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Abstract—Commonly used elementary circuits like single-tran-
sistor amplifier stages, the differential pair, and current mirrors —l —| -—|
basically exploit the transconductance property of transistors. This ___I _l
paper aims at finding all elementary transconductance-based cir-
cuits. For this purpose, all graphs of two-port circuits with one —l ——I —|
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 ... i

implementations for current amplifiers and voltage followers are : Arbitrary

generated. A new wide-band low-noise amplifier generated with ' i

the technique was realized in 0.35:m CMOS. V lI(V) rr:laprl‘:fn%nn?;gg:
Index Terms—Analog circuit design, circuit synthesis, circuit s .l

topology, computer-aided design, systematic circuit generation,

transconductor, voltage-controlled current source. ) o . . ) . .
Fig. 1. In many circuits transistor and resistor configurations are exploited as

a transconductor and can be modeled by a voltage controlled current source
(veces).

I. INTRODUCTION
NALOG CIRCUIT designers commonly use elementary  ratios and in the differential pair to obtain low voltage
circuits as building blocks for larger circuits. Well-known offset.
CMOS circuit examples from textbooks are the common source, « Tuning the transconductance value electronically is pos-
common gate, and common drain amplifier stages, the CMOS  sible by switching transconductance elements in parallel
inverter, differential pair, and current mirror [1]. Such circuits (coarse tuning), or by changing the bias point (fine tuning).
are for instance cascaded to implement wide-band amplifiers Thus, it is possible to correct for production spread and
and OPAMPs or synthesize transconductafiddters. In these ageing, or implement programmability (e.g., in variable
circuits, the MOS transistor basicalicts as a transconductor gain amplifiers).
with small Signal tranSCOﬂdUCtangﬁ,. TherEfore, we refer to As e|ementary transconductance-based circuits prove so
this class of circuits as “transconductance-based CMOS gieful, one might wonder whether there are more then the
cuits” [2]. There are several good reasons for exploiting tragre||-known textbooks circuits. This subject has been addressed
sistors as transconductors. in a systematic way in a Ph.D. dissertation, generatilig
* MOS transistors behave fundamentally like a transcolinear two-ports with 1 and 2 voltage controlled current
ductor in a wide frequency band. Therefore, transcondussurcegVCCSs) [2]. This paper reports how potentially useful
tors are commonly used as active elements at high fievo-port circuits are generated systematically via linear graphs
quencies in amplifiers, mixers, oscillators, and filters. (Sections 1I-IV). This results in 150 graphs that are classified
» A wide range of transconductance values is possible by nonzero transmission parameters to see which types of
changing¥/ L and biasingy,,-values may range from nS two-ports can be implemented (Section V). Each of the graphs
(weak inversion) up t& (strong inversion). This renderscan be implemented in various ways on transistor level as
large design freedom, e.g., in the choice(®f,-C filter shown in Section VI. To demonstrate the usefulness of the
time-constants. generation method, several alternative circuit implementations
Transconductance values can be well matched by propércurrent amplifiers and voltage followers will be generated.
choice of transistor dimensions [3]. This is for instanc®oreover, the practical usefulness of the technique is demon-
exploited in the current mirror to obtain accurate currestrated 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).
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Fig. 3. Two-port described with transmission parameters connected between a
signal source and load. As can be verified from (1)—(4), afinite transfer function
requires at least one nonzero transmission parameter.

1- and 2-
VCCS Graph
Database

lin |0Ut A= Vin /Voul for loul =0
—’ _> _ _
Fig. 2. All linear graphs of two-ports with one and two VCCSs have bee 4 A B + B= Vi" “00' for Vout =0
generated and potentially useful ones with finite transactance are stored iy, \Y; c=I,/V, for I ,=0
VCCS graph database. in C D _out
—] L D=1/, for VvV, ,=0

ductance is exploited, a VCCS is used as elementary buildilg_g 4 Definit ” o s B.C. D
block. Neglecting the body effect, a MOS transistor could in®- 4 Definitions of transmission parametgss B, ¢, D].

principle be modeled as a three-terminal VCCS. Nevertheless, a

four-terminal VCCS with isolated voltage and current branCh%Stwo-port connected between a signal source and a load, as
is a far more general and flexible device. As shown in Fig. 1y,qnin Fig. 3. The signal source is either modeled as a voltage
it can repr_esent_ a single NMOS or PMOS transistor by add_"ggurcevs [Fig. 3(a)] with series impedanc, or as a current

1 connection either at the top (PMOS) or at the bottom S'%%urcels with parallel impedancéZ, [Fig. 3(b)]. The load is

(NMOS). It can also model a resistor by adding two connegsodeled by load impedand& connected to the output port.
tions. Furthermore, differential pairs of transistors (also shown-l-he two-port is modeled using transmission parameters

in Fig. 1 without biasing), or more involved transconductor cir-, : ; : i

cuitsgare covered in th?s) way (without additional connection B, €, and D, which are for convenience defined in Fig. 4.

Th ; inal VCC Sy is ch o hese parameters are directly related to the four basic “transac-
us, a four-termina Is chosen to act as a unifying etla'mces” between voltages and currents: they are the inverse of

ement, which greatly reduces the number of different casesyQ, \ojtage gain, transconductance, transimpedance and current
deal with during the circuit generation that will follow. gain, respectively

From a viewpoint of circuit topology a VCCS can be repre= Using the transmission parameters, the transfer function or

sented by two branchesa and ani-branch. Our aim is now transactance from source to load can be calculated. For a voltage

to find all elementary two-port circuits in a systematic way. A§ource as shown in Fig. 3(a), this leads to a voltage gain and a
shown in the flowchart in Fig. 2, this is done by generatingansadmittance given by '

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 A — Vi _ Zy 1
to be answered now is what makes a linear two-port “poten- YV, A-Z+B+C-Z,-Zi+D-Z,
tially useful.” To define this, we start from the general notion of I 1

Y, = 2L = L@
YTV, A-Zj+B+C-Z,-Z;+D-Z. (2)

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 respe&Or @ current source as shown in Fig. 3(b) the results are a tran-
Nordholt has argued that the ultimate design goal should be &TPedance and current gain given by

timum information transfer [4], that is aiming for the best-re-

producing transfer function or “transactance” between a source v, Z.- 7

signal quantity and load signal quantity. For now we put the min- Zy = 7= A-Z+B+C-Z.-Z+D -2 3)
imum requirement of having some finite transactance (not zero Ij Z. ° ?

or infinite) for a two-port to be “potentially useful. A= I =T Zi+B1C - Z. Z+D Z. 4)

A. Transmission Parameters and Finite Transactance Considering the four equations above, it can be concluded

To define the finite transactance concept more precisely timat two-ports with dinite transactancshouldat least have one
terms of two-port parameters, consider the transfer function abnzero transmission paramet&hbviously, if all transmission
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TABLE | ig )
OVERVIEW OF 9 USerFuUL TWO-PORTSWITH VERY HIGH, VERY Low, . s 1 i
OR MATCHED PORT IMPEDANCE. THEY CAN BE IMPLEMENTED WITH + . . . g
1, 2,0R 4 NONZERO PARAMETERS. (ALSO SHOWN ARE THE INVOLVED gs IV + -
NONZERO TRANSACTANCES) — +
w1 W Sley [ a] [v
Zm Zom Non-zero Non-zero sin S —_ - -
parameters Transactances - B =
- 0 A A,
0 0 C Z, s v? i |
0 D , :
oo A7 H
oo = Z] AB A‘ s Yt
d Fig.5. Circuitelements and their graph representations: an independent source
0 =Z, CD Z..A (s-branch), a VCCSu(- andi-branch) and a load impedandebfanch).
=7 0 AC A.Z o
: v comes infinite (sense voltage) and the transactadgesndY;
=7 oo BD Y . A become independent ¢f,. Very high or very low output im-
-z | =2 ABCD ALY Z, pedancgs are useful to achieve either voltage or current driving
- respectivelyjndependendf the load impedance. If botB and

D are for instance zero, the transfer functiofis and Z, be-

parameters would be zero, then all the transactances are uff@§2€ independent of; and ideal voltage drive occursZ{u:

fined and useless due to the zero in the denominator. becomes 0 in that case). _ _
Taking these three types of port impedance as a starting

point, 3x 3 types of transactor$ can be defined [4]. As

Apart from requiring a finite transactance, often also requiréhown In Table |, these can be implemented with either one

- . - . nzero transmission rameter, two nonzero transmission
ments on port impedances are important. It is instructive to df&2 ariecf[etrsa (fr fosusr?wongir?) tri:r?s,mtis:iono arZr%etearsS La?:roin
cuss this matter in terms of nonzero transmission parameters % ' P '

. . . . . this paper, we will see whether we can implement these desired
bit more detail. The inputimpedanég, and output impedance . o
P P X P t;gnsactors with VCCS circuits.

Z.u Of a two-port connected to a source and load can be €
pre;sed as P It has been argued by Nordholt that accurate transfer func-
tions and very high or very low port impedances should be im-

B. Port Impedance Considerations

7 A-Z;+B 5 plemented exploiting negative feedback [4]. However, at high
" CO-Z,+D ©) frequencies sufficient loop gain is often not available, or ren-
B+D-Z, ders stability problems. Simple “open-loop” circuits exploiting
Zout = A : (6)  transconduct find I lication th Fortunately, i
+C - Z, uctance find ample application there. Fortunately, in

) _ i many cases high accuracy is not required and approximations
Three types of port impedances are now of particular intereghy, e jgeal transfer function are quite acceptable. Therefore, we
with regard to the adaptation to a given source and load: eithgy ot take feedback as a necessary condition in this work. In-
very high, very low, or finite accurate portimpedance appear {54, we systematically combine transconductors modeled by
be particularly useful [4]. Finite accurate values of the input RfccSsin all possible ways and examine which two-port prop-
output portimpedance are mainly usefuhifpedance matching g ies result. The only requirement we pose is to haivieast
is required, e.g., for cable receivers or cable drivers to termyna nonzero finite transmission parametee., at least one fi-
nate a cable with its characteristic impedance. As can be V&{ise transactance. In this way we aim to fiatl elementary

fied from (5) and (6), the inputimpedance in general depends Qi nort circuitalternatives, both open-loop circuits and circuits
Z; and the output impedance dependsfn Only for specific exploiting negative feedback.

combinations of transmission parameters this can be avoided,
e.0.,Z.yt IS independent of , for case4d B or caseC D (where
AB means nonzerd andB, i.e., Z,,, = B/A). On the other o ] ] .
achieve voltage or current sensirigdependendf the source N detail how all the different graphs were generated and ana-
impedance. For instance: if bofhandD are zero, thei;, be- lyzed. Only the main characteristics of the generation method
will be discussed and the results that were obtained. We will
1This implies that we require all circuits to operate as a two-port [5]. Also, adltart with circuits with one VCCS in this section, and discuss
nullor two-ports are rejected (for a nullor all four transmission parameters eqlfﬁl . . d IVsi h ci . . fth |
zero). This is justified by the fact that a nullas suchis indeednot useful: it eir generation and analysis. Such circuits consist of the ele-

requires additional feedback components to implement a finite transactancements shown in Fig. 5: a signal source, a VCCS, and a load
theory the source impedance or load impedance could play this role in som(ppedance_

exceptional situations. However, a transfer function that entirely depends on . . . . .
source and load impedances is in general useless, as there is no degree of desiljh 0rder to find all two-port circuits with one VCCS we will

freedom. use the linear graph representations also shown in the figure.

I1l. GRAPHSWITH ONE VCCS
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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: theands:-branch of the
VCCS anda s- andi-branch for the source and load. We wiill
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 coh
nected in loops and are potentially useful. This is because

ig. 7.

Directed graph with node numbering used in the transmission

arameter analysis example.

unconnected graph branches do not serve any functi@nalysis program. The analysis is performed in four steps and
in a circuit (openv-branch: undetermined voltage andiims at finding the transmission parameters.

related current; ope#r or [-branch: zero current; open

1) Generate directed graphs with node numbeReversal

s-branch: input not sensed; so none of them contribute
to Kirchhoff relations to force a finite transactance 9 (see
also [8]).

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

2)

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 2)
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

of the v- or i-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 transconductagce
and define the branch orientations for which the transfer
function is derived. For convenience, nodes are also
numbered), 1,2..., N, 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.
Derive a set of linear equations for the network that is
represented by the graphFor a circuit with N nodes
and B branches)N — 1 independent KCL equations and
(B — N +1) 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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"series conductance"  "parallel conductance" transconductor, e.g. CS-stage
L A
s |
0
A=1, B=1/g, C=0, D=0 A=0, B=1/g, C=0, D=1

~voltage follower, e.g. CD-stage  ~current follower, e.g. CG-stage

Fig. 8. All potentially useful graphs of circuits with a soureg, load(7) and one VCCS« and:) (see text).

branch equations are substituted, with voltages expressedmplement a transconductor with = —1/¢ (e.g., with a
in terms of node voltages. For the graph in Fig. 7, thisommon source transistor). Also, a series conductance and
leads to parallel conductance are possible (e.g., via a “self-connected”
VCCS implementation). Finally, for large transconductance
gs - (01 = Vsin) —g-—v1 =0 =0 () values, a voltage follower can be approximated (only nonzero
g-—vi+gr-v2=0 (8) A = 1, e.g., with a source follower) and a current follower
. . . only nonzeraD = 1, e.g., a common gate stage). Happily, we
where ey 1S the open te”“”.‘a' mdependent SourCé\ppearto cover all the known single-transistor amplifier stages.
voltage, . is the source admittance is t'he VCCS The upper rightmost graph in Fig. 8 is peculiar in the sense
trgnsconductance, ang is the load admittance (Seethat it consists of two subgraphs: a paradlehndv-branch and a
Fig. 5). : aralleli- andi-branch. These graphs can be joint at an arbitrary
3) Solve thg set qf . equat|0ns_ for_ the nOdef"\'()lﬁodeindicated with dashed lines without changing the transmis-
ages—Obviously, th|§ IS OT"V possible if the de‘e”.“'”"?‘”éion parameters. This is because the VG@A8anch senses the
of_the set of equations is nonzero (glse the CIrcuit Kiterential voltage across the source branch: the common mode
rejected). For the example, the determinant is voltage with respect to the load ideally has no effect. In practical
g.+g O circuits this is useful to implement a so-called “floating input,”

det -9 ‘ =95 @+ g-g ) andthe graphs will be labeldibating input graphs

Thus, for a certain critical negative value @fthe set of
equations has no solution. This leads to an interval re- IV. GRAPHSWITH Two VCCSs

quirement ory, also related to stability, as we will discuss - g we are not satisfied with only five circuits, a second VCCS
later. o will be added and all two-ports with two VCCSs will now be
4) Calculate the transmission parameters of the trangjenerated. As hundreds of graphs exist in this case, computer
actor-The four transmission parameters are to sistance is indispensable. From the experience gained in gen-
evaluated at either zero output voltage or zero outplfating the graphs with one VCCS, rules for useless graphs have
current. We can enforce these conditions by taking the inferred and proven. In this way we simplified the gen-
limits of appropriate transfer functions, either for gration process. A very useful rather obvious rule found was
approaching zero or infinity. thatv-branches do not play any role in Kirchhoff Current Law
For the example under discussion, the results are (KCL) relations (their currentis always zero). Hence, KCL rela-
A=0 B=1/g C=0 D=1. tions can bg d_erived 1_‘rom graphd;thoutv—branchesAg a con-
sequence, it is possible to split the graph generation into two
The analysis procedure described above has been automateaies.
using the mathematical software package MAPLE [9]. The re- 1) Generating all KCL-graphs consisting of tiranches
sults for circuits with one VCCS are described in the nextpara-  (from two VCCSs) and a sourde) and load(/) branch
graph. (no v-branches). This is a task with limited complexity
i . similar to that of the one VCCS graph generation, which
B. Resulting One VCCS Circuits was still done by hand.
Fig. 8 shows the graphs with one VCCS and at least one2) Systematically adding-branches to the graphs in all pos-
nonzero transmission parameters. Obviously, it is possible sible ways and analyzing the transfer function in term, of
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transmission parameters. This is a tedious job involving 1

2 2 ib
several hundreds of graphs performed by a MAPLE graph 1ia I 3 1ia ":’3 ] ﬂ » ign |
eneration and symbolic analysis computer program. ST,
g Y Y puterprog s ib s I ibY
0 0 0

Again, the final graphs with two VCCSs should be fully con- 0
nected graphs. However, the KCL graphs do not necessarily ~S++H+i S+i+i+ s+(ili)+! s//(i+i)/N
have this property, becausébranches are added afterwards. In- 2 1. 1
stead, KCL graphs should satisfy the following requirements. iay . ib
y | Sy lay 2 S
* At least one VCCS-branch should be connected to ] {el
the load—This is because a VCCS can only affect load 0 0 0

voltage and current via thebranch. If none of the load s+i+(i//) s/filf(i+1) s/t
quantities is affected by any VCCS, no finite transactance 9 2 1

1 2 ]
via a VCCS is possible. ia
« The“other” i-branch may, but need not, be connedied s ib sy iay iby I sy 2
one or more branches in currentloops: it can still be useful, ib

even if it has zero current. This may seem odd at first sref 0 sref 0 sref

sight. However, note that a VCCS can act as a nullor: the (/) ()W) (s)(i+i+)
i-branch can act as a norator andtHeranch as a nullator 1 . 3 1 2 1 2 3
(with reference to Fig. 5: if; = 0 thenv, = i/g = a2 1 . .
0). This can result in finite transactance provided there is $ I 2yib syiay | b sy ia ib
feedback from one of the norator nodes to a nullator node

(i.e., from thei-branch to the-branch). If this is the case, (S+i+|)(3ny (s/L/)i //I)(i)any stef ) //? _any

the “other” norator node can be connected to any node ()i

of the graph V\_"thOUt effeFt (it dOQS not contribute Currer]’—tig. 9. The 13directed labeled KCL graphs for two-ports with two VCCSs. By
to a node as its current is 0, while the voltage across atidingv, - andv,-branches systematically between all possible combinations
i-branch does not affect its current [ideal current sourcepf.nodes, all graphs for two-ports with two VCCSs are generated.

These requirements allow for KCL graphs to consist of mokgyns with the same transfer function. This will be exemplified

pieces. They can have a separateranch, just as in the jj the voltage follower circuit generation in Section VII.
transconductor graph with one VCCS in Fig. 8. As one of the

i-branches should be connected to the load (first requirement  \, Tvpes oFPossiBLETWO VCCS Two-PORTS

above), not more than three pieces can exist. h h i q sis di dinth .
All graphs of Fig. 6 can now be re-used to find the KCL © grapn generation anc ana’ysis GISCUSSEC In e previots

graphs we are looking for, where the and i-branch are re- paragraph leads to 145 graphs with at least one nonzero

placed by the, - andi,-branch {-branches of two VCCSs in- transmission parameter. Appendix A lists them all, grouped

. o . ) n nonzero transmission parameters. As circuits with floatin
dicated with index: andb). In add|t|on,graphswnhaseparate0 onzero transmission parameters. As circuits with floating

s-branch and maximally one separéderanch need to be added.mpm are more flexible and have different applications, they are

. o rinted separately at the end of the Appendix (12 cases). For
Fig. 9 shows KCL graphs that result from combining all posgach two-port graph the following data are given:

sibilities and removing redundant equivalent ones (as the two i o
» graph name referring to graphs in Fig. 9;

VCCSs are equivalent, changing index frarto b results in an i : ,
equivalent graph). For reasons of convenience, the KCL graphs® €duations for the voltage, andv, and, if applicable, for
have been given names, referring to the branch names and their € voltage on node sref. Node 0 is the reference node;
interconnection structure:" refers to “in series with” and ~ * €XPressions for the transmission paramefers3, C, D]
“//"to “in parallel with.” Brackets are used to indicate groups.  ©f the two-port. _ o

To find all complete graphs, two-branches are added Sys_'I'abl_e Il shows asummary of the results in Ap_pe_ndle in terms
tematically between all possible node-combinations. The se@4different combinations of nonzero transmission parameters,
rates-branch is either left separate and tested for common modfd the number of graphs having this property. Obviously, the
insensitivity of the transfer function (for floating input graphs)iransmission parameters are a function of transconduciance
or connected to each node of the rest of the graph (nonfloati@gdgs of the two VCCSs. For simplicity, only the main func-
input graphs). This is done by introducing a special node «srdfonal dependence on transgonductance is _shown. Fo_r this pur-
(see the graphs in the low half of Fig. 9). During the automaté@S€ & transconductanggis introduced; being an arbitrary
graph generation and analysis procedure, the sref-node is 4)€€Xx, that represents one of the following expressions:
tematically connected to all other nodes in the graph. The “any” 0005
node of a separatebranch acting as a norator could be han- gi € {iga,igb, +(9. £ o). n } (10)
dled in the same way. However, as discussed above the anal- Ja == G
ysis results are not affected by changing this node-connectidinese expressions can also be derived in a systematic way from
so one analysis for the graph is sufficient. Note that each of thensiderations regarding different possible sets of Kirchhoff re-
graphs with an “any” node has several alternative implementations that can be forced in circuits with two VCCSs [8].
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TABLE I TABLE 1II
DIFFERENT COMBINATIONS OF NON-ZERO TRANSMISSION PARAMETERS OF OVERVIEW OF THE IMPLEMENTATION POSSIBILITIES OF9 DESIRED TWO-PORTS
Two VCCS QRcuITs FROM APPENDIX A. EXPRESSIONg; |S DEFINED IN UsING Two VCCS QrcuiTs

(10), WHERE i IS AN ARBITRARY INDEX - - —
e A LB L e ] D8 with case conditions
A 1 0 0 0 3 oo 0 A AB B << A Z,
B 0 1/g, 0 0 37
D 0 0 0 1 3 > s B B -
AB lorg/e, | Vg, 0 0 24 0 0 C BC B<<CZ. Z,
AD 1 0 0 1 6 0 oo D BD B<<D-Z
BC 0 g g 0 2 s
BD 0 1/ g 0 lorgles | 24 o | =Z, AB AB -
ABC 1 or g/, 1/ 0 3
ABD | lor ﬁiéﬁ 1/ : AR o/ | 24 0 [=2% D BCD B<<D-Z,
ACD 1 0 o 1 9 =Z, 0 AC ABC B<<A Z,
BCD 0 1/ g; 2 1 or g5/gy 3
ABCD | torg/g, | /g o lorgs/gs | 7 =Z, -~ BD BD i
=Z | =2 ABCD ABCD A-D=B-C
As expected from considerations of dimension, the voltage

gain (1/A) and current gair{1/D) of the two-port described

in Table Il are either 0, 1 or a ratio of transconductance expres ol e o3 o Te 3

sion g;. The transconductandd /B) is equal tog; and tran- { P 4 '

simpedancél/C) equal tol/g;. vay v vay v Vaf ' VaY @

Table Il lists the nine commonly desired types of linear] 2 o2 16 o3 20 o4
two-ports discussed in Section Il, with either very low, very :“?f:; ~a T r o~ :

high, or accurate port impedances. The fourth column show >, " ~<y "~ ~=~~_ :7_’:~ RN |

which two-port of Table Il can be used to implement the desirec | hN ! Teel N h ‘:izi;g

nonzero transmission parameters. '1 a " = " 1 3 1 3 1 3

Although there are certainly limitations to what is possible 1 1 0{ 0| 0{

(e.g., there are only two degrees of freedom gjaand g,), it 9a '_l Ja '_l 98 gay] ga% oga

can be concluded that even with only two VCCSs many useft |_*2 2 3 2 2 2

circuits can be implemented. As might be expected for circuit: | P 4 4 4

with VCCSs, cases with high and finite port impedances an ! /,' S~

readily available. For low port impedance, high transconduc ./’ 3

tance is usually needed (except in cases where one VCCS a ' 3 2 x NMOST 1

as a nullor). NNoST 1,!@} NMOST+PMOST | g3

Care was taken to find equivalent circuit graphs by detectini pmosT or .{
the existence of equal sets of transmission parameters. In cas 2 2x PMOST 2 4

where this was observed, equivalent graphs have been rejectea. _ _ 4 _
Quite some graphs have transmission parameters that depfd2;,1oe riseormections beweer thand: ranches, and e relatye
only on one transconductance. The other VCCS is “invisibl&Jashed lines show alternative implementations. The double arrow MOST
from the two-port parameters, suggesting that the other is §gPol refers to either NMOST or PMOST.

doing anything useful. However, this is not necessarily the

case: it might for instance act as a nullor (e.g., voltage followers VI. FROM GRAPH TO CIRCUIT

in Section VII). In some other cases, the “invisible” VCCS is

just an impedance or current follower in series with the currentNow we have a database of graphs of potentially useful cir-
source of the “visible” VCCS. Assuming ideal VCCSs thi§uits, the question is how to implement them on transistor level.
is useless. However, in practical transistor circuits with onfzvery VCCS in a graph can in principle be implemented using
approximate VCCS behavior, it still can be useful. An exampf arbitrary 4-terminal transconductor implementation. How-
is a cascode transistor: it improves the output impedance BYE @ single MOST or even a single resistor is sufficient in
this is not evident from a circuit with ideal VCCSs! (theymany cases. Whether this is possible depends on the intercon-
already have infinite output impedance). As our goal was fgction and the orientation of the and:-branch of a VCCS in

find all two-port circuits, we decided to maintain graphs i 9raph. Fig. 10 illustrates this point. From the figure, we see
the database, unless we could prove that they are useles§'8} three different situations occur.

identical to another one that is already there. In other words: 1) If there isno connection between the and:-branch, a

we consider graphs “potentially useful,” unless it is proven VCCS with isolated input and output ports is necessary
they are not. (right most case). This can be implemented by common
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8.8

8.8

source MOST pairs, either of the same or of different tyg B = Lt 1S

(biasing is not shown).

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

sbb

vany
O vhi
Al

1

3) If the branches are connected at both ends (Ieft—m(+ ga
case), and also have the same orientation, then a simvg 7 2 []gl
resistor can be used, apart from single MOSTs «~ 0 5 gb

common source MOST pairs.

(a) (b) (©)
Thus, i rs th ranch direction has large im n
.US' t appea_l s that b a .C directio as a ge pact Eé; 11. Example of the effect of, andv, sign changes on the transmission
the implementation possibilities. Furthermore, it has a stropgrameter expressions and the complexity of the circuit implementation.

impact on stability (e.g., reversal of theterminals may turn
a self-connected positive impedance in a negative impedance as o . _ _
exploited in oscillators). Therefore, the direction of the branch€§anging the direction of, or ¢, results in a sign change of

will now be considered. The effect of or i-branch reversal is respectivelyg, andg, in B.
as follows: In this place, a note on stability is appropriate. Although the
L . raph analysis renders solutions for the n vol itisn
« change the direction of the or ¢-branch: sign change ofg aph analysis rende S S0 utions for the node voltages, it S ot
. - uaranteed that the solutions are stable. Many branch orienta-
the related transconductance-term in transmission para?n- o "
L ions render negative impedances, because of positive feedback
eters expressions; loops. Therefore, a careful stability consideration is needed, and
» change both the direction of the andi-branch of the L ' ) o
i . ositive overall node impedances should be guaranteed. By in-
same VCCS: no effect on the transfer function. Howevee . o
. . . . spection of the graphs, the occurrence of a negative impedance
according to Fig. 10, this changes an NMOST into & iv b ized b litati . :
PMOST and vice versa. This transformation has no effe%?n caslly be recognized by qua ltative reasoning. In Fig. 11(a),
' bothVCCS, andVCCS, introduce a negative impedance (note

on the transfer funct|“o-n", b.Ut c.an.be useful for instance f(t]rqe cross-coupled structure often used in latches). In Fig. 11(b)
biasing purposes to “fit” circuits in a low supply voltage.

only VCCS,, does so, while case Fig. 11(c) has all positive node
As a PMOST implementation can always be replaced by #fpedances.

NMOST by changing both the- andi- orientation without

changing the transmission parameter equations, it is useful to VIl. CIRCUIT EXAMPLES

have a symbol available which represesither an NMOST or L .

a PMOST The symbol that will be used in this paper for this To demonstrate the power of systematic circuit generation,

purpose is a MOST symbol with double arrow, as shown at R d illustrate some previously mentioned issues, some exam-
bottom of Fig. 10 ' ples of circuits found with the technique will be given. First,

Note that it is i tant to indicate th terminal in Section VII-A, current amplifier are generated. In Section
otethat it IsImportant o indicate the source termina, e_Ve\ﬂl-B, voltage followers are discussed as an example of circuits
though a MOS transistor physically is a symmetrical d‘E’V'Cﬁ/here one VCCS acts as a nullor. Finally, a practical LNA IC

However, we assume it to implement a transconductor, whichy§giq with matched input impedance will be discussed in Sec-

NOT symmetrical anymore: the source is both a voltage-sengg, v/j.c. Examples of variable gain amplifiers can be found
and current-source terminal, while the drain is only a currentisewhere [12].

source terminal.

As an example of the effect of branch reversal on the VCGS current Amplifiers
|mplem¢n§at|on possibilities, consider Fig. 1.1' It showg one OfAs discussed in Section V, in some cases the ideal desired
the(s)(¢+i+1) transconductor graphs found in Appendix A. In

. . : . combination of transmission parameters is not available. Still a
Fig. 11(a) the orientation of the- andi-branches are different . S . .
ractical useful approximation of the desired transfer function
for VCCS,, as well as forvCCS,. Therefore, common sourcep PP

) is often possible. Consider for example a current amplifier. Ide-
pairs have t_o be “Sefj for_ boih andgs . ally this should only have nonzei@ so thatZz;, is 0, Z,.; is

By changing the direction of the, branchu, and, getthe jnfinite and the current gain is/D. Unfortunately, only unity
same orientation [Fig. 11(b)]. Since they are also in parallel@in current amplifiers (current followers) are readily available
Simple resistor can be used. If the dlreCtIOI"l,piS also Changed in Appendix A. However’ as shown in Table Il an approxima_
[Fig. 11(c)], VCCS, can be implemented by a single MOSTtjon with caseB D is possible, provided tha < D - Z,. Also,
and the familiar source degenerated MOS circuit results.  caseABD with A = 1 can be used, provided that it is accept-

Because of these direction changes, transmission paramatge that voltage changes at the output are copied to the input.
B changes, as indicated above the graphs in Fig. 11. Note thathen driving with a high ohmic current source these conditions
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1
oa - [ob g

o iJ@ 2 iST ga }——'I gb | |9
o °

9 2
(@) (b) (c)
1 1
ga I——I gb ga gb ] gb
‘STG 2 itO 2 il 2
9 9 i
(d) (e) ®

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

1 Vb 3 Vb- =O
P +. =0 » 2 2
; ®
; 1e 3

VSC) ib (=0) v elgav gy vsC) 3 ga vg 3 ga
I . .

° - ib_ref va_ref 0 0

0 va_ref Ib_ref (0,0) (0,1) ga single, gb pair (0,1) ga pair, gb single

()M }J
3 3
Fig. 13. The voltage follower grapts)(¢//1)(7) in which VCCS, acts as a 2 ﬂ
nullor, that forces the load voltage equal to the source voltage. gb ,_| 24 g !_
b a |0
9

1 1 2
R ]

are often satisfied. Alternatively large transconductance vaIqu(i;—' 3|02 j’so ;,() 9
for g, can be used. Fig. 12 shows circuit implementations d¢ s
rived from the 3BD and 3ABD graphs in Appendix A with ~ ©? (.0) an
nonunity D-expressions.
Note that the ubiquitous current mirror is one of then 39 [%a
(case c). This example demonstrates that even if the idea |,

desired two-port can not be implemented directly, practic: ”‘1 e
useful approximations are often available. ;s o 9

B. Voltage Followers 12

In Section V, it was mentioned that one of the VCCSs may a 3 %@
as anullor. Thisis the case for the unity gain voltage followers i
the Appendix @ graphs, all of typ&s)(i//1)(¢)). These graphs | [ (
can be jointly represented as shown in Fig. 13. The noges  + g
andi, .. can be connected to node 0, 1 and 2 in 9 different con's
binations VCCS, drives the load; andVCCS, acts as a nullor
(since current, = 0, voltagew, is also). This is illustrated in
the right part of Fig. 13. Fig. 14. \oltage follower circuits derived from the graph in Fig. 13 by
Although not necessary, suppose for simplicity that.; and systematically connecting the, ..r andis_..c nodes to all other nodes in the
i vep Are grounded. Now, node 2 will follow voItagg due circuits (their node numbers are indicated between brackets).
to the nullator {3 branch), provided that, acts as a norator
providing negative feedback to thgterminals. Indeedy CCS, current in the load impedance and the load voltage increases
provides this feedback from node 3 (norator node) to nodeutil v, is zero.
(nullator node). If for instance, increasesyCCS, will drive Working out all nine different connections of nodg,.; and
the voltage of node 3 down. As aresulECS,, drives additional i,_..; to other nodes in the circuit, 11 different voltage-follower

—

@1

(2,2) ga pair, gb single (2.,2) ga single, gb pair
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Amp10_ Amp2 16
Amp3
v e eV o elyev 145 B iy
[(==¢= ocour = o o 1) ,2 M Amp2
o 2 IN 4 2 ouT 312 oL, Ve L __LP
s T 01 28-00UT. Y —
}_—Y = yoav © Vic yoav L \\ oH s , 2¢—oouT
1 N E__“O 1 10 i 1o 'NO-‘HBj_M.a
= @ >< / ;
>
st A F ) e N
0 [T —H%—M_b{) \(___.-u___,)\
\7@ yobv I‘“QL/ é yorv W 2$—00U? \\\
v @ 6f i
w g 2 ooT o 2 oo S ) HEMa N \ 20B @12dB
¥ T
T ve e }_‘_’ S }*gav Amp1 R_14+NEF
= L 0 5 10 15 20
(@) VOLTAGE GAIN AVF [dB]

Amp2: UNKNOWN

Amp1: UNKNOWN . . . .
—_ Fig. 16. Simulated NF versus gaitiyr for the generated amplifiers upon
oMb input matching (assuming noise spectral denSity = 4kT - NEF . ¢,,, and

2 ouT
0H [, Ma
1
IN

NEF. = NEF, = 1.5).

TABLE IV
EXPERIMENTAL RESULTS OFAMPL OF FiG. 15 [10]

I Chip realization | Measuremes Resulis
Amp3: KNOWN Amp4: KNOWN Forward Gain_| 11dB___
0 _-3dB bandwidth | 50-900 MHz
i Standing Wave | < L6
[ Mb Mb Ratin (T5ahm]
2 ouT 2 Reverse Ciam < - MR
OiH Ma out P2 (2 arder | 27 dBm
IN 0 0H[ Ma imercepd Point) |
1 IN IMF3 (3" order | 15 dBm
() 0.35um CMO0S istercepl Point)
Die area 006mm’ Mivise Figure | = dddB
Fig. 15. All two-VCCS wide-band two-port amplifiers (a) that can be Supply 3.3V Supply carrent 1. 5mA

implemented with two NMOS transistors and (b) biasing is not shown (voltage

bias sources replaced by short-cut to ground, current source by open).
tors. These are shown in Fig. 15 along with the corresponding

implementations can be derived as shown in Fig. 14. Thigo-VCCS circuits.
example clearly demonstrates the power of the systematitNext to well-known wide-band amplifiers such as the
approach: many alternative circuits are generated that are einmon gate amplifier (Amp4) and the shunt feedback
easily found otherwise. common source amplifier (Amp3, usually implemented with
a resistor instead of Mb), two other wide-band amplifiers
Ampl and Amp2 are found. The latter, as far we know, are

Generating circuits is one thing, selecting ones with pranew two-MOS transistors circuits, although they are related
tical benefits is another issue. To show that this work is nada Amp4 and Amp3, respectively. Amp1, can be derived from
just of academic interest, an example of a practical LNA dé&mp4 if the “+” terminal of VCCS, is disconnected from the
sign will now be discussed briefly. We explored the two VCC8ode (0) and connected to the node (1). Amp2 is obtained from
graph database to find all two-transistor wide-band LNA imAmp3 if the “+” terminal of VCCS, is disconnected from the
plementations and found two new ones. Detailed amplifier deede (1) and connected to the node (0). It turns out that this
sign considerations and measurement results can be foundhange in interconnection is beneficial for noise in Amp1 due
[10]. Here, we will summarize the main results. The main reée partial noise cancellation, as explained in more detail in [2]
quirements for the LNA were wide bandwidth (50-900 MHand [10]. As Fig. 16 shows, Amp1 has a relatively low and gain
for a cable modem), input impedance matching td%good independent NF, which is more than 2 dB lower than the other
linearity (both second and third order) and a maximum noisenplifiers up to 12-dB gain.
figure (NFx6 dB. All two-port graphs of amplifiers with input  Because of its attractive noise properties Ampl was real-
impedance matching and a capacitive load impedance have bieed on chip. Table IV shows a chip photograph along with an
selected from the graph database and additional constraintowarview of the measurement results at 11-dB gain. The mea-
gain, stability and wide-band operation were posed. Four grawsement results confirm the attractive noise properties and also
resulted which can be implemented with two NMOS transishow good linearity.

C. Matched Input Impedance Low-Noise Amplifiers
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VIIl. CONCLUSION

All elementary transconductance-based two-port circuits
with one or two VCCSs have been generated systematically(s)(i +
using linear graphs, leading to 150 finite transactance two-ports
with at least one nonzero transmission parameter. Many(s(
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 thes)(; +-
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 Waé

verified by a chip realization and measurements.

APPENDIX
ALL GRAPHS WITH Two VCCSs

NON-FLOATING INPUT GRAPHS

THE THREE CASES WITH NONZERO PARAMETERS:

(8)(¢/ /D)D) [vg = v3,vp = va — v1,s1el = 0]
[A=1,8=0,C=0,D =0

()(i/ /D) [va = —v2 + v3,0 = v2 — vy, sref = 0]
[A=1,B=0,C=0,D =0

()(i//1)(@)  [va = v3 — v1, vy = vz — vy, stef = 0]
[A=1,B=0,C=0,D =0

THE 28 CASES WITH NONZERO PARAMETER®:

(8)(#//i/ /1) [ve = vi,v5 = vy, srel = 0]
[A=0,B=(-1/(9a+%)),C =0,D=0]
(s)(i+i4+1) [ve=1v2,vs =v2 —vy,sref =0
(=9a +90)/9v/94),C = 0,D = 0]

[A=0,B= (-
()i +i4+1) [ve=v2—v1,v, = va,srel =0
[A=0,8B=((~9a+9)/0/90),C = 0,D = 0]
[

()i+i+1) [ve=wvi,vs = va,srel = v2]
[A=0,B=(—(~9a+9)/9/9.),C =0,D =0]

()i +i4+1) [ve =v2,v, = v1,srel = vg]
[A=0,B=((-9a + 9)/9/90),C = 0,D = 0]

(s)(i+i+1) [ve=1,vs = va,srel =0]
[A=0,B=(-1/g,),C=0,D =0]

()i +i4+1) [ve =v1,v, = —v2 + vz, srel = 0]
A=0,B=(-1/g.),C=0,D =0

(s)(i+i+1) [ve=1w1,v5 =v2 —v1,srel =0
4=0,B=(-1/g.),C=0,D=(]

()i +i4+1) [ve = v2,v, =vy,srel =0
A=0,B=(-1/a),C=0,D=0]

(s)(i+i+1) [ve=—v2+ vs,vp =v1,srefl =0]
[A=0,B=(-1/g,),C =0,D =0]
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(s)(i 4+ L+l) [vg = w2 — v1, vy = vy, srefl = 0]
[A=0,B = (~1/q),C=0,D =]
) L+l) [Ve = V1, s = V2 — v1,stel = v9]
[A=0,B=(1/g),C=0D=0]
)@ L+l) [V = Vo, vy = V2 — v, srel = 9]
[A=0,B=(1/g),C=0,D=0]
)i+ L—i—l) [Ve = U3 — V1, U = Uz — vy, stel = v9]
[A=0,B=(1/g),C=0,D=0]
) L+l) [Ve = —v2 + v3, vy = v2 — vy, sTEl = V9]
[A=0,B=(1/g),C=0,D=0]

s)(i //l [Va = v3,v5 = v3 — v1,sref = 0]
[A —OB (=1/g4),C =0,D =0]

()(E//D(E)  [vq =vs —v1,vp = vs,srel = 0]
[A=0,B=(1/g),C=0,D =0]

(8)(&//D(E)  [va = v1,vy = vs,sref = 0]
[A=0,B=(-1/g.),C =0,D = 0]

(8)0//1)( ) [Va = v1, v = —v2 + v3, sref = 0]
[A =(-1/94),¢=0,D =0]

(3)0//1)() [V = V1,04 = v3 — v1,sref = 0]
[A=0,B=(-1/g,),C=0,D=0]

(8)(@//1)(#)  [va = v3,vp = v1,s1ef = V3]
[A=0,B=(1/g,),C=0,D =0

(s)(@//D)(%)  [ve = —v2 + v3,vp = v2 — vy, stef = v3]
[A=0,B=(1/¢,),C=0,D =0]

(3)(L//l)( ) [Ve = V2 — v1, v, = —v2 + vz, srel = v3]
[A =(1/94),C =0,D =0

(S)(L//l)() [Va = vz — v1, v = v3,stef = V3]
[A=0,B=(1/g,),C=0,D =0

(8)(@//D)(@)  [wa = vz —v1,v = —v2 + v3,sref = V3]
[A=0,B=(1/g,),C =0,D =0

(8)(@//D(E)  [va = v3 — v, v = v2 — vy, sTEf = 3]
[A=0,B=(1/g.),C =0,D=0]

(8)(@/ /D)%) [ve = vz — v1, 0 = v1,srel = v3]
[A=0,B=(1/g4),C=0,D =0

(8)(@//D(&)  [va = v1, v = va,sref = v3]
[A=0,B=(-1/¢.),C =0,D =0].

THE THREE CASES WITH NONZERO PARAMETER®:
(s +i+1)(4)
[A=0,B=0,C=0,D =1]
(s+i+ D) [ve=—v2+ vz, v =11]
[A=0,B=0,C=0,D =1]
(s+i+0)(E) [va=wv3,v =v1]
[A=0,B=0,0=0,D=1].

[Ua =V3 — VL, U, = Ul]
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THE 23 CASE

()(&/ [/ /D)

[A=(-9/9.),B

)@/ 1/ /D)
[A = (a0/(
)@/ 11/ /D)

[A = ((ga + gb)/gb)vB

)&/ /3 /1)

[A=1,B=

() +i+1)

[A=1,8=

(s)(i+i+10)

[A=1,B=
()i +i+1)
[A=-1,B=

(s)(i+i+10)
[A=1,B=
(s)(i+i+10)
[A=1,B=
(s)(i+i+10)

[A=1,8=

()i+i+1)
[A=1,B=
()i +i+1D)
[A=1,B=
(s)(i+i+1)
[A=1,B=
()i +i+1)
[A=1,B=
(s)(@//D)(9)

[A=1,B=

()(2//D(@)

[A=1,8=

(s)(é/ /D)

[A=1,B=

(s)(é/ /D)

[A=1,B=

(s)(&/ /(@)

[A=1,B=

(s)(é/ /D)

[A=1,B=

(s)(&/ /(@)

[A=-1,B=

(s)(é/ /D)

[A=1,B=

—Ja +gb))7 B
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S WITH NONZERO PARAMETER4 B:

[V = 1,05 = va,sref = 0]
=(-1/94),C =0,D = 0]

[Ve = v1,vp = V2 — v1,stel = 0]

[Vq = v2,vp = V2 — v1,stel = 0]
[V = V2 — v1, v, = v2 — vy, srel = 0]
(1/(9a + ), C =0,D = 0]
(Vg = —v2 + 3,1y = vo — vy, sref = 0]
(1/96/9a * (ga + 95)),C = 0,D = 0]
[Ue = V2 — V1,0, = —v2 + vz, srel = 0]
(1/96/9a * (9o + @)),C = 0,D = 0]
[Vg = v1,vp = —v2 + vz, srel = v]

[ve = v3 — v1, vy = vz, srel = 2]

(1/94/9a * (92 + g1)),C = 0,D = 0]
[Va = 2,0y = v3 — 1, sref = 0]
(1/g5),C=0,D =0]
[vo = v3 — v1, v, = v2,sref = 0]
(1/94).C =0,D = 0]
[Ua =v3 — V1,V = —V2 + U3, sref = O]
(1/94),C =0,D =0]
[ve = v3 — 1,05 = va — vy, srel = 0]
(1/92),C =0,D = 0]
[V = —v2 + v3, v = v3 — v1,stef = 0]
(1/9),C =0,D =]
[Ve = w2 — v1, vy = vz — vy, srel = 0]
(1/g,),C =0,D = 0]

[Va = —v2 + 3,0 = v3 — v1,sref = 0]
(=1/92),C =0,D = 0]

[vg, = v2 — V1, v = vg,sref = 0]
(1/94),C =0,D = 0]

[Ua =vs — V1,V = —V2 + vz, sref = 0]
(1/94),C =0,D =0]

[Ve, = V2 — w1, U6 = v3 — v1,stel = 0]
(1/94),C =0,D = 0]

[Va = v3 — v1, 0 = —v2 + v3, sref = 0]
(1/94),C =0,D = 0]

[Vo, = v3,vp = U2 — v1, 8Tl = W3]
(1/94),C =0,D = 0]

[ve = —v2 + vz, vy = v1,sref = vs]

(1/94),C =0,D = 0]
[Vo, = V2 — w1, v = v3,srel = vs3]

(1/ga)70207D:0]

(s)(¢//D(0)
[A=-1B=

= (1/(_911 +gb))7 C= 0, D= 0]

(=1/95/9a * (9a + 9)),C = 0,D = 0]

—vg + w3, srel = v
=0,D =0].

[Ua =1,V =

(=1/94),C

THE SIX CASES WITH NONZERO PARAMETERSI D:

s//(i+@)//l[va = v2,vp = v2]
[A=1,B=0,C=0,D =1]

(s//i//0)(%)
[A=1,B=0,C=0,D =1]

(s//i] /(@) [ve =v2 —v1,05 = v2 — v1]
[A=1,B=0,C=0,D =1]

[va = 2,05 = v2]

(s+i+ D) [ve=v3—v1,0 =v2 —v1]
[A=1,B=0,0=0,D =1]

(s+i+D() [ve=—v2+vs3,v =v2— 1]
[A=1,8=0,C=0,D=1]

(s+i+ D) [ve=wv3,v =v2—11]

[A=1,B=0,C=0,D =1].

THE ONE CASE WITH NONZERO PARAMETER®C":

(s//0)(i/ /1) [va =v2,v5 = v, sref = 0]
[A = 07B = (_1/91))7 C= gaaD = 0]

THE 23 CASES WITH NONZERO PARAMETER® D:

stit+l+i [vg =v2,v5 =v2— 1]
[A=0,B=(-1/gs/ga % (9a + 9)),C =0,D =1]
s+i+1l+1i [vy=1v2—v1,v = 2]
[A=0,B=(1/9/9a* (9a + g)),C =0,D = 1]
sti+it+l [ve=v2—v1,v = v

[A =0,B= ((_ga +gb)/gb/ga)7c =0,D= 1]
s+i+i+l [vy=v2,u, =v2 — 1]
[A=0,B=(-(~9a+9)/9/94),C =0,D =1]
s+ (/D) +1 [vg =v1,0 = 1]
[A:()vB:(1/(ga+gb))70207D:1]
s+i+/]D) [ve =v1,u = v1]
[A=0,B=(-1/(g.+9)).C =0,

D = (1/(ga + 9) * 9a)]

s//if[(i+1) [ve =v1,v0 = v1]
[A=0,B=(-1/9),C=0,D = ((=ga + )/ 9)]
(s//0)(t]])  [ve = v1, 1 = v1,srel = 0]
[A=0,B=(-1/9),C =0,D = (—ga/g)]
s+i+l+1i [vy=v1,v = V2]
[A=0,B=(-1/g,),C=0,D =1]
s+i+l4i [v,=uv1,u = vs]
[A=0,B=(-1/g,),C=0,D =1]
s+i+l+1i [vy=v1,0, =v2 — 1]
[A=0,B=(-1/g,),C=0,D =1]
s+it+l+i [ve=wv1,v =v3— 1]
[A=0,B=(-1/g,),C=0,D =1]
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s+i+i+l v, = —vo+vs, v =v1]
[A=0,B=(-1/g,),C=0,D =1]
stit+i+l [vg =v2 —v1,u = 1]
[A=0,B=(-1/¢),C=0,D =1]
st+i+i+l [vy =vo,v =v1]
[A=0,B=(-1/g,),C=0,D =1]
stit+i+l [vy =v1,v5 = —v2 + v3)
[A=0,B=(-1/9,),C=0,D =1]
st+i+i+l [v, =v1,0 =v2 — 1]
[A=0,B=(-1/g,),C=0,D = 1]
s+it+i+l [vg =i, v = v2]

[A=0,B=(-1/g,),C=0,D =1]
(s+i+1)(i) [va =v3—v1,v = v3]

[A:()vB (1/ga) =0, D:]-]
(s+i+0)(4) [ve =wvs,v =v3—v1]

[A=0,B=(-1/g,),C=0,D =1]
(s+i+ D) [ve=v1, = v3 — 1]

[A=0,B=(-1/g,),C=0,D =1]
(s+i+0@) [va =110 =—v2+v3]

[A=0,B=(-1/g.),C=0,D =1]
(s+i+D() [va=rv1,v =wvs]

(-

[A=0,B=(-1/g.),C =0,D = 1].

THE THREE CASES WITH NONZERO PARAMETER4A BC':

+(i//1)  [va =2, v =v2 — v1]
[ =((9a+9)/90), B =(1/g0),C = (—ga), D = 0]
s+i+(i//1) [ve=v2,vp =vi]
[A=(=90/9),B=(-1/9),C = (—ga), D = 0]
(s//0)(t]]D)  [vq = va,vp = v3 — v1,srel = 0]
[A=1,B=(1/9),C = go, D =10]

THE 24 CASES WITH NONZERO PARAMETERSLBD:

s+it+l+i [vy =w2,u =v3 — 1]
[A=-1,B=(-1/9/9a*(9a + o)), C =0,D = 1]
s+i+l+1i [vy=vs3,u, =v2 — 1]
[A=1,B=(-1/gv/ga * (90 +9)),C=0,D =1]
s+i+l4i [vy=1o— 11,0 = vs)
[A=1,B=(1/9/9a % (90 +9)),C =0,D = 1]
s+i+1l+1i [vy=1v3—v1,v = 2]
[A=-1,B=(1/gv/ga * (90 +9)),C=0,D =1]
stiti+l [vy=—vo 4 vz, vp =v2— 1]
[A=1,B=(1/9/9a % (90 +9)),C =0,D = 1]
s+i+i+1l [vy=v2 —v1,v = —v2 +v3]
[A=1,B=(1/9/9a* (9a + a)),C =0,D = 1]

s+ (/)i +1
[A = ((ga +gb)/gb)7 B

[Va = V2,1 = V2 — 1]

=(=1/9),C =0,D =1]

s+ (i/)i) +1
[A=(~9a/0), B
s+ (i//i)+1
[A=1,B=
s+ (i/)i) +1
[A=(-1/(=9ga+ o) * 9a), B

(Vo = v2, 0 = 1]
=(1/g),C=0,D =1]
(Vo = V2 — V1,0 = v2 — V1]
(=1/(9a + 9)),C =0,D = 1]
[V = v2 — v1, v = v1]

= (1/(=8a + 90));

C=0,D=1]

s+i+ /)1 [ve =v2— v, v =v2 — ]

[A=1,B=(1/(9a+9)),C=0,D=(1/(ga + g) * ga)]

s/Jif ]G+ [ve =v2 —v1, v = V2 — 1]

[A=1,B=(1/9),C=0,D=((—ga+9)/9)]

(s//D)E]]D)  [ve = v2 — v1,0, = w2 — v1, stef = 0]

[A=1,B=(1/9),C=0.D=(-ga/0)]

st+it+i+l [vy=—vo+ vz, v, =v3 — 1]

[A=1,B=(1/g,),C=0,D =1]

s+i+i+1l [vy, =v3 —v1,0 = —va + v3]

[A=1,B=(1/g.),C =0,D =1]

stit+i+l [vy=wv3—v1,v = vy —v1]

[A=1,B=(1/g,),C =0,D =1]

s+i+i+l [v, =v3— v, = s

[A=1,B=(1/g.),C =0,D =1]

stit+i+l [vy=v2—v1,v = vz —v1]

[A=1,B=(1/g,),C=0,D =1]

s+i+i+l [v, =ve,v = vz — 1]

[A=1,B=(1/g),C=0,D=1]

(s+i+ D) [ve =v3—v1,0 = —v2 + v3]

[A=1,B=(1/9.),C =0,D = 1]

(s+i+ D) [ve=—v2+v3,vp =v3—11]

[A=1,B=(-1/g,),C=0,D =1]

(s+i+ D) [va =v2 —v1, v = vz — v1]

[A=1,B=(1/9.),C =0,D = 1]

(s+i+ D) [vo=v2—v1,0 = —v2 + v3]

[A=1,B=(1/g.),C =0,D = 1]

(s+i+DE) [ve =v2 —v1,v = v3]

[A=1,B=(1/g,),C =0,D =1].

THE NINE CASES WITH NONZERO PARAMETERSICD:
s//(i+9)/l[va = v2,vp = v2 — v1]
[A=1,B=0,C=(-gs*ga/(9a + ), D =1]
sfJE+ )/l [ve =v2 — 1,0 = v2]
[A=1,B=0,C=(g%9a/(9a +3)), D =1]
s//i] /i) ]l [va = vi,ve = 1]
[A:l,B:O,C:(ga+gb),D:1]
s//(i+9)//l [ve =v1,0 = 2]

[A=1,B=0,C=(—g,),D =1]
s//(i+)//l [va =v1,v =v2 — 1]
[A: 17B:070:(_ga)7D:1]
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(s//i//D()  [ve = vi, v = v
[A=1,B=0,C =g, D=1]
(s//i//D)(0)  [ve = 1,0 = vo — v1]
[A=1,B=0,0=g,D=1]
(s//i//D)(1)  [ve = va, v = va —v1]
[A=1,B=0,C =g, D=1]
(s//i//D()  [ve = v2 — vi,vp = vo]

[A=1,B=0,C=(-g.),D=1].

()(#//D(@)

THE THREE CASES WITH NONZERO PARAMETERBC D:

s/if/(i+1)  [ve =v2,05 = v1]
[A=0,B=(-1/9),C = ga, D = 1]
s//i//(i+1) |
[A=0,B=(-1/9%),C = ga: D = ((9a + )/ )]
(s//D)(E/ /D)
[A=0,B=(-1/g),C = go, D = (ga/ )]

Vg = V2 — V1,V = Ul]

[ve = vo — v1,v5 = v1,srel = 0]

THE SEVEN CASES WITH NONZERO PARAMETERA BC D:

s+i+(¢//1)
[A=9a/(9a +90), B =1/(ga + 9),
C=—ga*g/(ga+ d), D = ga/(ga + 3]
s+i+(i//1)
[A=((90+9)/92), B=(1/94),C = gp,D = 1]
s+i+(¢//1)
[A=g,/(9a + ), B=1/(ga + o),
C=ga*q/(gat+9), D= 9ga/(g. + 3]
s+i+ (/] (e = v1,u = v9]
[A=(=91/92), B =(-1/90),C = g, D = 1]
s//if/(i+1)
[A=1,B=(1/9%),C = ga,D = ((9a +9v)/90)]
s/Jif](E+1)  [ve =v2,v5 = v2 — 1]
[A=1,B=(1/9),C=go, D =1]
(s//9)(/ /D)
[A=1,B=(1/9%),C = ga, D = (ga/g0)]-

[V = Vo — v1, 05 = —1]

[Ua = V2 —VUL,Vp = UQ]

[Ua = —VU1,VUp = V2 — Ul]

(1]
(2]

[Ua = V1,V = V2 — Ul]

(3]

[4]
(3]
(6]
(71
(8]

[ve = v1,vp = v2 — vy, srefl = 0]

FLOATING INPUT GRAPHS
THE NINE CASES WITH NONZERO PARAMETERS3:

(8)(@//i/ /1) [va =3 —vi,vp = v3 — 1] (ol
[A:()vB: (1/(9a+gb))70207D:0]

($)i+i+1) [va =vs—v2,v =v2 —vi]
[A=0.B=(1/9/90 *(9a + a)),C = 0,D = 0]

()i +i+1) [vg=1v3—v2,0 =v4— 1]
[

(10]

(11]

[A=0,B=(1/g),C=0,D=0] [12]

(s)(i+i+1)
[A=0,B=(1/g).C = 0,D = 0]

Vg = Vg — V2,V =U4—U1]

(s)(i+i+1)

(s)(i/ /D)

()(2//D(@)

(s)(i/ /D)
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(Vo = V2,04 = vy — v1]
[A=0,B=(1/g),C=0,D=0]

[Va =v3 — V1,0 = Vg — V3]
[A=0,B=(1/g,),C=0,D=0]

[Ua =Vqs — VL,V =U3]
[A=0,B=(1/9,),C=0,D =0

[Va =v4 — V1,0 =v3 — V1]
[A=0,B=(1/g,),C=0,D=0]

[Ua =Vqs — VL,V =U3—U2]

[A=0,B=(1/g,),C =0,D=0]

THE ONE CASE WITH NONZERO PARAMETERSLB:

)8/ i/ /1) [va = v2, 05 = v3 — v1]
[A = (ga/gb)vB = (1/gb)7c =0,D = 0]

THE ONE CASE WITH NONZERO PARAMETERSC":

(s//D)(i//1)  [va = v2,0p = vz —v1]
[A=0,B=(1/q),C = g4, D =0].

THE ONE CASE WITH NONZERO PARAMETERS D:

(s//6)(/ /)
[A=0,B=(1/g),C=0,D=(~ga/a0)l-

[Ua = V3 — VUL,V = V3 —Ul]

REFERENCES

B. Razavi,Design of Analog CMOS Integrated CircuitsNew York:
McGraw-Hill, 2000.

E. A. M. Klumperink. (1997) Transconductance based CMOS circuits:
circuit generation, classification and analysis. Univ. of Twente, En-
schede, The Netherlands. [Online]. Available: http://icd.el.utwente.nl
M. J. M. Pelgrom, A. C. J. Duinmaijer, and A. P. G. Welbers, “Matching
properties of MOS transistordEEE J. Solid-State Circuifsol. 24, pp.
1433-1440, Oct. 1989.

E. H. Nordholt,Design of High-Performance Negative-Feedback Ampli-
fiers. Amsterdam, The Netherlands: Elsevier, 1983.

H. Schmid, “Approximating the universal active elemedEEE Trans.
Circuits Syst. lJ vol. 47, pp. 1160-1169, Nov. 2000.

S. Seshu and M. B. Reed,inear Graphs and Electrical Net-
works Reading, MA: Addison-Wesley, 1961.

N. Balabanian, T. A. Bickart, and S. SeshHlectrical Network
Theory New York: Wiley, 1969.

E. A. M. Klumperink, “A systematic approach to circuit design and anal-
ysis: Classification of two-VCCS circuits|EEE Trans. Circuits Syst, |
vol. 46, pp. 810-819, July 1999.

B. W. Char, K. O. Geddes, G. H. Gonnet, B. L. Leong, M. B. Monagan,
and S. M. WattMaple V Language Reference ManuaNew York:
Springer-Verlag, 1991.

F. Bruccoleri, E. A. M. Klumperink, and B. Nauta, “Generating all
two-MOS-transistor amplifier leads to new wide-band LNAEEE J.
Solid-State Circuitsvol. 36, pp. 1032—-1040, July 2001.

P. W. Li, M. J. Chin, P. R. Gray, and R. Castello, “A ratio-independent
algorithmic analog-to-digital conversion techniqu&EE J. Solid-State
Circuits, vol. SC-19, pp. 828-836, 1984.

E. A. M. Klumperink and A. J. M. V. Tuijl, “Systematic generation of
transconductance based variable gain amplifier topologies,” presented
at the 1998 Int. Symp. Circuits and Systems, CD-ROM Paper TAA8-3,
Monterey, CA, May 31-June 3 1998.



KLUMPERINK et al. FINDING ALL ELEMENTARY CIRCUITS EXPLOITING TRANSCONDUCTANCE

Eric A. M. Klumperink (M’'98) was born in Licht-
envoorde, The Netherlands, in 1960. He received t
B.Sc. degree from HTS, Enschede, The Netherland
in 1982, and the Ph.D. degree from University o
Twente, Enschede, The Netherlands, in 1997.

In 1984, he joined the Faculty of Electrical
Engineering,University of Twente, where he was
mainly engaged in analog CMOS circuit design. He

1053

Bram Nauta (M'91) was born in Hengelo, The
Netherlands, in 1964. He received the M.Sc. degree
(cum laudg in electrical engineering and the Ph.D.
degree on the subject of analog CMOS filters
for very high frequencies, from the University of
Twente, Enschede, The Netherlands, in 1987 and
1991, respectively.

In 1991, he joined the Mixed-Signal Circuits and

Systems Department of Philips Research, Eind-
teaching and research at the IC-Design Laborator hoven, The Netherlands, where he worked on high
of the Faculty of Electrical Engineering and the speed AD converters. From 1994 to 1998, he led a
IC-Design Theme of the MESA Research Institute. His research interestsesearch group in the same department, working on “analog key modules,” this
are design issues of HF CMOS circuits, especially for frontends of integratedluded amplifiers, filters, PLLs, voltage regulators, line drivers, reference
CMOS transceivers. circuits, substrate interference, etc., mainly in CMOS technology. In 1998,
he returned to the University of Twente as a Full Professor heading both the
department of IC Design in the department of Electrical Engineering and the IC
) . . Design Group in the MESA Research Institute. His current research interest
Federico Bruccoleri(S'98) was bornin Genoa, Italy, ig analog CMOS circuits for transceivers. His Ph.D. dissertation was published
in 1970. He received the M.Sc. degree in electricals aanalog CMOS Filters for Very High Frequenci€®oston, MA: Kluwer,
engineering from the University of Genoa, Genoaygg3) |n addition, he holds eight patents in circuit design.
ltaly, in 1995. He is currently working toward the " Nauta received the “Shell Study Tour Award” in 1991 for his Ph.D.
Ph.D. degree at the University of Twente, Enschedgyork. 1n 1997, he became the Associate Editor of the IEEBNBACTIONS
The Netherlands. i ON CIRCUITS AND SYSTEMS—I: ANALOG AND DIGITAL SIGNAL PROCESSING
In 1997, he joined the IC Design Group, Faculty ofjy 1998, he served as Guest Editor for the IEEERNAL OF SOLID-STATE
Electrical Engineering, University of Twente. His re- ¢ qcuirs.
search interests include the systematic design of high-
frequency linear CMOS circuits for telecom applica-
tions.
Mr. Bruccoleri received the Best Poster Paper Award of the 2000 European
Solid State Circuits Conference (ESSCIRC) held in Stockholm, Sweden.

is currently an Assistant Professor and is involved ir

&




