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A tribute to the versatility of MOSFETs

e present a

compendium
of two-metal-
oxide-semi-
conductor
(MOS)-transistor circuits, which span
the range from simple standard con-
figurations to ingenious arrange-
ments. Using these building blocks,
circuit designers can assemble a
vast array of complex analog func-
tions. This (incomplete) collection
shall serve as a reference and in-
spiration to junior circuit designers
and hopefully contains at least one
unexpected example for profession-
al engineers.

Overview
Analog circuit design is wonderfully
creative. The MOS field-effect transis-
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tor (MOSFET) is an exceptionally ver-
satile device, operating as a switch,
current source, resistor, diode, and
capacitor, depending on bias condi-
tions. For fun and to demonstrate the
sheer infinite possibilities in circuit
design using MOSFET, we present a
collection of simple (and sophisti-
cated) circuits that employ two tran-
sistors (not counting fixed-bias and
supply voltages and fixed-bias cur-
rents). Often, circuit designers con-
struct complex circuits from these
basic building blocks.

This compendium is a tribute to
all of the ingenious minds out there
and the circuit design giants on
whose shoulders we are standing
today. This sample of practical two-
transistor circuits, to the best of the
authors’ knowledge, contains benefi-
cial and often-used configurations.
A few circuits are of a more curious
and academic nature; they might lack
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power-supply rejection or show other
deficiencies, and some circuits use
the body connection as active termi-
nals, which might not be feasible in
some CMOS technologies. Generally,
one has to be aware of the body ef-
fect and its impact.

Many more two-transistor circuits
are yet to be discovered. An exhaus-
tive search of graphs using one or
two voltage-controlled current sourc-
es (which are well-approximated by
MOSFET) resulted in 150 potentially
useful circuits [1]. One of them was
identified as a valuable new ampli-
fier configuration [2]. By pushing this
idea further, a study identified 582
possible circuit topologies using two
transistors. Repeating this exercise
using three transistors, a whopping
56,280 elementary configurations
have been found [3].

To keep our overview reasonable,
we do not include complementary
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Circuit No. 1 Circuit No. 8 Circuit No. 15 Circuit No. 22
Iin Iout Iout
M,
Vhias °—| M,
Vin Vout bias2 1 Vin Vout
A My My Vin or fiy
! (W/L)y (W/L)s

This is the ubiquitous digital inverter. The input voltage Vi, switches one
of both transistors on while the other is off.

Circuit No. 2

A
Vin Vout or Tout

M,

The same structure can be used as a voltage amplifier (V,,, with high-Z
loading) or low-voltage complementary transconductance stage (L., with
low-Z loading) when both MOS-FET are held in saturation.

Circuit No. 3

M-

Vin Vout
M,

The (dynamic threshold) DT-MOS inverter achieves an improved current
drive at low leakage current. It needs to be operated at low supply volt-
ages to avoid a forward bias of the well diodes

Circuit No. 4

My
Viieo
My

An ESD-safe tie-zero for unused CMOS logic inputs (no MOS-FET gate
should be tied directly to a supply rail). The tie-one can be constructed
accordingly.

Circuit No. 5

Thjas

Using a current source Iy, with finite output impedance to bias this struc-
ture, this circuit implements an XNOR logic function (Veu = Va ® Vi). The
logic inputs V, and V4, must be driven by low-ohmic logic levels between
Vop and Vss.

Circuit No. 6

Thias

Vout

This series connection of two MOS-FETs realizes a logical NAND function
(Vour = Vi AV;) when driven by logic inputs.

Circuit No. 7

Thjiag

This circuit complements the logic gates and realizes a NOR function
(Vo = VAV

This circuit s the basic current mirror, simultaneously copying and sizing
of I = (W/L)/(W/L), - I, according to the dimensions of M; and M.

Circuit No. 9

qut.n Iout,p

Vin,p °_| My M |_° Vin,n

Thias

The ubiquitous differential pair (or long-tailed pair), like the current mirror,
is a fundamental building block in integrated circuits.

Circuit No. 10

I()\l(,rn Iourup

Vo[ My _J—oViu

The pseudo-differential pair spares the tail current source’s headroom in
exchange for reduced common-mode rejection, but with the benefit of
class-AB operation.

Circuit No. 12

R | A

Vout

Vbias °_|

This is the source follower (or common-drain stage), utilizing M, as a cur-
rent source to bias M.

Circuit No. 12

Vi o[22

Vout

e |

The common-source amplifier stage with active load!

Circuit No. 13

Tout

Viias o[ 22
Vino—[ M

The cascoded common-source stage boosts the output impedance of M
considerably to 7w & gua/(gas1 - gae2)

Circuit No. 14

Tout

Viiuso o[ Mo
Vi o[ M

Iin

This is the cascoded common-gate stage. Note that L, ~ I but
the impedance level changes drastically, creating gain or a high output
impedance at the output node.

The common-gate stage, employing M; as a current source to bias tran-
sistor Mi. The input can be either a voltage- or a current-signal.

Circuit No. 16

ViorlIe olhorly

T

Von

The transmission gate switches either voltage (Vi and V) or current (I;
and 1) (and it works rail to rail, too).

Circuit No. 17

Veom

The 2-to-1 multiplexer, connecting either Vi or Vs to Vi, Depending on
Vit and Vi, the MOS-FETS are alternately switched on or off,

Circuit No. 18

Iin Tout

M, M.

This circuit is an improved bulk-driven current mirror that allows low volt-
age operation, requiring a voltage headroom substantially less than Vesi.

Circuit No. 19

The common-source amplifier with diode load is sometimes called a
wide-band amplifier due to its potentially high-speed operation. Here,
the gain is set precisely to A, = Vou/Via = —/(W/L)1/(W/L)s, only de-
pending on transistor sizing (if we neglect the body effect and finite output
conductance).

Circuit No. 20

Thiag

Vout

Viwo—[_ mH[_ 2

This wide-band amplifier has the advantage of a removed body effect in
M, and a ground-referred output node.

Circuit No. 21

v, Vi

M, M,

This ultra-low-power diode (ULPD) shows a reduced leakage in the re-
verse direction when V; > V.

This class-B push-pull follower can be considered an enhanced version of
the simple source follower. However, lacking a class-A bias component,
this structure is subject to cross-over distortion

Circuit No. 23
Tout
Vin My
M
-

This circuit is a MOS-FET-R degenerated common-source stage. By sizing
M, appropriately, the degeneration can be adapted. This arrangement
using two transistors can also increase the length of a (compound) device,
for example, in current mirrors, as otherwise, MOS-FETs with different L
will not match well.

Circuit No. 24

Tout

Viwo—{[_ M
Vhias °_| My

This is a variation of the implementation shown earlier, where the degen-
eration of M, can be adapted by tuning Vi,

Circuit No. 25

Iout,p ]out.n

Viias [ M2

Vin

Thias

This common-gate-common-source topology offers an impedance-
matched single-ended input and a differential output while simultaneously
canceling noise and distortion

Circuit No. 26

%ut

Visos o[ Mo

Vin o=

Tias

This low-noise amplifier was discovered by doing an exhaustive search for
potential two-transistor wide-band amplifiers. For practical implementa-
tion, M; requires an ac-coupling (and proper biasing)in its gate connection
to keep M, in saturation.

Circuit No. 27

M
M; Vhias

This (simple) bias voltage generator uses the current source M; to bias
My 50 that Vi, = Vassz. Note that the generated voltage is susceptible to
changes in process, supply voltage, and temperature (PVT).

Based on: Harald Pretl and Matthias Eberlein, “Fifty Nifty Variations of Two-Transistor Circuits: A tribute to the versatility of MOSFETs," in IEEE Solid-State Circuits Magazine, Summer 2021.
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Circuit No. 28 Circuit No. 34 Circuit No. 41 Circuit No. 47
Iout

My Viias o[ M1

W °Vu Vioo—{[_ v
lo 2 Iy Vout

M, Viet M,

The anti-parallel MOS-FET diodes can be employed for many things, for Vige I M
example, voltage clamping.
This constant bias voltage generator creates a remarkably stable out- This circuit is a perfectly linear I-to-V converter with Vyu /T = [11Clx -

put voltage (note that M, and Mz must have different threshold voltages
Vi # Vaao).

Circuit No. 29

This circuit is a PTAT voltage generator, if A1y and M, are kept in sub-
threshold operation.

Circuit No. 30

Vijast

Vere—]
Vhias2 °—| My

Iom

This pA current source is based on the periodic filling and flushing of
the Si-SIO, interface traps by alternating M, between accumulation and
inversion. It can operate with reasonably high clock frequencies and still
create tiny currents.

Circuit No. 31

0 Vi
Ahﬁﬂb

Tias

Two transistors with cross-coupling form a negative resistance between
V; and V;,, mainly employed in oscillators and comparators. As in a differ-
ential pair, the bias current source can be replaced by a fixed potential.

Circuit No. 32

M, M:
Vbiaa °_| M |_° Vblzns
W Vo

This circuit is a low-voltage version of a cross-coupled pair, where the
body controls the MOS-FETs, avoiding the significant Vs drop at V;, and
Vi

Circuit No. 33

|_°V;1

This varactor (the capacitance between V; and V, depends on the bias
voltage Vi) is often used in voltage-controlled oscillators. In most tech-
nologies, the NMOS can be put inside the n-well so that the varactor
works in accumulation, providing an optimized tuning range and high Q.

Circuit No. 35

7 oV,

The anti-parallel MOS-FET capacitors make the differential capacitance
between V, and V;, more linear and symmetrical. As in a varactor, an
NMOS-in-n-well is an option.

Circuit No. 36

Tjas

Viias M,

This circuit, which is a similar configuration as the flipped voltage follower,
can function as an active inductor, providing L = Cas /(g - gu).

Circuit No. 37

Vin

M
Vout
My

This circuit is an area-efficient voltage divider. If My and M, are of the
same size, then Vyu & Viy/2. Often, a PMOS version is a better choice
since it can avoid the body effect by tying the body to the respective
source for M; and M,

Circuit No. 38
Tout1
Mo
Vbléks Iin
M
Tout2

This implementation is the Bult current divider (if M, and M, are of iden-
tical size, then I, is precisely split in half between Ty and Toys).

Circuit No. 39

Vaample

Vout

This is a sample-and-hold circuit as used in a lot of ADC implementations,
using the gate capacitance of M, as a storage capacitor (a low to zero Vi
would be an advantage in this case).

Circuit No. 40

3 Vi

M, M,

This arrangement creates an enormous resistance between V, and V;, al-
though susceptible to temperature and process variations.

In this dual-gate MOS-FET mixer, the periodic local-oscillator signal Vi,
causes the time-variant change of the transconductance of M,, resulting
in a frequency conversion from the input Vi to the output L.

Circuit No. 42

Vijas

Vi o—UfTo Vot

The sample-and-hold circuit becomes a continuous-time low-pass filter
if My is connected to a fixed bias voltage instead of a clock signal. Note
that this circuit transforms into a high-pass filter when M; and M, are
swapped,

Circuit No. 43
Vin
My
Voeak

This circuit is a minimalistic peak-voltage detector (essentially a max-hold),

where Vieax = Vinmax = Vst

Circuit No. 44

Ty B,

Moy

Asimilar circuit to the peak detector can function as an approximate volt-
age doubler when driven by a sinusoidal input voltage (on negative swings
of Vi, the capacitor M, gets charged to [Viy| — Ve, which is added to Vi,
during positive swings when M; is off.. As in any circuit with negative

voltages, proper connection of the wells is required.

Circuit No. 45
Tpjias
My
% M, Va

This circuit implements a current-controlled (high-impedance) floating re-
sistor between Vj, and V..

Circuit No. 46

Vb My
My
Va

Tias

The floating level shift (or “floating battery”) effectively shifts a bias point
between V;, and V;,, as Vain = V;, — Vi = Vasi + Voso.

(W/L) - (Vijas — 2Via)]Y, if we assume a square-law behavior, neglect the
body effect, and M; and M, are of same size and kept in saturation

Circuit No. 48

Vout

This level-shifter circuit shifts a digital input voltage Vi, to an output volt-
age Vi swinging around Vis.

Circuit No. 49
Tias
Vin M,y
Vout
My

The flipped voltage follower is an improved version of the standard source
follower, employing feedback to lower the output impedance to 7o, =
Gasa/ (g1 * Gm2).

Circuit No. 50

Thjas Tont
My
My
Viias Iin

The regulated cascode improves the effect of the cascode M; by gua/gu
due to feedback. Note that the source of M, can be tied to ground if
combined with a common-source input stage.

Circuit No. 51

Vetat

Exploiting the parasitic (iateral) PNP transistor inherent in a PMOS struc-
ture, this simple CTAT voltage generator can be created,

Circuit No. 52

Tigst

Tyias2

The parasitic BIT (lateral or vertical) often suffers from poor 3 < 10. This
circuit forces the collector current of the parasitic (vertical) PNP (realized
by M) to Ie = Iyt — sz although the collector terminal (being the
psubstrate) is not accessible. By doing this, the resulting Ve = Vi — Vs
can be accurately used in a bandgap circuit.

Based on: Harald Pretl and Matthias Eberlein, "Fifty Nifty Variations of Two-Transistor Circuits: A tribute to the versatility of MOSFETs," in IEEE Solid-State Circuits Magazine, Summer 2021.

doi: 10.1109/MSSC.2021.3088968, harald.pretl@jku.at




Why Write Such an Article?

* |tis fun, and a celebration of engineers’ ingenuity and creativity!

* |t shows the versatility of the MOSFET. Depending on bias conditions, it works as

Ao - T L

S0 a couple of years ago a thought appeared:

»,<HOW many circuits with 2 transistors are there?“ — and we started collecting.



ome Tried to Systematically Find Useful Circuits
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Method of Generating Unique Elementary
Circuit Topologies
M¢éthode de génération de topologies de
circuits €lémentaires uniques

Delaram Shahhosseini, Eugene Zailer, Student Member, IEEE, Laleh Behjat, Senior Member, IEEE,
and Leonid Belostotski ', Senior Member, IEEE

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS —II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 48, NO. 11, NOVEMBER 2001 1039

Finding All Elementary Circuits Exploiting
Transconductance

Eric A. M. Klumperink, Member, IEEE, Federico Bruccoleri, Student Member, IEEE, and Bram Nauta, Member, IEEE

Sist‘:fs;':lgl}lgo's't‘;ng‘;:l{l:’:?ﬁﬁ:ﬁ;ﬁ?’a&"ﬁ? é‘frer:nmtg;‘;gz?; ] - ] N . - Abstract— Designing analog circuits with new topologies is often very challenging, as it requires not only circuit
basically exploit the transconductance prope,rty of transistors. This design expertise but also an intuition of how various elementary circuits may work when put together to form a

paper aims at ﬁnding all elementary transconductance-based cir- _-_-I j J ] _' larer circuit. In this paper, we present a method of eneratin all functional elementa circuit top Ol()ieso This

cuits. For this purpose, all graphs of two-port circuits with one — —_— — o a

or two voltage controlled current sources are generated systemat- 5 82 t w = t t d 56 280 th = t t

ically. This results in 150 graphs of “finite transactance two-port L L L O ranSlS Or an ree ranSlS Or
e ey s .

f)'frfl:lég c:;tgeﬁg;?::nzﬁiego;zg:i;;2“;':;:5;231;’ﬁznms?;f;f:;g \ / designers by both offering previously unknown circuit topologies and providing circuit topologies for further
resistors, covering many commonly required types of two-ports. To optimizations. To give an example of how this vision can be used in practice, a search for all amplifier circuits

illustrate the usefulness of the technique several alternative circuit ... i was conducted that resulted in 5177 circuit topologies, some previously unknown, out of 56862 three-transistor
implementations for current amplifiers and voltage followers are . elementary circuit topologies.
generated. A new wide-band low-noise amplifier generated with N Arbitrary , , . . e . . N cpp s
. o i i — v I(V) Transconductor Résumé—La conception de circuits analogiques avec de nouvelles topologies est souvent tres difficile car
the technique was realized in 0.35-xm CMOS. . implementation p . < . . . X . . .
o . o L ; elle nécessite non seulement une expertise en conception de circuits, mais aussi une intuition de la facon dont
Index Terms—Analog circuit design, circuit synthesis, circuit teeeees -| différents circuits élémentaires peuvent fonctionner lorsqu’ils forment un plus grand circuit. Dans cet article,
topology, computer-aided design, systematic circuit generation, nous présentons une méthode de génération de toutes les topologies de circuits élémentaires fonctionnels. Cet
transconductor, voltage-controlled current source. , o ) ) . . u P e u . . 8 . u P .g . .u . o2 2 iy
Fig. 1. In many circuits transistor and resistor configurations are exploited as article utilise la combinatoire pour garantir que toutes les topologies de circuits uniques sont générées et stockées
a transconductor and can be modeled by a voltage controlled current source dans une base de données. Cette base de données contient 582 topologies de circuits élémentaires fonctionnels

Ao et uniques a deux transistors et 56280 a trois transistors. Il est envisagé que les topologies de circuit stockées

dans la base de données permettent d’économiser du temps de conception et d’aider les concepteurs a la fois

[2] a offrir des topologies de circuits inconnues et a fournir des topologies de circuits pour d’autres optimisations.
Pour donner un exemple de la facon dont cette vision peut étre utilisée dans la pratique, une recherche de tous
les circuits amplificateurs a été effectuée.

Index Terms— Analog circuit synthesis, computer-aided design, integrated circuit design, mathematical
[3] programming.



Now Let’s Look Into the S0
Circuit Snippets we Collected



Quite a Few are Well-Known Classics

1 v

Vin ot Vout [4]

I

This is the ubiquitous digital inverter. The input voltage Vi, switches one
of both transistors on while the other is off.

Iout,n Iout,p
o o

vm,po—llz‘Ml M, |.||—° Vinn 6

I bias

The ubiquitous differential pair (or long-tailed pair), like the current mirror,
is a fundamental building block in integrated circuits.

I/ n I out
(o) o)
@

M, l M,
(W/L)1 :" ":‘(W/L)Q
1

This circuit is the basic current mirror, simultaneously copying and sizing
of Iy, = (W/L)y/(W/L); - I}, according to the dimensions of M; and M,.

Vi or Iy o—¢

The transmission gate switches either voltage (V; and V3) or current (I;
and 1) (and it works rail to rail, too).

[5]



Some Have a Dual-Use Not-That-Obvious

M, Mz

Vin Vout 4] Vin Vout O Lout [7.8]
M
M :

The same structure can be used as a voltage amplifier (V,, with high-Z
This is the ubiquitous digital inverter. The input voltage Vi, switches one loading) or low-voltage complementary transconductance stage (I, with
of both transistors on while the other is off. low-Z loading) when both MOS-FET are held in saturation.




Same Arrangement, Different Application

I bias I out

° Vout Vbias °—| ETM 9
Vao |, M vino—IE_LMl

This series connection of two MOS-FETs realizes a logical NAND function The cascoded common-source stage boosts the output impedance of M;
(Vous = Va A V1) when driven by logic inputs. considerably t0 rout & gma/(gas1 - gas2)-
Lout
Iout %u
Vioo—[_ 15
Vin © l Ml ©
9] [10]

Vhias o—l E_I_M 2 Vit o—l IELM 1

In this dual-gate MOS-FET mixer, the periodic local-oscillator signal W,
causes the time-variant change of the transconductance of M, resulting
In a frequency conversion from the input V¢ to the output .

This is a variation of the implementation shown earlier, where the degen-
eration of M; can be adapted by tuning Vj.s. 9



Some Use All 4-Terminals of the MOSFET

I n I out

(o)

1)
T_":‘.Ml_. Mp,

1

This circuit is an improved bulk-driven current mirror that allows low volt-
age operation, requiring a voltage headroom substantially less than Vggs.

-
i
Vino—t 1 ° Vout [13]

The (dynamic threshold) DT-MOS inverter achieves an improved current
drive at low leakage current. It needs to be operated at low supply volt-
ages to avoid a forward bias of the well diodes.

10

Vbias o—l L 20 I_° Vbias

[12]

Vo Vi

This circuit is a low-voltage version of a cross-coupled pair, where the
body controls the MOS-FETs, avoiding the significant Vg drop at V;, and
Va.

O Vitat [14]

Exploiting the parasitic (lateral) PNP transistor inherent in a PMOS struc-
ture, this simple CTAT voltage generator can be created.



Some are Super Useful but Rarely Taught in School

ME"—

An ESD-safe tie-zero for unused CMQOS logic inputs (no MOS-FET gate
should be tied directly to a supply rail). The tie-one can be constructed
accordingly.

I bias I out
0

[16]

My || !

o)
Vbias I in

The regulated cascode improves the effect of the cascode M; by g2/ guso
due to feedback. Note that the source of M, can be tied to ground if
combined with a common-source input stage.

I bias
Vino—H[_ M1
—o %ut [13]

The flipped voltage follower is an improved version of the standard source
follower, employing feedback to lower the output impedance to ryy =

9ds2/(gm1 - Gm2)-

Vpc ": Mo
M1 I—‘

o)
I bias

The floating level shift (or “floating battery”) effectively shifts a bias point

between V,, and V, as Vi = Vp, — Vi = Vst + Vase.
11



Some are Pretty Clever: pA Current Source

Vbiasl

[17]

I out

This pA current source is based on the periodic filling and flushing of
the Si-SiO, interface traps by alternating M; between accumulation and

iInversion. [t can operate with reasonably high clock frequencies and still

create tiny currents.
12



Some are Pretty Clever: Voltage Reference

[18]

My V}ef

This constant bias voltage generator creates a remarkably stable out-
put voltage (note that M; and M, must have different threshold voltages

Vin1 # Vina)-

V}ef —

Vinz — Vint) -
n1+n2( th2 — Vih1) e

13
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Some are Pretty Clever: PNP Ic Control

[19]

The parasitic BJT (lateral or vertical) often suffers from poor 8 <« 10. This
circuit forces the collector current of the parasitic (vertical) PNP (realized
by M) to Io = Ly.s1 — Lhiase, although the collector terminal (being the
p-substrate) is not accessible. By doing this, the resulting Vegg = Vg — V3

can be accurately used in a bandgap circuit.
14



Some are Pretty Clever: Bult Current Divider

1
[Outl — Ibias QIin

Mo
[20]
Vbias Iin
My
1
Iout2 — Ibias | zlin

This implementation is the Bult current divider (if M, and M, are of iden-
tical size, then I, is precisely split in half between I,:; and I,,9).

15



Final Remarks

» The MOSFET is a wonderful device, despite all its quirks — try a hand
calculation of gm or gds In @ nm-device.

* One would think that all useful two-transistor circuits have long been
Invented — this does not seem to be the case.

 You never know how MOSFETs are used in a circuit — thus need models
that work well in all kinds of operating modes and bias conditions.

16
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