vi = VaVps = —VolVgs = Va = VoVps = V3 =1,V =

Vi — VbiasVD%4 = Vout — Vpias As shown in FIG. 1A, V1 is the gate terminal voltage of
both the first NFET (104) and the second NFET (106). V; is the source terminal voltage
of both the second NFET (106) and the third NFET (110). V3 is the gate terminal voltage
of both the third NFET (110) and the fourth NFET (112). That is, for the first NFET
(104), Vasi=Vi-Vrer. For the second NFET (106), Vgs2=V1-V>. For the third NFET
(110), Ves3=V3-V>. For the fourth NFET (112), Vgs4=V3-Vrer. Note that as shown in
FIG. 1A, I 1s provided both above and below the third NFET (110), whereas I, is
provided only below the second NFET (106). This is to make clear that I, is the current
that flows through the second NFET (106) only. However, in some embodiments, 7

and the lower /. are combined into a single current I, where I,.=Iy+I., and the current
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that flows through the second NFET (106) is then /y-/..

[0043] When FETs are operated in the sub-threshold regime, there is an exponential
relationship between Is the gate-source voltage (Vgs) and the drain-source current
(Ins), e.g., Ips & a - ePVes Thus, a FET may be employed to exponentially transform
a voltage (e.g., Vgs) into a current (e.g., Ips), or through the use of a feedback loop,
logarithmically transform a current (e.g., Ips) into a voltage (e.g., Vs). Thus, the first
NFET (104) to logarithmically converts /, to the voltage difference Vosi=V1-Vrer. The
second NFET (106) logarithmically converts I to the voltage difference Vgsr=V1-V>.
The third NFET (110) logarithmically converts /. to the voltage difference Vgss=V3-1>.
The fourth NFET (112) operates in the inverse in that it exponentially converts the
voltage difference Vgsa=V3-VREF t0 Lout.

[0044] Although not shown explicitly in FIG. 1A, the three input currents and the
output current are flowing through a common closed loop, and each of the currents is
flowing through a separate translinear element (e.g., NFETs 104, 106, 110 and 112).
The first NFET (104) and the third NFET (110) are arranged in a counterclockwise
(CCW) orientation in the loop and the second NFET (106) and the fourth NFET (112)
are arranged in a CW orientation of the loop. Thus, 7, and I, are CCW currents and 7,
and oi are CW currents. Based on Kirchhoff’s current and voltage laws for a closed
loop, and the exponential relationships between current and voltage, the translinear
principle requires that the product of the CCW currents and the product of the CW must

be equivalent. Thus, as indicated in FIG. 1A, I,,,; = I‘;—IC
b

[0045] FIG. 1B shows another embodiment of a TCM, with an alternative biasing
scheme. Instead of applying Iy to the source terminal of the second NFET (106) as in
FIG. 1A, I is applied to the drain terminal of the second NFET (206) in FIG. 1B. To
ensure that [, will flow in the second NFET (206) and that /. will flow in the third NFET
(212), a bias NFET (208) provides a current sink for the source terminals of the second
NFET (206) and third NFET (212). The gate terminal of bias NFET (208) is controlled
by I, through a feedback connection to the drain terminal of the second NFET (206). In
contrast to the embodiment shown in FIG. 1A, this embodiment has only one input /,
provided above the third NFET (212).

[0046] FIG. 1C shows another embodiment of a TCM, incorporating a low-pass

13
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filter feature. This embodiment is similar to the embodiment of FIG. 1A, with the
addition of a filter capacitor connected between }> and ground (or another fixed
voltage). This results in a low-pass filter between I, and Iou, with the cut-off frequency
controlled by 7, (i.e., independent of /). The current gain of the circuit is controlled by
the ratio of /; to Iy. For this embodiment, 7, is considered the input signal to be filtered
and oy is the filtered output. Iy and /. are control signal that may be constant. This
embodiment shows that TCMs can be used for other purposes than just multiplying
currents.

[0047] The TCMs of the various embodiments are scalable, such that more than
two branches may be included for additional multiplications and/or divisions of the
input currents. FIG. 1D shows an embodiment of a three branch continuous time
translinear current multiplier (TCM) 400. TCM 400 has a similar design to TCM 100
of FIG. 1A, with the addition of an intermediate branch (408) positioned between the
input branch (402) and the output branch (414) . Similar to TCM 100, each branch has
two matched NFETs. More particularly, the input branch (402) has two matched
NFETs: 404 and 406, where NFET 404 is a CCW NFET and NFET 406 isa CW NFET.
The intermediate branch 408 has two matched NFETs: 410 and 412, where NFET 410
1sa CCW NFET and NFET 412 isa CW NFET. The output branch 414 has two matched
NFETs: 416 and 418, where NFET 416 i1s a CCW NFET and NFET 418 is a CW NFET.
[0048] The input branch (402) receives the CCW input current /, and the CW input
current I, where I, flows through NFET 404 and I, flows through NFET 406. The
intermediate branch (408) receives the CCW input current /. and the CW input current
14, where I flows through NFET 410 and Iy flows through NFET 412. The output
branch (414) receives the CCW input current /; and generates the CW output current
Lout, where 1. flows through NFET 416 and /o flows through NFET 418. /, has a
corresponding voltage difference: Vi-Vrer. Iy has a corresponding voltage difference:
Vi-V>. I has a corresponding voltage difference: V3-7>. 14 has a corresponding voltage
difference: V3-V, I. has a corresponding voltage difference: Vs-V, I, has a
corresponding voltage difference: Vs-Vrer. The input voltage Vrer is also shown.

Connections to ground are also shown in FIG. 1D. Based on the device physics

Iglcle

discussed in conjunction with TCM 100, 1,,,,; = IR
b'ld
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[0049] Turning attention to FIGs. 2A-2D, FIG. 2A shows an embodiment of a two
branch dynamic translinear current multiplier (TCM) 500. TCM 500 is operated
synchronously via three operational stages or two pipelined operational stages (when
overlapping the first and third operational stages). The stages are cyclic. FIG. 2B shows
a non-pipelined timing diagram 550 for the cyclic and synchronous operation of the
TCM 500 of FIG. 2A, according to various embodiments. FIG. 2C shows a pipelined
timing diagram 560 for the cyclic and synchronous operation of the TCM 500 of FIG.
2A, according to various embodiments. FIG. 2D shows a pipelined timing diagram 570
with optional stages for the cyclic and synchronous operation of the TCM 500 of FIG.
2A, according to various embodiments. FIGs. 2A, 2B, 2C, and 2D will be discussed in
conjunction with one another. Similar to TCM 100 of FIG. 1A, TCM 500 has an input
branch 502 and an output branch 518. However, rather than having two matched
transistors, each branch of TCM 500 has only a single transistor. Furthermore, each
branch of TCM 500 has a capacitive element and a set of control switches. The control
switches of each branch are employed to transition states of the TCM between its
operational stages. As discussed below, in the first operational stage, the dynamic TCM
500 is in a first operational state. In the second operational stage, the dynamic TCM
500 is in a second operational state. In the third operational stage, the dynamic TCM
500 1s in a third operational state. In the pipelined operation of TCM 500, the first and
third operational states occur simultaneously. Thus, the dynamic TCM 500 may be
operated as an analog state machine that synchronously loops over its states. The state
of the dynamic TCM 500 may be characterized by the states of the sets of switches for
each branch. Having only a single transistor in each branch, the design of the dynamic
TCM 500 obviates the requirement of matching transistors.

[0050] More particularly, input branch 502 has a first transistor 504, a first
capacitive element 506, and two sets of switches. The first set of switches includes the
first switch 508, the second switch 510, and the third switch 512. The second set of
switches includes the fourth switch 514, and the fifth switch 516. Similarly, the output
branch 518 has a second transistor 520, a second capacitive element 522, and another
two sets of switches. The third set of switches includes the sixth switch 524, the seventh
switch 526, and the eighth switch 528. The fourth set of switches includes the ninth
switch 530, and the tenth switch 532. Similar to continous time TCM 100, dynamic
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TCM 500 receives a first input current (/,), a second input current (%), and a third input

current (/). TCM 500 also receives an input voltage ( Vrer). In response, to receiving

its inputs (and being operated in its cyclic stages or states), TCM 500 generates an
Igle

output current (Zou), where I, = I
b

[0051] Note that the first capacitive element 506 and the second capacitive element
522 are shown as discrete capacitor devices in FIG. 2A. However, the embodiments are
not so limited, and each of the first capacitive element 506 and the second capacitive
element 522 may be (or include) parasitic capacitive elements of the circuitry of the
TCM 500. In some embodiments, whether the capacitive elements are discrete devices
or parasitic capacitances, the effective capacitance of the capacitive elements may be
increased by employing a Miller amplifier (e.g., a voltage inverting amplifier) and/or
the Miller effect as described in XYZ, the contents of which are incorporated in their
entirety herein. INCORPORATE NOC-104 HERE. By employing a Miller amplifier
and/or the Miller effect, the physical footprint of the capacitive elements may be
decreased and/or the performance of the circuit improved. Accordingly, real estate on
an integrated chip may be utilized more efficiently.

[0052] Also similar to TCM 100, the first and third input currents may be
counterclockwise (CCW) currents, while the second input current and the output
current may be clockwise (CW) currents. The first input current (/,) may be associated
with a first voltage difference V1-Vrer. The second input current (/) may be associated
with a second voltage difference V1-7,. The third input current (I.) may be associated
with a third voltage difference V3-72. The output current (out) may be associated with
a fourth voltage difference V3-Vrgr.

[0053] In some embodiments, the first transistor 504 and the second transistor 520
are field effect transistors (FETs). Accordingly, the first transistor 504 has a first drain
terminal coupled to the first switch 508 and the fourth switch 514. The first transistor
504 has a first source terminal coupled to the third switch 512 and the fifth switch 516.
The first transistor 504 has a first gate terminal coupled to the second switch 510 and a
first terminal of the first capacitive element 506. The second terminal of the first
capacitive element 506 is coupled to a ground source or another fixed voltage. The

second transistor 520 has a second drain terminal coupled to the sixth switch 524 and
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the ninth switch 530. The second transistor 520 has a second source terminal coupled
to the eighth switch 528 and the tenth switch 532. The second transistor 520 has a
second gate terminal coupled to the seventh switch 526 and a first terminal of the second
capacitive element 522. The second terminal of the second capacitive element 522 is
coupled to a ground source or another fixed voltage .

[0054] The first switch 508 selectively couples a source of the first input current /7,
and the drain terminal of the first transistor 504. The second switch 510 selectively
couples the drain terminal of the first transistor 504 and the gate terminal of the first
transistor 504, as well as the first terminal of the first capacitive element 506. The third
switch 512 selectively couples the input voltage Vrer to the source terminal of the first
transistor 504. The fourth switch 514 selectively couples a supply voltage and the drain
terminal of the first transistor 504. The fifth switch 512 selectively couples a source of
the second input current 7, and the source terminal of the first transistor 504.

[0055] The sixth switch 524 selectively couples a source of the third input current
1. and the drain terminal of the second transistor 520. The seventh switch 526 selectively
couples the drain terminal of the second transistor 520 and the gate terminal of the
second transistor 520, as well as the first terminal of the second capacitive element 522.
The eighth switch 528 selectively couples another source of the third input current /. to
the source terminal of the second transistor 520. The ninth switch 530 selectively
couples an output terminal, which transmits the output current, and the drain terminal
of the second transistor 520. The tenth switch 532 selectively couples the input voltage
Vrer and the source terminal of the second transistor 520.

[0056] Turning attention to FIG. 2B, the timing diagram 550 of FIG. 2B shows one
embodiment of the non-pipelined sequencing of the switches in TCM 500. To simplify
the diagram, the switches are grouped into four sets. Each switch in a set of switches
can be operated simultaneously with the other switches in the set, so that all switches
in a set are closed (e.g., conducting or transmitting) at the same time or open (e.g., non-
conducting or non-transmitting) at the same time. In other embodiments, the opening
or closing time of one or more switches in a set can be delayed from the others to
improve the circuit’s performance. The first switch set contains switches 508, 510, and
512 from TCM 500. The second switch set contains switches 514, and 516. The third

switch set contains switches 524, 526, and 528. The fourth switch set contains switches
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530 and 532. In timing diagram 550, TCM 500 has three operational stages: first
operational stage 552, second operational stage 554, and third operational stage 556.
The boundaries between the stages are shown via the vertical dashed lines. Two
synchronous cycles of the three operational stages are shown in timing diagram 550,
Note that in the various embodiments the “temporal width” (both relative and absolute)
of each of the operational stages may vary from that shown in FIG. 2B.

[0057] The timing diagram 550 of FIG. 2B indicates the state of each of the
switches during each operational stage, according to various embodiments. When a
switch is in the open state, the switch is non-conducting (or non-transmitting), while
when the switch is in the closed state, the switch is conducting (or transmitting). For
example, in FIG. 2A, each of the ten switches in TCM 500 is shown in the open state.
Thus, by defining the state of each switch in each of the operational stages, timing
diagram 550 defines the operational states of TCM 500. Each of the switches may be
implemented by one or more transistors (e.g., a FET). Thus, transistors implementing
switches may be operated as binary switches, while the first transistor 504 and the
second transistor 520 are operated in their sub-threshold (or translinear) region.

[0058] Various functionalities of the closed (and open) switches are now
summarized for the three non-pipelined operational stages. In the first operational stage
552, the first switch 508 is configured in the closed state such that at least a portion of
the first input current (/.) is provided to the drain terminal of the first transistor 504.
The third switch 512 is configured in the closed state such that the input voltage Vrer
is provided to the source terminal of the first transistor 504. The second switch 510 is
configured in the closed state to provide a feedback path between the gate terminal and
the drain terminal of the first transistor 504, such that the voltage difference V1-Vrer
between the gate terminal voltage (V1) and the source terminal voltage (Vrer)
corresponds to the first input current (/,). The first voltage V1 is also provided to the
first terminal of the first capacitive element 506, as it is also connected to the gate
terminal of the first transistor 504 . As shown in FIG. 2A, the second terminal of the
first capacitive element 506 is coupled to a ground source (or another fixed voltage
source). Thus, during the first stage 552, the first capacitive element 506 is charged to
a first charged state that stores a potential equivalent to the first voltage (7).

[0059] Thus, in some embodiments, during the first operational stage 552, the V =
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Vi, Vs = Viias, Vo = Vi, Vps = (Vg = Viigs) A Vs = (V) — Vi)V first  capacitive
element 506 1s charged to the first voltage (J1), via the first input current (/) . That is,
at least a portion of the first input current (/,) flows to the first capacitive element 506
to generate the first charged state of the first capacitive element 506. In at least some
embodiments, another portion of the first input current (/) may flow through the first
transistor 504, during the first operational stage 552. Due to the sub-threshold (or
translinear) operation of the first transistor 504, the first voltage difference V1-Vrgr may

be logarithmically related to the first input current Z,.

[0060] Vo = Vour Vs = Vhias, Vo = V3, Vps = (Vout - Vbias)'/\ Ves = (V3 -
Vbias)VGVoutVGS = (V3 - Vbias)

[0061] Vp = Vi, Vs = Vhias, Vg = V1, Vps = (Vl - Vbias)'/\ Ves = (Vl -
Vbias)VGVGS = (Vl - Vbias)

[0062] Vo = VYour, Vs = Viias, V6 = V3, Vps = (Vout - Vbias)'/\ Ves = (V3 -
Vbias)VG

[0063] During the second operational stage 554, the fifth switch 516 is configured
in a closed state such that the second input current (/) is provided to the source terminal
of the first transistor 504. The fourth switch 514 is configured in a closed state such that
the drain terminal of the first transistor 504 is connected to a power supply, allowing
the second input current (/) to flow through the first transistor 504. As with all the
switches in the first set, the second switch 510 is configured in an open state. Therefore,
the first charged state of the first capacitive element 506 provides the first voltage 77 to
the gate terminal of the first transistor 504 while keeping the gate terminal of the first
transistor 504 isolated from the first input current 7, and the second input current /.

[0064] Thus, in some embodiments, during the second operational stage 554, the
first transistor 504 Vs = V,,V; = V;,A Vs = (V; — V,) has voltage 71 at the gate
terminal, where V7 is provided by the first charged state of the first capacitive element
506. In at least some embodiments, the second input current /, may flow through the

first transistor 504, during the second operational stage 554. When the second input
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current [, flows through the first transistor 504, the first transistor 504 effectively
converts the second input current 7, into a second voltage difference V;5 = (V; — V)
V1-V2. Due to the sub-threshold (or translinear) operation of the first transistor 504, the
second voltage difference V;-V; may be logarithmically related to the second input
current [y,

[0065] Also in the second operational stage 554, the sixth switch 524 is configured
in a closed state such that at least a portion of the third input current /¢ is provided to
the drain terminal of the second transistor 520. The eighth switch 528 is configured in
the closed state such that the second voltage V2 is provided to the source terminal of the
second transistor 520. The seventh switch 526 is configured in the closed state to
provide a feedback path between the gate terminal and the drain terminal of the second
transistor 520, such that the voltage difference V;-7; between the gate terminal voltage
(V3) and the source terminal voltage (72) corresponds to the third input current (/). The
third voltage Vs is also provided to the first terminal of the second capacitive element
522, as it is also connected to the gate terminal of the second transistor 520 . As shown
in FIG. 2A, a second terminal of the second capacitive element 522 is coupled to a
ground source (or another fixed voltage source). Thus, as noted above, during the
second operational stage 554, the second capacitive element 522 is charged to a second
charged state that stores a potential equivalent to the third voltage (V3).

[0066] Thus, in some embodiments, during the second operational stage 554, the
Vp =V, Vg =V, Vg = V5, ,AVge = (V3 — V)V, second capacitive element 522 is
charged to the third voltage (73), via the third input current (/) . That is, at least a
portion of the third input current (/) flows to the second capacitive element 522 to
generate the second charged state of the second capacitive element 522. In at least some
embodiments, another portion of the third input current (/) may flow through the
second transistor 520, during the second operational stage 554. Due to the sub-threshold
(or translinear) operation of the second transistor 520, the third voltage difference V-
V2 may be logarithmically related to the third input current /..

[0067] In the third operational stage 556, the tenth switch 532 is configured in a
closed state such that the input voltage Vrgr 1s provided to the source terminal of the
second transistor 520. The ninth switch 530 is configured in the closed state such that

the current through the second transistor is transmitted as the output current Zout. As with
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all the switches in the third set, the seventh switch 526 is configured in an open state.
Therefore, the second charged state of the second capacitive element 522 provides the
third voltage 73 to the gate terminal of the second transistor 520 while keeping the gate
terminal of the second transistor 520 isolated from the third input current /. and the
output current Zou.

[0068] Thus, in some embodiments, during the third operational stage 556, the
second transistor 520 Vg =V, V; = V,A Ve = (V; — V) has voltage V3 at the gate
terminal, where V3 1s provided by the second charged state of the second capacitive
element 522. The second transistor also has input voltage Vrgr at the source terminal.
In at least some embodiments, the output current /ow may flow through the second
transistor 520, during the third operational stage 556. When the output current /ou flows
through the second transistor 520, the second transistor effectively converts the Vg =
(V; — V,) fourth voltage difference V3-Vgrer to the output current Jou. Due to the sub-
threshold (or translinear) operation of the second transistor 520, the fourth voltage

difference may be logarithmically related to the output current Zoy.

[0069] Vp = V3, Vg =V, Vg = Va,A Vs = (V3 = Vo)V Vs = (V3 = 1)

[0070] Turning attention to FIG. 2C, the timing diagram 560 of FIG. 2C shows one
embodiment of the pipelined sequencing of the switches in TCM 500. As with timing
diagram 550 of FIG. 2B, the switches in TCM 500 have been grouped into the same
four sets of switches to simplify the diagram. In timing diagram 560, TCM 500 has two
pipelined operational stages: the first pipelined operational stage 562 and the second
pipelined operational stage 564. The boundaries between the stages are shown via the
vertical dashed lines. Three synchronous cycles of the two pipelined stages are shown
in timing diagram 560. As with timing diagram 550 of FIG. 2B, in the various
embodiments the “temporal width” (both relative and absolute) of each of the pipelined
operational stages may vary from that shown in FIG. 2C.

[0071] The first pipelined operational stage 562 of timing diagram 560 of FIG. 2C
is a combination of the first operational stage 552 and the third operational stage 556
of timing diagram 550 of FIG. 2B. That is, all the switches that are closed in the first

and third operational stages (552 and 556) of timing diagram 550 are also closed during
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the first pipelined operational stage 562 of timing diagram 560.

[0072] The merging of the first and third operational stages (552 and 556) of timing
diagram 550 into a single pipelined operational stage 562 is possible, because none of
the switches in the second or third switch sets are closed, such that the input branch 502
and the output branch 518 of TCM 500 are operating independently. Specifically, the
fifth switch 516 and the eighth switch 528 are the only switches linking the two
branches, and they are both open during the first and third operational stages (552 and
556) of timing diagram 550.

[0073] The second pipelined operational stage 564 of timing diagram 560 of FIG.
2C is functionally identical to the second operational stage 554 of timing diagram 550
of FIG. 2B. That is, the same set of switches are closed in both cases.

[0074] When TCM 500 is operated according to timing diagram 550 of FIG. 2B,
the output current Ioy is only available during the third operational stage 556, and not
during the first operational stage 552 or the second operational stage 554. When TCM
500 1s operated according to timing diagram 560 of FIG. 2C, the output current /o 1S
only available during the first pipelined operational stage 562, and not during the
second pipelined operational stage 564. Therefore, the pipelined operation of TCM 500
increases the duty cycle of the output current /ou from one in three operational stages
to one in two pipelined operational stages. When TCMs are constructed with additional
intermediate branches, the pipelined operation always has only two pipelined
operational stages, whereas the non-pipelined operation increases by one operational
stage for every intermediate branch added to the TCM. Thus, the duty cycle
improvement with pipelining becomes even more significant with additional
intermediate branches. Other benefits of pipelining, such as reduced control logic
complexity, are also possible.

[0075] It will be apparent to those skilled in the art that the operational stages (both
non-pipelined and pipelined) described in timing diagrams 550 and 560 are only the
minimum necessary for the functional operation of TCM 500, and that numerous
optimizations or improvements are possible. For instance, the timing diagrams show
that the states of some switches are mutually exclusive (such as those in the first and
second switch sets). However, reliable operation may require the insertion of optional

idle stages where all switches are open, as this is preferable to having mutually
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exclusive switches closed simultaneously at any time. The timing diagrams also show
that the state of switches in a set is the same, so that all switches should open (or close)
at the same time. However, reliable operation may require the insertion of optional
settling stages where some switches open before others in the set, as this is preferable
to the order being reversed. This is illustrated in timing diagram 570 of FIG. 2D.
[0076] In FIG. 2D, the timing diagram 570 shows another embodiment of the
pipelined sequencing of the switches in TCM 500. As with the timing diagrams of FIGs.
2B and 2C, in the various embodiments the “temporal width” (both relative and
absolute) of each of the pipelined operational stages may vary from that shown in FIG.
2D. Timing diagram 570 includes first optional idle stage 576 and second optional idle
stage 582, during which all switches are open to ensure that there is no overlap between
mutually exclusive switches. Timing diagram 570 also includes first optional setling
stage 574, which differs from the first pipelined operational stage 572 in that the second
switch 510 is open. Opening first switch 508 and/or third switch 512 disrupts the flow
of the first input current /. through the first transistor 504, which can cause a
perturbation of the gate terminal voltage of the first transistor 504, and hence a
perturbation of the first stored voltage V1. Opening the second switch 510 before either
the first switch 508 or the third switch 512 may reduce the perturbations of the first
stored voltage V1. Similarly, timing diagram 570 also includes second optional setling
stage 580, which differs from the second pipelined operational stage 578 in that the
seventh switch 526 is open. Opening the seventh switch 526 before either the sixth
switch 524 or the eighth switch 528 may reduce the perturbations of the third stored
voltage V3.

[0077] Tt will also be apparent to those skilled in the art that the switches shown in
the FIG. 2A are the minimum necessary for the functional operation of TCM 500
according to the timing diagrams of FIGs. 2B, 2C, and 2D, and that numerous
optimizations or improvements are possible. For example, the fifth switch 516 and the
eighth switch 528 are connected in series and are closed simultaneously during the
second pipelined operational stage 564. Therefore the fifth switch 516 and the eighth
switch 528 could be combined into a single switch. For another example, during the
first pipelined operational stage 562 of timing diagram 560, the second voltage 3 is
not driven by the first transistor 504 of TCM 500. Therefore, input currents 7 and /.
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may temporarily cause V2 to go down, increasing the time required for V3 to settle in
the following second pipelined operational stage. Additional switches can mitigate this
effect by disconnecting or turning off the input currents 7, and /. during the first
pipelined operational stage 562.

[0078] It will also be apparent to those skilled in the art that various buffers and
amplifiers (both current and voltage) may be added to TCM 500 to improve
performance. For example, the drain terminal and gate terminal of the first transistor
504 may be connected via an amplifier and a switch instead of only a switch. For
another example, the first transistor 504 may have a cascode transistor at its drain
terminal to buffer the drain current.

[0079] It will also be apparent to those skilled in the art that whereas the transistors
in TCM 100 of FIG. 1A need not be the same size (e.g., if a multiplicative constant in
the output current relation to the input currents is desired), the same effect can be
achieved in TCM 500 of FIG. 2A via additional switches and/or transistors.

[0080] Turning attention to FIGs. 3A-3C, FIG 3 A shows an embodiment of a three
branch dynamic translinear current multiplier (TCM) 600. FIG. 4B shows a timing
diagram 650 for the cyclic (and non-pipelined) operation of the TCM 600 of FIG. 3A,
according to various embodiments. FIG. 4C shows a timing diagram 660 for the cyclic
pipelined operation of the TCM 600 of FIG. 3A, according to various embodiments.
TCM 600 includes an input branch 602, an intermediate branch 618, and an output
branch 634. FIG. 3A shows how the two branch concept of a dynamic TCM may be
extended to three branches. The embodiments may similarly be extended to more than
three branches. The five input currents: 7., Iv, Ic, 14, and . are labelled on FIG. 3A, as
well as the fifteen switches.

[0081] FIG. 3B shows a timing diagram for the cyclic operation of the TCM 600 of
FIG. 3A. Timing diagram 650 shows the state of the switches for the operational stages
of TCM 600. As with TCM 500, the fifteen switches of TCM 600 have been grouped
into sets to simplify the timing diagram. For the non-pipelined operation, each
additional intermediate branch adds an operational stage to the timing diagram. With
one intermediate branch, TCM 600 has four operational stages. The first and last
operational stages are the same for all dynamic TCMs. However, the operational stages

involving the intermediate branch (second operational stage 654 and third operational
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stage 656) are changed from the second operational stage 554 of FIG. 2B, because the
intermediate branches do not use the input voltage Vrer. One synchronous cycles of the
two pipelined stages are shown in timing diagram 650. Note that in the various
embodiments the “temporal width” (both relative and absolute) of each of the pipelined
operational stages may vary from that shown in FIG. 3B.

[0082] The operational stages of FIG. 3B will now be briefly described. During the
first operational stage 652 of TCM 600, the first switch 608 and the third switch 612
are closed, such that input current 7, flows through the first transistor 604. The second
switch 610 is also closed such that a feedback path exists between the gate and drain
terminals of the first transistor 604. Therefore the first charged state of the first
capacitive element 606 will be 71, such that the voltage difference V1-Vrer corresponds
to input current /,.

[0083] During the second operational stage 654 of TCM 600, the fourth switch 614
and the fifth switch 616 are closed, such that input current 7, flows through the first
transistor 604. The first charged state of the first capacitive element 606 provides the
first voltage V1 to the gate terminal of the first transistor 604. The first transistor 604
generates the second voltage 73, such that the voltage difference V-V corresponds to
input current Jv. Also during the second operational stage 654, the sixth switch 624 and
the eighth switch 628 are closed, such that current /. flows through the second transistor
620. The seventh switch 626 is also closed such that a feedback path exists between the
gate and drain terminals of the second transistor 620. Therefore the second charged
state of the second capacitive element 622 will be V3, such that the voltage difference
V3-V2 corresponds to input current /c.

[0084] During the third operational stage 656 of TCM 600, the ninth switch 630
and the tenth switch 632 are closed, such that input current /4 flows through the second
transistor 620. The second charged state of the second capacitive element 622 provides
the third voltage V3 to the gate terminal of the second transistor 620. The second
transistor 620 generates the fourth voltage V4, such that the voltage difference V3-V4
corresponds to input current /4. Also during the third operational stage 656, the eleventh
switch 640 and the thirteenth switch 644 are closed, such that current /. flows through
the third transistor 636. Twelfth switch 642 is also closed such that a feedback path

exists between the gate and drain terminals of the second transistor 636. Therefore the
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third charged state of the third capacitive element 638 will be V5, such that the voltage
difference Vs-V4 corresponds to input current /.

[0085] During the fourth operational stage 658 of TCM 600, the fourteenth switch
646 and the fifteenth switch 648 are closed, such that output current /oy flows through
the third transistor 636. The third charged state of the third capacitive element 638
provides the fifth voltage Vs to the gate terminal of the third transistor 636. The third
transistor 636 generates the output current /ot such that the output current lout
corresponds to the voltage difference Vs-Vggr.

[0086] Due to the logarithmic relation between the currents and the voltage
Igle'ls

differences, TCM 600 generates an output current (Jow) where Iy = I
b'td

[0087] The operational stages of FIG. 3C will now be briefly described. In timing
diagram 660, TCM 600 has two pipelined operational stages: the first pipelined
operational stage 662 and the second pipelined operational stage 664. The boundaries
between the stages are shown via the vertical dashed lines. Three synchronous cycles
of the two pipelined stages are shown in timing diagram 660. As with timing diagram
650 of FIG. 3B, in the various embodiments the “temporal width” (both relative and
absolute) of each of the pipelined operational stages may vary from that shown in FIG.
3C.

[0088] The first pipelined operational stage 662 of timing diagram 660 of FIG. 3C
is a combination of the first operational stage 652 and the third operational stage 656
of timing diagram 650 of FIG. 3B. That is, all the switches that are closed in the first
and third operational stages (652 and 656) of timing diagram 650 are also closed during
the first pipelined operational stage 662 of timing diagram 660. The merging of the first
and third operational stages (652 and 656) of timing diagram 650 into a single pipelined
operational stage 662 is possible, because none of the switches in the second or third
switch sets are closed, such that the input branch 602 and the intermediate branch 618
of TCM 600 are operating independently. Specifically, the fifth switch 616 and the
eighth switch 628 are the only switches linking the two branches, and they are both
open during the first and third operational stages (652 and 656) of timing diagram 650.
[0089] The second pipelined operational stage 664 of timing diagram 660 of FIG.

3Cis a combination of the second operational stage 654 and the fourth operational stage
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658 of timing diagram 650 of FIG. 3B. That is, all the switches that are closed in the
second and fourth operational stages (654 and 658) of timing diagram 650 are also
closed during the second pipelined operational stage 664 of timing diagram 660. The
merging of the second and fourth operational stages (654 and 658) of timing diagram
650 into a single pipelined operational stage 664 is possible, because none of the
switches in the fourth or fifth switch sets are closed, such that the intermediate branch
618 and the output branch 634 of TCM 600 are operating independently. Specifically,
the tenth switch 632 and the thirteenth switch 644 are the only switches linking the two
branches, and they are both open during the second and fourth operational stages (654
and 658) of timing diagram 650.

[0090] This written description uses examples to disclose the technology, including
the best mode, and also to enable any person skilled in the art to practice the technology,
including making and using any devices or systems and performing any incorporated
methods. The patentable scope of the technology is defined by the claims, and may
include other examples that occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they include structural elements that do
not differ from the literal language of the claims, or if they include equivalent structural

elements with insubstantial differences from the literal language of the claims.

Other Embodiments

[0091] Some embodiments are directed to a dynamic electrical circuit receives a
first input current, a second input current, a third input current, and an input voltage.
The circuit comprises an input branch and an output branch. The input branch includes
a first transistor-and a first capacitive element. The output branch includes a second
transistor-and a second capacitive element. The electrical circuit is configured to
generate a first voltage difference associated with the first input current. The first
voltage difference is a voltage difference between a first voltage and the input voltage.
The first voltage is related to the first input current. The electrical circuit is configured
to generate a first charged state of the first capacitive element by storing the first
voltage. The electrical circuit is configured to generate a second voltage difference
associated with the second input current. The second voltage difference is a voltage

difference between the first voltage and a second voltage. The second voltage
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difference is related to the second input current. The electrical circuit is configured to
generate a third voltage difference associated with the third input current. The third
voltage difference is a voltage difference between a third voltage and the second
voltage. The third voltage difference is related to the third input current. The electrical
circuit 1s configured to generate an output current by providing the input voltage and
the third voltage. The output current is related to a fourth voltage difference. The fourth
voltage difference is the difference between the third voltage and the input voltage. A
sum of the first voltage difference and the third voltage difference is equivalent to a
sum of the second voltage difference and the fourth voltage difference.

[0092] In various embodiments, the first voltage difference is logarithmically
related to the first input current. The second voltage difference may be logarithmically
related to the second input current. The third voltage difference may be logarithmically
related to the third input current. The output current may be exponentially related to
the fourth voltage difference. The output current may be equivalent to a ratio of a
product of the first and third input currents to the second input current.

[0093] In some embodiments, a first operational stage of the electrical circuit
includes generating the first voltage difference. The first operation stage may
additionally include generating the first charged state of the first capacitive element. A
second operational stage of the electrical circuit includes generating the second voltage
difference and generating the third voltage difference. The second operational stage
may additionally include generating the second charged state of the second capacitive
element. A third operational stage of the electrical circuit comprises generating the
fourth voltage difference and generating the output current.

[0094] In some embodiments, a first pipelined operational stage of the electrical
circuit comprises generating the first voltage difference and generating the first charged
state of the first capacitive element. The first pipelined operational stage may
additionally comprise generating the fourth voltage difference and generating the
output current. A second pipelined operational stage of the electrical circuit comprises
generating the second voltage difference and generating the third voltage difference.
The second pipelined operational stage may additionally comprise generating the

second charged state of the second capacitive element.
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[0095] In some embodiments, the electrical circuit further comprises a plurality of
switches that are synchronously operated to cyclically transition the electrical circuit
from a first operational stage to a second operational stage, from the second operational
stage to a third operational stage, and from the third operational stage to the first
operational stage. In other embodiments, the electrical circuit further comprises a
plurality of switches that are synchronously operated to cyclically transition the
electrical circuit from a first pipelined operational stage to a second pipelined
operational stage, and from the second pipelined operational stage to the first pipelined
operational stage.

[0096] During the first operational stage, the switches may be configured such that
the first terminal of the first transistor is connected to the input voltage and the second
terminal of the first transistor has a first voltage such that the current flowing through
the transistor is equivalent to the first input current. The first capacitive element may
be charged in such a way as to be able to maintain the first voltage on the second
terminal of the first transistor during subsequent operational stages.

[0097] During the second operational stage, the switches may be configured such
that the second terminal of the first transistor has the first voltage as provided by the
first capacitive element and the first terminal of the first transistor has a second voltage
such that the current flowing through the transistor is equivalent to the second input
current. The first terminal of the second transistor may have a voltage equivalent to the
second voltage and the second terminal of the second transistor may have a third voltage
such that the current flowing through the second transistor is equivalent to the third
input current. In at least one embodiment, the second capacitive element is charged in
such a way as to be able to maintain the third voltage on the second terminal of the
second transistor during subsequent operational stages.

[0098] In some embodiments, during the third operational stage, the plurality of
switches are configured such that the second terminal of the second transistor has the
third voltage as provided by the second capacitive element and the first terminal of the
second transistor is connected to the input voltage. An output current that is equivalent
to the current may be flowing through the second transistor is outputted from the circuit.
[0099] During the first pipelined operational stage, the plurality of switches may be

configured such that the first terminal of the first transistor is connected to the input
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voltage and the second terminal of the first transistor has a first voltage such that the
current flowing through the transistor is equivalent to the first input current. The first
capacitive element may be charged to maintain the first voltage on the second terminal
of the first transistor during the subsequent second pipelined operational stage. The
second terminal of the second transistor may have the third voltage as provided by the
second capacitive element. The first terminal of the second transistor may be connected
to the input voltage. An output current that is equivalent to the current flowing through
the second transistor may be outputted from the circuit.

[0100] During the second pipelined operational stage, the plurality of switches are
configured such that the second terminal of the first transistor has the first voltage as
provided by the first capacitive element and the first terminal of the first transistor has
a second voltage such that the current flowing through the transistor is equivalent to the
second input current. The first terminal of the second transistor may havea voltage that
1s equivalent to the second voltage. The second terminal of the second transistor may
have a third voltage such that the current flowing through the second transistor is
equivalent to the third input current. The second capacitive element may be charged in
such a way as to maintain the third voltage on the second terminal of the second
transistor during the subsequent first pipelined operational stage.

[0101] In some embodiments, a capacitance of at least one of the first or second
capacitive elements may be increased by employing an inverting voltage amplifier
coupled to at least one of the first capacitive element or the second capacitive element.
[0102] In some embodiments, the electrical circuit further comprises one or more
intermediate branches. At least one intermediate branch of the one or more branches
may include a transistor and a capacitive element. At least one intermediate branch of
the one or more intermediate branches may receive an additional first input current and
an additional second input current. At least one intermediate branch of the one or more
intermediate branches may generate a first additional voltage difference related to the
first additional input current. At least one intermediate branch of the one or more
intermediate branches may generate an additional charged state of its capacitive
element. At least one intermediate branch of the one or more intermediate branches
may generate a second additional voltage difference related to the second additional

input current.
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[0103] The first additional voltage difference may be logarithmically related to the
first additional input current. The second additional voltage difference may be
logarithmically related to the second additional input current. The output current may
be equivalent to a ratio of a product of the odd numbered input currents to a product of
the even numbered input currents. The electrical circuit may be employed in an analog
computing application. At least one of the first transistor or the second transistor is

operated in a sub-threshold regime.
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WHAT IS CLAIMED IS:

1. A dynamic electrical circuit that receives a first input current, a second input
current, a third input current, and an input voltage, the circuit comprising:
an input branch that includes a first transistor-and a first capacitive element; and
an output branch that includes a second transistor-and a second capacitive
element, wherein the electrical circuit is configured to:
generate a first voltage difference associated with the first input
current, wherein the first voltage difference is a voltage difference between a
first voltage and the input voltage, and wherein the first voltage is related to
the first input current;
generate a first charged state of the first capacitive element by
storing the first voltage;
generate a second voltage difference associated with the second
input current, wherein the second voltage difference is a voltage difference
between the first voltage and a second voltage, and wherein the second voltage
difference is related to the second input current;
generate a third voltage difference associated with the third input
current, wherein the third voltage difference is a voltage difference between a
third voltage and the second voltage, and wherein the third voltage difference
is related to the third input current; and
generate an output current by providing the input voltage and the
third voltage, wherein the output current is related to a fourth voltage
difference, and wherein the fourth voltage difference is the difference between
the third voltage and the input voltage, and wherein a sum of the first voltage
difference and the third voltage difference is equivalent to a sum of the second

voltage difference and the fourth voltage difference.

2. The electrical circuit of claim 1,
wherein the first voltage difference is logarithmically related to the first input
current;

wherein the second voltage difference is logarithmically related to the second
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input current;

wherein the third voltage difference is logarithmically related to the third input

current;

wherein the output current is exponentially related to the fourth voltage

difference; and

wherein the output current is equivalent to a ratio of a product of the first and

third input currents to the second input current.

and

The electrical circuit of claim 1,
wherein a first operational stage of the electrical circuit comprises:
generating the first voltage difference; and
generating the first charged state of the first capacitive element;
wherein a second operational stage of the electrical circuit comprises:
generating the second voltage difference;
generating the third voltage difference; and

generating the second charged state of the second capacitive element;

wherein a third operational stage of the electrical circuit comprises:
generating the fourth voltage difference; and

generating the output current.

The electrical circuit of claim 1,

wherein a first pipelined operational stage of the electrical circuit comprises:
generating the first voltage difference;
generating the first charged state of the first capacitive element;
generating the fourth voltage difference; and
generating the output current;

wherein a second pipelined operational stage of the electrical circuit comprises:
generating the second voltage difference;
generating the third voltage difference; and

generating the second charged state of the second capacitive element.
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S. The electrical circuit of claim 1, further comprising:

a plurality of switches that are synchronously operated to cyclically transition
the electrical circuit from a first operational stage to a second operational stage, from
the second operational stage to a third operational stage, and from the third operational

stage to the first operational stage.

6. The electrical circuit of claim 1, further comprising

a plurality of switches that are synchronously operated to cyclically transition
the electrical circuit from a first pipelined operational stage to a second pipelined
operational stage, and from the second pipelined operational stage to the first pipelined

operational stage.

7. The electrical circuit of claim 5, wherein during the first operational stage, the
switches are configured such that:

the first terminal of the first transistor is connected to the input voltage;

the second terminal of the first transistor has a first voltage such that the current
flowing through the transistor is equivalent to the first input current; and

the first capacitive element is charged in such a way as to maintain the first
voltage on the second terminal of the first transistor during subsequent operational

stages.

8. The electrical circuit of claim 7, wherein during the second operational stage,
the switches are configured such that:

the second terminal of the first transistor has the first voltage as provided by the
first capacitive element;

the first terminal of the first transistor has a second voltage such that the current
flowing through the transistor is equivalent to the second input current;

the first terminal of the second transistor has a voltage equivalent to the second
voltage;

the second terminal of the second transistor has a third voltage such that the

34



WO 2025/136466 PCT/US2024/042743

current flowing through the second transistor is equivalent to the third input current;
and

the second capacitive element is charged in such a way as to maintain the third
voltage on the second terminal of the second transistor during subsequent operational

stages.

9. The electrical circuit of claim 8, wherein during the third operational stage, the
plurality of switches are configured such that:

the second terminal of the second transistor has the third voltage as provided by
the second capacitive element;

the first terminal of the second transistor is connected to the input voltage; and

an output current equivalent to the current flowing through the second transistor

1s outputted from the circuit.

10. The electrical circuit of claim 6, wherein during the first pipelined operational
stage, the plurality of switches are configured such that:

the first terminal of the first transistor is connected to the input voltage;

the second terminal of the first transistor has a first voltage such that the current
flowing through the transistor is equivalent to the first input current; and

the first capacitive element is charged to maintain the first voltage on the second
terminal of the first transistor during the subsequent second pipelined operational stage;

the second terminal of the second transistor has the third voltage as provided by
the second capacitive element;

the first terminal of the second transistor is connected to the input voltage; and

an output current equivalent to the current flowing through the second transistor

1s outputted from the circuit.
11. The electrical circuit of claim 6, wherein during the second pipelined

operational stage, the plurality of switches are configured such that:

the second terminal of the first transistor has the first voltage as provided by the
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first capacitive element;

the first terminal of the first transistor has a second voltage such that the current
flowing through the transistor is equivalent to the second input current;

the first terminal of the second transistor has the a voltage equivalent to the
second voltage;

the second terminal of the second transistor has a third voltage such that the
current flowing through the second transistor is equivalent to the third input current;
and

the second capacitive element is charged in such a way as to maintain the third
voltage on the second terminal of the second transistor during the subsequent first

pipelined operational stage.

12. The electrical circuit of claim 1, wherein a capacitance of at least one of the first
or second capacitive elements is increased by employing an inverting voltage amplifier

coupled to at least one of the first capacitive element or the second capacitive element.

13. The electrical circuit of claim 1, wherein the electrical circuit further comprises
one or more intermediate branches, wherein

at least one intermediate branch of the one or more intermediate branches
includes a transistor and a capacitive element;

at least one intermediate branch of the one or more intermediate branches
receives an additional first input current and an additional second input current;

at least one intermediate branch of the one or more intermediate branches
generates a first additional voltage difference related to the first additional input current;

at least one intermediate branch of the one or more intermediate branches
generates an additional charged state of its capacitive element; and

at least one intermediate branch of the one or more intermediate branches
generates a second additional voltage difference related to the second additional input

current.

14. The electrical circuit of claim 13,

wherein the first additional voltage difference is logarithmically related to the
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first additional input current;

wherein the second additional voltage difference is logarithmically related to
the second additional input current;

wherein the output current is equivalent to a ratio of a product of the odd

numbered input currents to a product of the even numbered input currents.

15. The electrical circuit of claim 1, wherein the electrical circuit is employed in an

analog computing application.

16. The circuit of claim 1, wherein at least one of the first transistor or the second

transistor is operated in a sub-threshold regime.

17. A method of operating an electrical circuit that includes an input branch and an
output branch, the method comprising:

generating a first voltage difference associated with a first input current received
by the electrical circuit, wherein the first voltage difference is a voltage difference
between a first voltage and an input voltage received by the electrical circuit, and
wherein the first voltage is related to the first input current;

generating a first charged state of a first capacitive element of the input branch
by storing the first voltage;

generating a second voltage difference associated with a second input current
received by the electrical circuit, wherein the second voltage difference is a voltage
difference between the first voltage and a second voltage, and wherein the second
voltage difference is related to the second input current

generating a third voltage difference associated with a third input current
received by the electrical circuit, wherein the third voltage difference is a voltage
difference between a third voltage and the second voltage, and wherein the third voltage
difference is related to the third input current; and

generating an output current by providing the input voltage and the third
voltage, wherein the output current is related to a fourth voltage difference, and wherein
the fourth voltage difference is the difference between the third voltage and the input

voltage, and wherein a sum of the first voltage difference and the third voltage
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difference is equivalent to a sum of the second voltage difference and the fourth voltage

difference.

18. The method of claim 17,

wherein the first voltage difference is logarithmically related to the first input
current;

wherein the second voltage difference is logarithmically related to the second
input current;

wherein the third voltage difference is logarithmically related to the third input
current;

wherein the output current is exponentially related to the fourth voltage
difference; and

wherein the output current is equivalent to a ratio of a product of the first and

third input currents to the second input current.

19. The method of claim 1,
wherein a first operational stage of the method comprises:
generating the first voltage difference; and
generating the first charged state of the first capacitive element;
wherein a second operational stage of the method comprises:
generating the second voltage difference;
generating the third voltage difference; and

generating the second charged state of the second capacitive element;

and
wherein a third operational stage of the method comprises:
generating the fourth voltage difference; and
generating the output current.
20. An electrical circuit that receives a first input current, a second input current, a

third input current, and an input voltage, the electrical circuit being configured to:
generate a first voltage difference associated with the first input current, wherein

the first voltage difference is a voltage difference between a first voltage and the input
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voltage, and wherein the first voltage is related to the first input current;

generate a first charged state of a first capacitive element of the electrical circuit
by storing the first voltage;

generate a second voltage difference associated with the second input current,
wherein the second voltage difference is a voltage difference between the first voltage
and a second voltage, and wherein the second voltage difference is related to the second
input current;

generate a third voltage difference associated with the third input current,
wherein the third voltage difference is a voltage difference between a third voltage and
the second voltage, and wherein the third voltage difference is related to the third input
current; and

generate an output current by providing the input voltage and the third voltage,
wherein the output current is related to a fourth voltage difference, and wherein the
fourth voltage difference is the difference between the third voltage and the input
voltage, and wherein a sum of the first voltage difference and the third voltage
difference is equivalent to a sum of the second voltage difference and the fourth voltage

difference.
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