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Translinear Devices and Circuits: What’s In A Name?

A translinear element is one whose incremental transconductance gain is linear in
its output current
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The word translinear is also meant to convey the notion of bridging the gap between the
familiar world of linear circuit design and the largely uncharted territory of nonlinear circuit
design.
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The Translinear Principle

In a closed loop of junctions comprising
an equal number of clockwise and
counterclockwise elements, the product
of the current densities flowing through
the counterclockwise elements is equal
to the product of the current densities
flowing through the clockwise elements.
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The Ideal Multiple-Input Translinear Element

The ideal multiple-input translinear element (MITE) produces an
output current given by

I = λIse
(w1V1+···+wKVK)/UT

where

Is pre-exponential scaling current
λ dimensionless constant scaling Is proportionally
Vk kth control-gate voltage
wk dimensionless positive weight scaling Vk

UT thermal voltage, kT/q.
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Practical Floating-Gate MITE Implementations
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Basic MITE Circuit Stages
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Elementary MITE Networks

In ∝ ewniVi/UTewnkVk/UT
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Elementary MITE Networks
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Static MITE Network Synthesis: Square-Root Circuit

Synthesize a square-root circuit described by

z =
√

x, where x > 0.

We represent each signal as a ratio of a signal current to the unit current:

x ≡ Ix

I1
and z ≡ Iz

I1
.

Substituting these into the relationship, we obtain

Iz

I1
=
√

Ix

I1
=⇒ Iz =

√
IxI1 =⇒ I2

z = IxI1.
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Static MITE Network Synthesis: Square-Root Circuit
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Experimental Measurements: Square-Root Circuit
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Static MITE Network Synthesis: Squaring Circuit

Synthesize a squaring circuit described by

x = z2, where x > 0.

We represent each signal as a ratio of a signal current to the unit current:

x ≡ Ix

I1
and z ≡ Iz

I1
.

Substituting these into the relationship, we obtain

Ix

I1
=
(

Iz

I1

)2

=⇒ I2
z = IxI1.
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Experimental Measurements: Squaring Circuit
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Static MITE Network Synthesis: Consolidation
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Static MITE Network Synthesis: Vector Magnitude
Synthesize a two-dimensional vector-magnitude circuit implementing

r =
√

x2 + y2, where x > 0 and y > 0.

We represent each signal as a ratio of a signal current to the unit current:

x ≡ Ix

I1
, y ≡ Iy

I1
, and r ≡ Ir

I1
.

We substitute these into the original equation and rearrange to obtain

Ir

I1
=

√(
Ix

I1

)2

+
(

Iy

I1

)2

=⇒ I2
r = I2

x + I2
y =⇒ Ir =

I2
x

Ir︸︷︷︸
Ir1

+
I2
y

Ir︸︷︷︸
Ir2
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Static MITE Network Synthesis: Vector Magnitude
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Dynamic MITE Network Synthesis: Output Structures

Cn

Icn

In

Vn

Mn
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Dynamic MITE Network Synthesis: First-Order LPF

Synthesize a first-order low-pass filter described by

τ
dy

dt
+ y = x, where x > 0.

We represent each signal as a ratio of a signal current to the unit current:

x ≡ Ix

I1
and y ≡ Iy

I1
.

Substituting these into the ODE, we obtain

τ
d

dt

(
Iy

I1

)
+

Iy

I1
=

Ix

I1
=⇒ τ

dIy

dt
+ Iy = Ix.
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Dynamic MITE Network Synthesis: First-Order LPF

To implement the time derivative, we introduce a log-compressed voltage state variable, Vy.
Using the chain rule, we can express the preceding equation as

τ
∂Iy

∂Vy
· dVy

dt
+ Iy = Ix =⇒ τ

(
− w

UT
Iy

)
dVy

dt
+ Iy = Ix

=⇒ −wτ

UT
· dVy

dt
+ 1 =

Ix

Iy
=⇒ − wτ

CUT︸ ︷︷ ︸
1/Iτ

·CdVy

dt︸ ︷︷ ︸
Ic

+1 =
Ix

Iy

=⇒ −Ic

Iτ
+ 1 =

Ix

Iy
=⇒ Ic − Iτ =

IτIx

Iy︸︷︷︸
Ip

.
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Dynamic MITE Network Synthesis: First-Order LPF

TLP: IpIy = IxIτ KCL: Ip + Ic = Iτ
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Dynamic MITE Network Synthesis: Second-Order LPF

Synthesize a second-order low-pass filter described by

τ2d
2y

dt2
+

τ

Q
· dy

dt
+ y = x, where x > 0.

We can decompose this second-order ODE into two coupled first-order ODEs as

τ
d

dt

(
τ
dy

dt
+

y

Q︸ ︷︷ ︸
z

)
+ y = x =⇒




τ
dz

dt
= x − y

τ
dy

dt
= z − y

Q
.
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Dynamic MITE Network Synthesis: Second-Order LPF

We represent each signal as a ratio of a signal current to the unit current:

x ≡ Ix

I1
, y ≡ Iy

I1
, and z ≡ Iz

I1
.

Substituting these into the pair of ODEs, we obtain




τ
d

dt

(
Iz

I1

)
=

Ix

I1
− Iy

I1

τ
d

dt

(
Iy

I1

)
=

Iz

I1
− 1

Q
· Iy

I1

=⇒




τ
dIz

dt
= Ix − Iy

τ
dIy

dt
= Iz − Iy

Q
.
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Dynamic MITE Network Synthesis: Second-Order LPF

To implement the time derivatives, we introduce log-compressed voltage state variables, Vz

and Vy. Using the chain rule, we can express the preceding pair of equations as




τ
∂Iz

∂Vz
· dVz

dt
= Ix − Iy

τ
∂Iy

∂Vy
· dVy

dt
= Iz − Iy

Q

=⇒




τ

(
− w

UT
Iz

)
dVz

dt
= Ix − Iy

τ

(
− w

UT
Iy

)
dVy

dt
= Iz − Iy

Q

=⇒




wτ

UT
· dVz

dt
=

Iy

Iz
− Ix

Iz

wτ

UT
· dVy

dt
=

1
Q

− Iz

Iy

=⇒




wτ

CUT
· CdVz

dt
=

Iy

Iz
− Ix

Iz

wτ

CUT
· CdVy

dt
=

1
Q

− Iz

Iy
.
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Dynamic MITE Network Synthesis: Second-Order LPF

By introducing

Iτ ≡ CUT

wτ
, Icz ≡ C

dVz

dt
, and Icy ≡ C

dVy

dt
,

we can express this pair of equations as




Icz

Iτ
=

Iy

Iz
− Ix

Iz

Icy

Iτ
=

1
Q

− Iz

Iy

=⇒




Icz =
IyIτ

Iz
− IxIτ

Iz

Icy =
Iτ

Q
− IzIτ

Iy

=⇒



Icz = Iw − Ipz

Icy =
Iτ

Q
− Ipy,

where we have further introduced

Iw ≡ IyIτ

Iz
, Ipz ≡ IxIτ

Iz
, and Ipy ≡ IzIτ

Iy
.
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, and Ipy ≡ IzIτ

Iy
.

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

Iz

Mz

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

Iz

Mz

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iy

My

It
Mt1

Ipy

Mpy

V6 V5Iz

Mz

V7

V8

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

Iz

Mz

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iz

Mz

It
Mt

Iw

Mw

V11 V10

V12

Iy

My

V9

Iy

My

It
Mt1

Ipy

Mpy

V6 V5Iz

Mz

V7

V8

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

Iz

Mz

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iz

Mz

It
Mt

Iw

Mw

V11 V10

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5Iz

Mz

V7

V8

Iy

My

V9

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

Iz

Mz

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iz

Mz

It
Mt

Iw

Mw

V11 V10

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5Iz

Mz

V7

V8

Iy

My

V9

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

Iz

Mz

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iz

Mz

It
Mt

Iw

Mw

V11 V10

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5Iz

Mz

V7

V8

Iy

My

V9

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

Iz

Mz

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iz

Mz

It
Mt

Iw

Mw

V11 V10

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5Iz

Mz

V7

V8

Iy

My

V9

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iz

Mz

It
Mt

Iw

Mw

V11

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5

Iy

My

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iz

Mz

It
Mt

Iw

Mw

V11

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5

Iy

My

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

It
Mt

Iw

Mw

V11

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5

Iy

My

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

It
Mt

Iw

Mw

V11

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5

Iy

My

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iw

Mw

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5

Iy

My

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iw

Mw

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5

Iy

My

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iw

Mw

V12

Iy

My

It
Mt1

Ipy

Mpy

V6 V5

Iy

My

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt1

Ipy

Mpy

V6It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iw

Mw

Iy

My

V5

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt1

Ipy

Mpy

V6It
Mt

Ipz

Mpz

V2 V1Ix

Mx

V3

V4

Iw

Mw

Iy

My

V5

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6V2 V1V3

V5

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6V2 V1V3

Ix It It

V5

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6V2 V1V3

Ix It It

V5

Icz

Vz

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6V2 V1V3

Ix It It

V5

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6V2 V1V3

Ix It It

V5

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6V2 V1

Ix It It

V5

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6V1

Ix It It

V5

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

V6

Ix It It

V5

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

Ix It It

V5

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

Ix It It

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

Ix It It

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

Ix It It

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC



15

Dynamic MITE Network Synthesis: Second-Order LPF

TLP: IzIpz = IxIτ

IzIw = IyIτ

IyIpy = IzIτ KCL: Ipz + Icz = Iw

Ipy + Icy = Iτ/Q

It
Mt

Ipz

Mpz

Ix

Mx

Iw

Mw

Iy

My

It
Mt1

Ipy

Mpy

V4

Ix It It

Icz

Vz

C

It/Q

Icy

Vy

C

Iw

ORNELLC


