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Finding All Elementary Circuits Exploiting
Transconductance
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Abstract—Commonly used elementary circuits like single-tran-
sistor amplifier stages, the differential pair, and current mirrors
basically exploit the transconductance property of transistors. This
paper aims at finding all elementary transconductance-based cir-
cuits. For this purpose, all graphs of two-port circuits with one
or two voltage controlled current sources are generated systemat-
ically. This results in 150 graphs of “finite transactance two-port
circuits” with at least one nonzero transmission parameter. Each
of them can be implemented in various ways using transistors and
resistors, covering many commonly required types of two-ports. To
illustrate the usefulness of the technique several alternative circuit
implementations for current amplifiers and voltage followers are
generated. A new wide-band low-noise amplifier generated with
the technique was realized in 0.35-m CMOS.

Index Terms—Analog circuit design, circuit synthesis, circuit
topology, computer-aided design, systematic circuit generation,
transconductor, voltage-controlled current source.

I. INTRODUCTION

A NALOG CIRCUIT designers commonly use elementary
circuits as building blocks for larger circuits. Well-known

CMOS circuit examples from textbooks are the common source,
common gate, and common drain amplifier stages, the CMOS
inverter, differential pair, and current mirror [1]. Such circuits
are for instance cascaded to implement wide-band amplifiers
and OPAMPs or synthesize transconductance-filters. In these
circuits, the MOS transistor basicallyacts as a transconductor
with small signal transconductance . Therefore, we refer to
this class of circuits as “transconductance-based CMOS cir-
cuits” [2]. There are several good reasons for exploiting tran-
sistors as transconductors.

• MOS transistors behave fundamentally like a transcon-
ductor in a wide frequency band. Therefore, transconduc-
tors are commonly used as active elements at high fre-
quencies in amplifiers, mixers, oscillators, and filters.

• A wide range of transconductance values is possible by
changing and biasing: -values may range from nS
(weak inversion) up to (strong inversion). This renders
large design freedom, e.g., in the choice of - filter
time-constants.

• Transconductance values can be well matched by proper
choice of transistor dimensions [3]. This is for instance
exploited in the current mirror to obtain accurate current
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Fig. 1. In many circuits transistor and resistor configurations are exploited as
a transconductor and can be modeled by a voltage controlled current source
(VCCS).

ratios and in the differential pair to obtain low voltage
offset.

• Tuning the transconductance value electronically is pos-
sible by switching transconductance elements in parallel
(coarse tuning), or by changing the bias point (fine tuning).
Thus, it is possible to correct for production spread and
ageing, or implement programmability (e.g., in variable
gain amplifiers).

As elementary transconductance-based circuits prove so
useful, one might wonder whether there are more then the
well-known textbooks circuits. This subject has been addressed
in a systematic way in a Ph.D. dissertation, generatingall
linear two-ports with 1 and 2 voltage controlled current
sources(VCCSs) [2]. This paper reports how potentially useful
two-port circuits are generated systematically via linear graphs
(Sections II–IV). This results in 150 graphs that are classified
on nonzero transmission parameters to see which types of
two-ports can be implemented (Section V). Each of the graphs
can be implemented in various ways on transistor level as
shown in Section VI. To demonstrate the usefulness of the
generation method, several alternative circuit implementations
of current amplifiers and voltage followers will be generated.
Moreover, the practical usefulness of the technique is demon-
strated via a new low-noise amplifier (LNA), found via the
systematic circuit generation. A chip realization has attractive
properties with respect to noise and linearity (Section VII).

II. GENERATING POTENTIALLY USEFUL TRANSACTORS

As discussed in the introduction, we aim to findall elemen-
tary transconductance-based two-port circuits. As the transcon-

1057-7130/01$10.00 © 2001 IEEE
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Fig. 2. All linear graphs of two-ports with one and two VCCSs have been
generated and potentially useful ones with finite transactance are stored in a
VCCS graph database.

ductance is exploited, a VCCS is used as elementary building
block. Neglecting the body effect, a MOS transistor could in
principle be modeled as a three-terminal VCCS. Nevertheless, a
four-terminal VCCS with isolated voltage and current branches
is a far more general and flexible device. As shown in Fig. 1,
it can represent a single NMOS or PMOS transistor by adding
1 connection either at the top (PMOS) or at the bottom side
(NMOS). It can also model a resistor by adding two connec-
tions. Furthermore, differential pairs of transistors (also shown
in Fig. 1 without biasing), or more involved transconductor cir-
cuits are covered in this way (without additional connections).
Thus, a four-terminal VCCS is chosen to act as a unifying el-
ement, which greatly reduces the number of different cases to
deal with during the circuit generation that will follow.

From a viewpoint of circuit topology a VCCS can be repre-
sented by two branches: a- and an -branch. Our aim is now
to find all elementary two-port circuits in a systematic way. As
shown in the flowchart in Fig. 2, this is done by generating
all graphs of two-ports with one and two VCCSs. The transfer
function of the resulting two-ports is subsequently analyzed and
potentially useful cases are stored in a database. The question
to be answered now is what makes a linear two-port “poten-
tially useful.” To define this, we start from the general notion of
what a linear two-port is supposed to do: it senses a signal at its
input port and delivers an output port signal proportional to the
input signal. The term “transactance” is useful in this respect.
Nordholt has argued that the ultimate design goal should be op-
timum information transfer [4], that is aiming for the best-re-
producing transfer function or “transactance” between a source
signal quantity and load signal quantity. For now we put the min-
imum requirement of having some finite transactance (not zero
or infinite) for a two-port to be “potentially useful.”

A. Transmission Parameters and Finite Transactance

To define the finite transactance concept more precisely in
terms of two-port parameters, consider the transfer function of

Fig. 3. Two-port described with transmission parameters connected between a
signal source and load. As can be verified from (1)–(4), a finite transfer function
requires at least one nonzero transmission parameter.

Fig. 4. Definitions of transmission parameters[A;B;C;D].

a two-port connected between a signal source and a load, as
shown in Fig. 3. The signal source is either modeled as a voltage
source [Fig. 3(a)] with series impedance or as a current
source with parallel impedance [Fig. 3(b)]. The load is
modeled by load impedance connected to the output port.

The two-port is modeled using transmission parameters
, and , which are for convenience defined in Fig. 4.

These parameters are directly related to the four basic “transac-
tances” between voltages and currents: they are the inverse of
the voltage gain, transconductance, transimpedance and current
gain, respectively.

Using the transmission parameters, the transfer function or
transactance from source to load can be calculated. For a voltage
source as shown in Fig. 3(a), this leads to a voltage gain and a
transadmittance given by

(1)

(2)

For a current source as shown in Fig. 3(b) the results are a tran-
simpedance and current gain given by

(3)

(4)

Considering the four equations above, it can be concluded
that two-ports with afinite transactanceshouldat least have one
nonzero transmission parameter. Obviously, if all transmission
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TABLE I
OVERVIEW OF 9 USEFUL TWO-PORTSWITH VERY HIGH, VERY LOW,
OR MATCHED PORT IMPEDANCE. THEY CAN BE IMPLEMENTED WITH

1, 2, OR 4 NONZEROPARAMETERS. (ALSO SHOWN ARE THE INVOLVED

NONZERO TRANSACTANCES)

parameters would be zero, then all the transactances are unde-
fined and useless due to the zero in the denominator.1

B. Port Impedance Considerations

Apart from requiring a finite transactance, often also require-
ments on port impedances are important. It is instructive to dis-
cuss this matter in terms of nonzero transmission parameters in a
bit more detail. The input impedance and output impedance

of a two-port connected to a source and load can be ex-
pressed as

(5)

(6)

Three types of port impedances are now of particular interest
with regard to the adaptation to a given source and load: either
very high, very low, or finite accurate port impedance appear to
be particularly useful [4]. Finite accurate values of the input or
output port impedance are mainly useful ifimpedance matching
is required, e.g., for cable receivers or cable drivers to termi-
nate a cable with its characteristic impedance. As can be veri-
fied from (5) and (6), the input impedance in general depends on

and the output impedance depends on. Only for specific
combinations of transmission parameters this can be avoided,
e.g., is independent of for case or case (where

means nonzero and , i.e., ). On the other
hand, very high or very low input port impedance are useful to
achieve voltage or current sensing,independentof the source
impedance. For instance: if bothand are zero, then be-

1This implies that we require all circuits to operate as a two-port [5]. Also, all
nullor two-ports are rejected (for a nullor all four transmission parameters equal
zero). This is justified by the fact that a nulloras suchis indeednot useful: it
requires additional feedback components to implement a finite transactance. In
theory the source impedance or load impedance could play this role in some
exceptional situations. However, a transfer function that entirely depends on
source and load impedances is in general useless, as there is no degree of design
freedom.

Fig. 5. Circuit elements and their graph representations: an independent source
(s-branch), a VCCS (v- andi-branch) and a load impedance (l-branch).

comes infinite (sense voltage) and the transactancesand
become independent of . Very high or very low output im-
pedances are useful to achieve either voltage or current driving
respectively,independentof the load impedance. If both and

are for instance zero, the transfer functions and be-
come independent of and ideal voltage drive occurs (
becomes 0 in that case).

Taking these three types of port impedance as a starting
point, 3 3 types of “transactors” can be defined [4]. As
shown in Table I, these can be implemented with either one
nonzero transmission parameter, two nonzero transmission
parameters, or four nonzero transmission parameters. Later in
this paper, we will see whether we can implement these desired
transactors with VCCS circuits.

It has been argued by Nordholt that accurate transfer func-
tions and very high or very low port impedances should be im-
plemented exploiting negative feedback [4]. However, at high
frequencies sufficient loop gain is often not available, or ren-
ders stability problems. Simple “open-loop” circuits exploiting
transconductance find ample application there. Fortunately, in
many cases high accuracy is not required and approximations
of the ideal transfer function are quite acceptable. Therefore, we
do not take feedback as a necessary condition in this work. In-
stead, we systematically combine transconductors modeled by
VCCSs in all possible ways and examine which two-port prop-
erties result. The only requirement we pose is to haveat least
one nonzero finite transmission parameter, i.e., at least one fi-
nite transactance. In this way we aim to findall elementary
two-port circuitalternatives, both open-loop circuits and circuits
exploiting negative feedback.

III. GRAPHSWITH ONE VCCS

In the limited space available for this paper we cannot discuss
in detail how all the different graphs were generated and ana-
lyzed. Only the main characteristics of the generation method
will be discussed and the results that were obtained. We will
start with circuits with one VCCS in this section, and discuss
their generation and analysis. Such circuits consist of the ele-
ments shown in Fig. 5: a signal source, a VCCS, and a load
impedance.

In order to find all two-port circuits with one VCCS we will
use the linear graph representations also shown in the figure.
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Fig. 6. Systematic generation of all 1 VCCS two-port graphs with the 4 branches shown in Fig. 5.

The graphs consist of four branches: the- and -branch of the
VCCS and - and -branch for the source and load. We will
now systematically generate all possible topologies by gener-
ating all possible graphs with four branches. This in done in two
steps as shown in Fig. 6.

1) “Tree-graphs” [6] are used as a starting point, and “links”
are added to find all “fully connected linear graphs” with
four branches. Only these graphs have all branches con-
nected in loops and are potentially useful. This is because
unconnected graph branches do not serve any function
in a circuit (open -branch: undetermined voltage and
related current; open- or -branch: zero current; open
-branch: input not sensed; so none of them contribute

to Kirchhoff relations to force a finite transactance 9 (see
also [8]).

2) Graphs are then labeled in all different possible ways (step
2 in Fig. 6).

In the following sections, the transmission parameters of all
resulting two-ports are analyzed, to select cases with at least one
nonzero transmission parameter.

A. Systematic Analysis of the Transfer Function

The labeled graphs found in Fig. 6 represent a circuit
topology. The transfer properties of an arbitrarily chosen graph
will now be analyzed, to illustrate the procedure. Since there
are many graphs, the analysis procedure is described in a
systematic way, suitable for implementation in a symbolic

Fig. 7. Directed graph with node numbering used in the transmission
parameter analysis example.

analysis program. The analysis is performed in four steps and
aims at finding the transmission parameters.

1) Generate directed graphs with node numbers—Reversal
of the - or -branch introduces sign changes in the
transfer function. Still these circuit variants can be
described with a single graph, provided that we allow
for positive and negative values of transconductance,
and define the branch orientations for which the transfer
function is derived. For convenience, nodes are also
numbered , and one of them is designated
as the datum node (by convention node 0; note that this is
not necessarily the ground node in a final circuit, but only
serves a role during analysis). Fig. 7 shows an example.

2) Derive a set of linear equations for the network that is
represented by the graph—For a circuit with nodes
and branches, independent KCL equations and

independent KVL equations exist [7]. Since
the circuit contains a VCCS, which only has a admittance
two-port representation and no impedance representation,
KCL node equations are used as a starting point. Then
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Fig. 8. All potentially useful graphs of circuits with a source(s), load(l) and one VCCS (v andi) (see text).

branch equations are substituted, with voltages expressed
in terms of node voltages. For the graph in Fig. 7, this
leads to

(7)

(8)

where is the open terminal independent source
voltage, is the source admittance, is the VCCS
transconductance, and is the load admittance (see
Fig. 5).

3) Solve the set of equations for the node-volt-
ages—Obviously, this is only possible if the determinant
of the set of equations is nonzero (else the circuit is
rejected). For the example, the determinant is

(9)

Thus, for a certain critical negative value of, the set of
equations has no solution. This leads to an interval re-
quirement on , also related to stability, as we will discuss
later.

4) Calculate the transmission parameters of the trans-
actor–The four transmission parameters are to be
evaluated at either zero output voltage or zero output
current. We can enforce these conditions by taking the
limits of appropriate transfer functions, either for
approaching zero or infinity.

For the example under discussion, the results are

The analysis procedure described above has been automated
using the mathematical software package MAPLE [9]. The re-
sults for circuits with one VCCS are described in the next para-
graph.

B. Resulting One VCCS Circuits

Fig. 8 shows the graphs with one VCCS and at least one
nonzero transmission parameters. Obviously, it is possible

to implement a transconductor with (e.g., with a
common source transistor). Also, a series conductance and
parallel conductance are possible (e.g., via a “self-connected”
VCCS implementation). Finally, for large transconductance
values, a voltage follower can be approximated (only nonzero

, e.g., with a source follower) and a current follower
(only nonzero , e.g., a common gate stage). Happily, we
appear to cover all the known single-transistor amplifier stages.

The upper rightmost graph in Fig. 8 is peculiar in the sense
that it consists of two subgraphs: a parallel- and -branch and a
parallel - and -branch. These graphs can be joint at an arbitrary
node indicated with dashed lines without changing the transmis-
sion parameters. This is because the VCCS-branch senses the
differential voltage across the source branch: the common mode
voltage with respect to the load ideally has no effect. In practical
circuits this is useful to implement a so-called “floating input,”
and the graphs will be labeledfloating input graphs.

IV. GRAPHSWITH TWO VCCSS

As we are not satisfied with only five circuits, a second VCCS
will be added and all two-ports with two VCCSs will now be
generated. As hundreds of graphs exist in this case, computer
assistance is indispensable. From the experience gained in gen-
erating the graphs with one VCCS, rules for useless graphs have
been inferred and proven. In this way we simplified the gen-
eration process. A very useful rather obvious rule found was
that -branches do not play any role in Kirchhoff Current Law
(KCL) relations (their current is always zero). Hence, KCL rela-
tions can be derived from graphswithout -branches. As a con-
sequence, it is possible to split the graph generation into two
phases.

1) Generating all KCL-graphs consisting of two-branches
(from two VCCSs) and a source and load branch
(no -branches). This is a task with limited complexity
similar to that of the one VCCS graph generation, which
was still done by hand.

2) Systematically adding-branches to the graphs in all pos-
sible ways and analyzing the transfer function in term, of
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transmission parameters. This is a tedious job involving
several hundreds of graphs performed by a MAPLE graph
generation and symbolic analysis computer program.

Again, the final graphs with two VCCSs should be fully con-
nected graphs. However, the KCL graphs do not necessarily
have this property, because-branches are added afterwards. In-
stead, KCL graphs should satisfy the following requirements.

• At least one VCCS-branch should be connected to
the load—This is because a VCCS can only affect load
voltage and current via the-branch. If none of the load
quantities is affected by any VCCS, no finite transactance
via a VCCS is possible.

• The“other” -branch may, but need not, be connectedto
one or more branches in current loops: it can still be useful,
even if it has zero current. This may seem odd at first
sight. However, note that a VCCS can act as a nullor: the
-branch can act as a norator and the-branch as a nullator

(with reference to Fig. 5: if then
). This can result in finite transactance provided there is

feedback from one of the norator nodes to a nullator node
(i.e., from the -branch to the -branch). If this is the case,
the “other” norator node can be connected to any node
of the graph without effect (it does not contribute current
to a node as its current is 0, while the voltage across an
-branch does not affect its current [ideal current source]).

These requirements allow for KCL graphs to consist of more
pieces. They can have a separate-branch, just as in the
transconductor graph with one VCCS in Fig. 8. As one of the
-branches should be connected to the load (first requirement

above), not more than three pieces can exist.

All graphs of Fig. 6 can now be re-used to find the KCL
graphs we are looking for, where the- and -branch are re-
placed by the - and -branch (-branches of two VCCSs in-
dicated with index and ). In addition, graphs with a separate
-branch and maximally one separate-branch need to be added.

Fig. 9 shows KCL graphs that result from combining all pos-
sibilities and removing redundant equivalent ones (as the two
VCCSs are equivalent, changing index fromto results in an
equivalent graph). For reasons of convenience, the KCL graphs
have been given names, referring to the branch names and their
interconnection structure: “” refers to “in series with” and
“ ” to “in parallel with.” Brackets are used to indicate groups.

To find all complete graphs, two-branches are added sys-
tematically between all possible node-combinations. The sepa-
rate -branch is either left separate and tested for common mode
insensitivity of the transfer function (for floating input graphs),
or connected to each node of the rest of the graph (nonfloating
input graphs). This is done by introducing a special node “sref”
(see the graphs in the low half of Fig. 9). During the automated
graph generation and analysis procedure, the sref-node is sys-
tematically connected to all other nodes in the graph. The “any”
node of a separate-branch acting as a norator could be han-
dled in the same way. However, as discussed above the anal-
ysis results are not affected by changing this node-connection,
so one analysis for the graph is sufficient. Note that each of the
graphs with an “any” node has several alternative implementa-

Fig. 9. The 13 directed labeled KCL graphs for two-ports with two VCCSs. By
addingv - andv -branches systematically between all possible combinations
of nodes, all graphs for two-ports with two VCCSs are generated.

tions with the same transfer function. This will be exemplified
in the voltage follower circuit generation in Section VII.

V. TYPES OFPOSSIBLETWO VCCS TWO-PORTS

The graph generation and analysis discussed in the previous
paragraph leads to 145 graphs with at least one nonzero
transmission parameter. Appendix A lists them all, grouped
on nonzero transmission parameters. As circuits with floating
input are more flexible and have different applications, they are
printed separately at the end of the Appendix (12 cases). For
each two-port graph the following data are given:

• graph name referring to graphs in Fig. 9;
• equations for the voltage and and, if applicable, for

the voltage on node sref. Node 0 is the reference node;
• expressions for the transmission parameters

of the two-port.
Table II shows a summary of the results in Appendix A in terms
of different combinations of nonzero transmission parameters,
and the number of graphs having this property. Obviously, the
transmission parameters are a function of transconductance
and of the two VCCSs. For simplicity, only the main func-
tional dependence on transconductance is shown. For this pur-
pose a transconductanceis introduced, being an arbitrary
index, that represents one of the following expressions:

(10)

These expressions can also be derived in a systematic way from
considerations regarding different possible sets of Kirchhoff re-
lations that can be forced in circuits with two VCCSs [8].
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TABLE II
DIFFERENTCOMBINATIONS OF NON-ZERO TRANSMISSIONPARAMETERS OF

TWO VCCS CIRCUITS FROM APPENDIX A. EXPRESSIONg IS DEFINED IN

(10), WHERE i IS AN ARBITRARY INDEX

As expected from considerations of dimension, the voltage
gain and current gain of the two-port described
in Table II are either 0, 1 or a ratio of transconductance expres-
sion . The transconductance is equal to and tran-
simpedance equal to .

Table III lists the nine commonly desired types of linear
two-ports discussed in Section II, with either very low, very
high, or accurate port impedances. The fourth column shows
which two-port of Table II can be used to implement the desired
nonzero transmission parameters.

Although there are certainly limitations to what is possible
(e.g., there are only two degrees of freedom viaand ), it
can be concluded that even with only two VCCSs many useful
circuits can be implemented. As might be expected for circuits
with VCCSs, cases with high and finite port impedances are
readily available. For low port impedance, high transconduc-
tance is usually needed (except in cases where one VCCS acts
as a nullor).

Care was taken to find equivalent circuit graphs by detecting
the existence of equal sets of transmission parameters. In cases
where this was observed, equivalent graphs have been rejected.
Quite some graphs have transmission parameters that depend
only on one transconductance. The other VCCS is “invisible”
from the two-port parameters, suggesting that the other is not
doing anything useful. However, this is not necessarily the
case: it might for instance act as a nullor (e.g., voltage followers
in Section VII). In some other cases, the “invisible” VCCS is
just an impedance or current follower in series with the current
source of the “visible” VCCS. Assuming ideal VCCSs this
is useless. However, in practical transistor circuits with only
approximate VCCS behavior, it still can be useful. An example
is a cascode transistor: it improves the output impedance but
this is not evident from a circuit with ideal VCCSs! (they
already have infinite output impedance). As our goal was to
find all two-port circuits, we decided to maintain graphs in
the database, unless we could prove that they are useless or
identical to another one that is already there. In other words:
we consider graphs “potentially useful,” unless it is proven
they are not.

TABLE III
OVERVIEW OF THEIMPLEMENTATION POSSIBILITIES OF9 DESIREDTWO-PORTS

USING TWO VCCS CIRCUITS

Fig. 10. The interconnections between thev- andi-branches, and the relative
orientation of the branches determines the possibilities to implement a VCCS.
Dashed lines show alternative implementations. The double arrow MOST
symbol refers to either NMOST or PMOST.

VI. FROM GRAPH TO CIRCUIT

Now we have a database of graphs of potentially useful cir-
cuits, the question is how to implement them on transistor level.
Every VCCS in a graph can in principle be implemented using
an arbitrary 4-terminal transconductor implementation. How-
ever, a single MOST or even a single resistor is sufficient in
many cases. Whether this is possible depends on the intercon-
nection and the orientation of the- and -branch of a VCCS in
a graph. Fig. 10 illustrates this point. From the figure, we see
that three different situations occur.

1) If there isno connection between the- and -branch, a
VCCS with isolated input and output ports is necessary
(right most case). This can be implemented by common
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source MOST pairs, either of the same or of different type
(biasing is not shown).

2) If one connection exists between the- and -branch,
and the branches have the same orientation (both ar-
rows pointing to or from the common node), a single
MOST can be used (a PMOST or NMOST depending on
the branch orientation). Alternatively, common source
MOST pairs can be used.

3) If the branches are connected at both ends (left-most
case), and also have the same orientation, then a simple
resistor can be used, apart from single MOSTs or
common source MOST pairs.

Thus, it appears that branch direction has large impact on
the implementation possibilities. Furthermore, it has a strong
impact on stability (e.g., reversal of the-terminals may turn
a self-connected positive impedance in a negative impedance as
exploited in oscillators). Therefore, the direction of the branches
will now be considered. The effect of- or -branch reversal is
as follows:

• change the direction of the- or -branch: sign change of
the related transconductance-term in transmission param-
eters expressions;

• change both the direction of the- and -branch of the
same VCCS: no effect on the transfer function. However,
according to Fig. 10, this changes an NMOST into a
PMOST and vice versa. This transformation has no effect
on the transfer function, but can be useful for instance for
biasing purposes to “fit” circuits in a low supply voltage.

As a PMOST implementation can always be replaced by an
NMOST by changing both the- and - orientation without
changing the transmission parameter equations, it is useful to
have a symbol available which representseither an NMOST or
a PMOST. The symbol that will be used in this paper for this
purpose is a MOST symbol with double arrow, as shown at the
bottom of Fig. 10.

Note that it is important to indicate the source terminal, even
though a MOS transistor physically is a symmetrical device.
However, we assume it to implement a transconductor, which is
NOT symmetrical anymore: the source is both a voltage-sense
and current-source terminal, while the drain is only a current-
source terminal.

As an example of the effect of branch reversal on the VCCS
implementation possibilities, consider Fig. 11. It shows one of
the transconductor graphs found in Appendix A. In
Fig. 11(a) the orientation of the- and -branches are different
for as well as for . Therefore, common source
pairs have to be used for both and .

By changing the direction of the branch, and get the
same orientation [Fig. 11(b)]. Since they are also in parallel, a
simple resistor can be used. If the direction ofis also changed
[Fig. 11(c)], can be implemented by a single MOST,
and the familiar source degenerated MOS circuit results.

Because of these direction changes, transmission parameter
changes, as indicated above the graphs in Fig. 11. Note that

(a) (b) (c)

Fig. 11. Example of the effect ofv andv sign changes on the transmission
parameter expressions and the complexity of the circuit implementation.

changing the direction of or results in a sign change of
respectively and in .

In this place, a note on stability is appropriate. Although the
graph analysis renders solutions for the node voltages, it is not
guaranteed that the solutions are stable. Many branch orienta-
tions render negative impedances, because of positive feedback
loops. Therefore, a careful stability consideration is needed, and
positive overall node impedances should be guaranteed. By in-
spection of the graphs, the occurrence of a negative impedance
can easily be recognized by qualitative reasoning. In Fig. 11(a),
both and introduce a negative impedance (note
the cross-coupled structure often used in latches). In Fig. 11(b)
only does so, while case Fig. 11(c) has all positive node
impedances.

VII. CIRCUIT EXAMPLES

To demonstrate the power of systematic circuit generation,
and illustrate some previously mentioned issues, some exam-
ples of circuits found with the technique will be given. First,
in Section VII-A, current amplifier are generated. In Section
VII-B, voltage followers are discussed as an example of circuits
where one VCCS acts as a nullor. Finally, a practical LNA IC
design with matched input impedance will be discussed in Sec-
tion VII-C. Examples of variable gain amplifiers can be found
elsewhere [12].

A. Current Amplifiers

As discussed in Section V, in some cases the ideal desired
combination of transmission parameters is not available. Still a
practical useful approximation of the desired transfer function
is often possible. Consider for example a current amplifier. Ide-
ally this should only have nonzero so that is 0, is
infinite and the current gain is . Unfortunately, only unity
gain current amplifiers (current followers) are readily available
in Appendix A. However, as shown in Table III an approxima-
tion with case is possible, provided that . Also,
case with can be used, provided that it is accept-
able that voltage changes at the output are copied to the input.
When driving with a high ohmic current source these conditions
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(a) (b) (c)

(d) (e) (f)

Fig. 12. Current amplifier approximations derived from theBD graphs (a; b, andc) andABD (d; e; f) graphs with nonunityD. The current gain of the circuits
is either higher than 1(a; d), lower than 1(b; e), or arbitrary(c; f).

Fig. 13. The voltage follower graph(s)(i==l)(i) in whichVCCS acts as a
nullor, that forces the load voltage equal to the source voltage.

are often satisfied. Alternatively large transconductance values
for can be used. Fig. 12 shows circuit implementations de-
rived from the 3 and 3 graphs in Appendix A with
nonunity -expressions.

Note that the ubiquitous current mirror is one of them
(case c). This example demonstrates that even if the ideally
desired two-port can not be implemented directly, practical
useful approximations are often available.

B. Voltage Followers

In Section V, it was mentioned that one of the VCCSs may act
as a nullor. This is the case for the unity gain voltage followers in
the Appendix ( graphs, all of type . These graphs
can be jointly represented as shown in Fig. 13. The nodes
and can be connected to node 0, 1 and 2 in 9 different com-
binations. drives the load and acts as a nullor
(since current , voltage is also). This is illustrated in
the right part of Fig. 13.

Although not necessary, suppose for simplicity that and
are grounded. Now, node 2 will follow voltage due

to the nullator ( branch), provided that acts as a norator
providing negative feedback to theterminals. Indeed,
provides this feedback from node 3 (norator node) to node 2
(nullator node). If for instance increases, will drive
the voltage of node 3 down. As a result drives additional

Fig. 14. Voltage follower circuits derived from the graph in Fig. 13 by
systematically connecting thev andi nodes to all other nodes in the
circuits (their node numbers are indicated between brackets).

current in the load impedance and the load voltage increases
until is zero.

Working out all nine different connections of node and
to other nodes in the circuit, 11 different voltage-follower
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(a)

(b)

Fig. 15. All two-VCCS wide-band two-port amplifiers (a) that can be
implemented with two NMOS transistors and (b) biasing is not shown (voltage
bias sources replaced by short-cut to ground, current source by open).

implementations can be derived as shown in Fig. 14. This
example clearly demonstrates the power of the systematic
approach: many alternative circuits are generated that are not
easily found otherwise.

C. Matched Input Impedance Low-Noise Amplifiers

Generating circuits is one thing, selecting ones with prac-
tical benefits is another issue. To show that this work is not
just of academic interest, an example of a practical LNA de-
sign will now be discussed briefly. We explored the two VCCS
graph database to find all two-transistor wide-band LNA im-
plementations and found two new ones. Detailed amplifier de-
sign considerations and measurement results can be found in
[10]. Here, we will summarize the main results. The main re-
quirements for the LNA were wide bandwidth (50–900 MHz
for a cable modem), input impedance matching to 75, good
linearity (both second and third order) and a maximum noise
figure (NF) dB. All two-port graphs of amplifiers with input
impedance matching and a capacitive load impedance have been
selected from the graph database and additional constraints on
gain, stability and wide-band operation were posed. Four graphs
resulted which can be implemented with two NMOS transis-

Fig. 16. Simulated NF versus gainA for the generated amplifiers upon
input matching (assuming noise spectral densityS = 4kT � NEF � g and
NEF = NEF = 1:5).

TABLE IV
EXPERIMENTAL RESULTS OFAMP1 OF FIG. 15 [10]

tors. These are shown in Fig. 15 along with the corresponding
two-VCCS circuits.

Next to well-known wide-band amplifiers such as the
common gate amplifier (Amp4) and the shunt feedback
common source amplifier (Amp3, usually implemented with
a resistor instead of Mb), two other wide-band amplifiers
Amp1 and Amp2 are found. The latter, as far we know, are
new two-MOS transistors circuits, although they are related
to Amp4 and Amp3, respectively. Amp1, can be derived from
Amp4 if the “ ” terminal of is disconnected from the
node (0) and connected to the node (1). Amp2 is obtained from
Amp3 if the “ ” terminal of is disconnected from the
node (1) and connected to the node (0). It turns out that this
change in interconnection is beneficial for noise in Amp1 due
to partial noise cancellation, as explained in more detail in [2]
and [10]. As Fig. 16 shows, Amp1 has a relatively low and gain
independent NF, which is more than 2 dB lower than the other
amplifiers up to 12-dB gain.

Because of its attractive noise properties Amp1 was real-
ized on chip. Table IV shows a chip photograph along with an
overview of the measurement results at 11-dB gain. The mea-
surement results confirm the attractive noise properties and also
show good linearity.
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VIII. C ONCLUSION

All elementary transconductance-based two-port circuits
with one or two VCCSs have been generated systematically
using linear graphs, leading to 150 finite transactance two-ports
with at least one nonzero transmission parameter. Many
commonly required types of two-ports can be implemented
based on these graphs. Each VCCS in the graphs can be
implemented in various ways, the simplest being a resistor
or a single transistor. Hence, hundreds of elementary circuits
can be found starting from the graphs. The usefulness of the
circuit generation is illustrated via circuit examples for current
amplifiers, voltage followers, and a new wide-band LNA.
The latter has attractive noise and linearity properties as was
verified by a chip realization and measurements.

APPENDIX

ALL GRAPHS WITH TWO VCCSS

NON-FLOATING INPUT GRAPHS

THE THREE CASES WITH NONZERO PARAMETERSA:

THE 28 CASES WITH NONZERO PARAMETERS

THE THREE CASES WITH NONZERO PARAMETERS
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THE 23 CASES WITH NONZERO PARAMETERS

THE SIX CASES WITH NONZERO PARAMETERS

THE ONE CASE WITH NONZERO PARAMETERS

THE 23 CASES WITH NONZERO PARAMETERS
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THE THREE CASES WITH NONZERO PARAMETERS

THE 24 CASES WITH NONZERO PARAMETERS

THE NINE CASES WITH NONZERO PARAMETERS
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THE THREE CASES WITH NONZERO PARAMETERS

THE SEVEN CASES WITH NONZERO PARAMETERS

FLOATING INPUT GRAPHS
THE NINE CASES WITH NONZERO PARAMETERS

THE ONE CASE WITH NONZERO PARAMETERS

THE ONE CASE WITH NONZERO PARAMETERS

THE ONE CASE WITH NONZERO PARAMETERS
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