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Abstract—Designing analog circuits with new topologies is and several topologies which fit certain criteria are generated.
often very challenging, as it requires not only circuit design Transistors sizes of the op-amps are then optimized to meet
expertise but also an intuition of how various elementary circuits specific constrains described by HDL and the best resulting

may work when put together to form a larger circuit. In L - .
this paper, we present a method of generating all functional circuit is chosen. In [6] the focus is on the algorithm and

dlementary circuit topologies. The paper uses combinatorics to COSt functions used to perform the evaluation versus topology
ensure that all unique circuit topologies are generated and generation. In addition, a generated topology can produce
stored in a database. This database contains 582 two-transistor many circuits with equivalent signal-flow, which is listed as

and 56,280 three-transistor functional and unique elementary a limitation of the algorithm. The example used to show the

circuit topologies. It is envisioned that the circuit topologies il f their alqorithm is th ¢ i fi
stored in the database can save design time and assist designer§JOSSI € use ot their algorithm 1S the automalic generation

by both offering previously unknown circuit topologies and Of @ low frequency audio circuit. The main focus of [6] is
providing circuit topologies for further optimizations. To give the high level synthesis not circuit topology generation. Also
an example of how this vision can be used in practice, a search as the authors use Tabu search, there can be no guarantee
for all amplifier circuits was conducted that resulted in 5,177 4 g1 possible topologies are generated. In [7], the authors
circuit topologies, some previously unknown, out of 56,862 three- N .
transistor elementary circuit topologies. add_ress many of the Ilmltat|qn of the s_yster_n I_evel architecture
design with proposed solutions. Basic building blocks such
as amplifiers and current sources are represented by bipartite
graphs and reduced into abstract blocks allowing for equivalent
PMOS-NMOS circuits to be represented by a single block. The
. INTRODUCTION abstract building blocks are organized in a library and are used

N . in combination to form new topologies. The transistor sizing
Analog circuit designers usually use a handful of known .
.Is then handled by commercial tools.

elementary circuits, containing just a few transistors, to deS|gn_|_here have been only a few attempts to find all elementary
more complicated systems. However, as the design proces:z‘_is

based on the experience of the designer, topologies that ¢ and 3-transistor circuit topologies [8]-{11]. In [8]-{10], a

arj . : . .
produce better results may be overlooked. While, as arguggrhmque_ IS propo_sed to generate _aII possible to_pol(_)gles for
. ; P = _gircuits with 2 transistors by hand. Linear analog circuits were
in [1], approximately 1 hour of expert design time is require

X . R : . {epresented by small-signal 2-port networks, and a transistor
per each transistor in a circuit, it is not possible to estimaté :
was considered as a voltage controlled current source (VCCS).

the time for ingenuity, expertise and work required to co o .
. genuity, exp i 9 Fhe circuit's 2-port network was considered as a graph and
up with new and unique topologies. To make the matter more

urgent, the scaling of CMOS has increased the demand for ne%lvCh component fo_r the. 2-port was modeled as a bran<_:h of
= . . . the graph. Once an individual transistor graph was determined,
circuit topologies, which are more suitable for low voltage . : .
all topologically different graphs were generated by hand. This

ower supplies of scaled CMOS [2]-[5]. In this paper, we . . . .
Eresent a?ﬁethodology that can ass[is]t fElrl]alog designeprs N tH]e?thOd relies heavily on hand calculations and therefore is not
search for new topologies Stitable for circuit topologies with more than 2 transistors.

Some notable works in the field of analog circuit synthesf(s) In [11], a systematic methodology to design all possible

include [6] and [7]. In [6], a Tabu-search-based aIgoritth noise amphﬂers_for ultra Wl_deband receivers is pro-
: : : . pbosed. The method in essence is an automated version of
is used to generate system architectures from basic build

. o IR work presented in [10], where transistors are represented
blocks such as operational amplifiers (op-amps), resistors,

. : . ; S VCCS, and topologies are generated using graphs. This
capacitors, etc. The system is described by functional H IS the first methodology in automating the design of circuit
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producing several thousands duplicated circuit topokotliat transistor topologies to 3-transistor topologies is a prear
have to be stored and analyzed unnecessarily. In additiontéayeneration of larger elementary topologies based onlemal
[11], recent symbolic analysis reported in [12]-[15] wasoal elementary topologies. Once generated, all elementacyitir
used to identify new circuits. In symbolic analysis, eqolasi topologies are stored in a database and are available toutcir
describing the circuit operation, and design parametegs aesigner to select the ones meeting any desired combination
produced. However, exhaustive search of the complete spateircuit performance specifications, such as gain, badthyi
of available circuit topologies was not demonstrated so fapbise, input power-matching, and power consumption, tomam
with such methods. a few.

The work reported in this paper is considered as an exten-The main contributions of this work are:

sion of the works reported in [8]-{11]. Similarly to [8]-{L1  , Introducing a novel method to generate transistor topolo-

this paper makes the following assumptions: gies.
—circuit topologies are determined based on their equivalen, Generating a memory efficient database of the all 2- and
small-signal representations, which assume that tramsisre 3-transistor topologies, due to sparse nature of symmetric

biased in saturation or subthreshold and which are topologi  matrices describing the topologies.
cally the same regardless whether NMOS or PMOS transistor§ proving that the database is complete and does not
are used. This assumption eliminates some circuits, such as contain duplicate entries.

ring oscillators operating in a large-signal mode and @iscu , Providing an example of how mathematical techniques

where transistors are biased in triode. can be used with the database to find all possible ampli-
—only single-ended circuits are considered as differential  fying topologies.

cireuits ﬁre <_:onstructedd ;’y pc:acw]:g a co_rgmo_n To_delnetwgﬂﬁrthermore, asn illustration of a potential use for these
in an otherwise grounded node of a two identical single-andgyy it topologies, a mathematical programming technigas
circuits. Since a differential circuit is built with singlended | <o {0 select all input-power-matched amplifier circuits o
cireutts, fof aIC|rcu(;t éop_ology generation, it is sufficteto of the 56,862 circuit topologies This selection processlted
generate single-ended circuits. in 5,177 unigue input-power-matched amplifiers. An example

—circuits have one single-ended input. _of one of these amplifiers, which was not previously known,
—no passive circuits, i.e. three diode-connected trarr&stgvas published by our group in [16]

connected together is not considered as a viable circuit.

A I This work starts with an overview of the proposed circuit
—circuits have exactly one resistive load.

er-matched circuits with voltage gain of more than 1 is

) . p
—no attgmpt IS made tf) sqggest methods the.deS|gners Wc_)d‘g onstrated in Section V. Concluding remarks are given in
use to size and bias circuit transistors to achieve the etesilg,ion v

performance.

The proposed algorithm uses several techniques in order to
reduce the design space and make the search more efficient.
One of these methods is symmetric expansion, which produce$Vhen designing a large analog circuit, the circuit designer
only symmetric architectures eliminating all others. Ammt resorts to a set of known circuit topologies to construct the
method is to use a multi-level circuit evaluation techniqueequired circuit. An example of one such circuit, a fully-dif
where topologies are constrained through a set of ruldsrential folded-cascode operational transadmittanggliéier,
thus pre-selecting only possible functional topologiesb® is shown in Fig. 1. While the circuit looks fairly complicalte
analyzed and sized by the commercial tool. As the result,is built of elementary circuits, such as current mirrors
this paper demonstrates an extension to the methods in [§EM), current sources (CM), differential amplifiers (DFfair),

[11] and describes a method of automatically generatithg common-source amplifiers (CSA), and cascode pairs (CP). To
functional elementary circuits topologies, where functionalesign this circuit for a set of given specifications, theglesr

topologies are defined as those that do not have any of theuld first bias the circuit and then conduct a small-signal
features specified in Table I. hand analysis to check whether the circuit performance is

The method of generating the elementary circuits drawar what is required. If so, a more sophisticated simuiatio
heavily on combinatorics theory not only to generate dflased on BSIM transistor models is used to fine-tune and
possible functional circuits, but also to prove that ouatlase optimize the circuit using a number of possible optimizasio
contains onlyuniquecircuits. To demonstrate the viability of [17]-[25]. If, however, it is determined that, for example,
the method, generation of 2-transisostor circuit top@edgs the current mirrorC M1 does not provide sufficiently large
discussed in detail, followed by a procedure of extendirgy tloutput resistance or requires overly large voltage for afpen,
number of transistors in elementary circuit topologiesiteé. the designer would normally resort to another current mirro
To illustrate the efficacy of the proposed method, 56,862 tdpology, perhaps a low-voltage cascode current mirrot, [26
2- or 3-transistor elementary, functional, and uniqueuirc or some lesser known current mirror as in [27]. If none
topologies have been generated. The method of extendingo-the known current mirror topologies provide sufficient

II. MOTIVATION



Table |
DEFINITION OF NON-FUNCTIONAL CIRCUITS AS USED IN THIS WORK

input and output connected with a short circuit| circuit has no connection to I/O ports
the load is connected only to a transistor gate | two or three gates are connected and
not connected to anything else

input is connected to ground or the power supplthe gate terminal of a transistor is connected
to its source

CG

| Vbias2

Figure 1. Fully differential folded-cascode operationainsadmittance amplifier with a common-mode feedback. Témentary circuits that make up the
design are Current Mirror (CM), Current Source (CS), ComrSonrce Amplifier (CSA), Common Gate amplifier (CG), and CdscBair (CP). Biasing for
current sources CS1 and CS2 are normally generated by démaertary circuits such as current mirrors, which are nawshin this figure to reduce the
schematic complexity.

13213

performance, the specifications of the larger circuit wdhdde that there ar@ ~ = ~ 3.2 x 10** ways to make connections

to be relaxed or a new current mirror topology would have teetween the nodes. However, as it will be shown later in
be created. The same considerations apply to other elergienthis work, only 56,280 of these topologies are functional an
circuit topologies constituting the larger circuit. unigue. This means that a large amount of time has to be spent

This work is seeking to assist the designer in searchiog eliminating overl 023 non-functional circuits.
for such new circuit topologies by making a database of all To show how the proposezbnstructivealgorithm produces
elementary circuit topologies and showing a technique @f hall functional circuit topologies, the case for the 2-tiater
a search can be conducted to find those topologies that haveescribed in detail in the following. The proposed method
either specific usage, such as amplification, current mietor is made of two phases as described in the following:
or specific performance such as input power matching. To doPhase I: Transistor Connection Generatiom: this phase,
this, a two-step process is envisioned: all internal and external connections inside and betwesm tr

Step 1: Construction of all possible elementary circugistor blocks that can result in functional circuits aredurced.
topologies This phase is explained in detail in Section Il

Step 2: Selection of circuit topologies that meet desirable Phase II: 10 Connection Generatiorin this phase, the
performance. connections internal to the input/outputy) block is first gen-

The focus of this work in on Step 1. Only a limitederated. Then, the transistors and # blocks are connected
investigation of the feasibility of Step 2 is performed insth to each other to make functional topologies. This phase is
work, as the complete implementation of Step 2 is beyond tkgplained in detail in Section IV.
scope of this study.

The easiest way to construct all possible circuit topolsgie Ill. PHASE I: TRANSISTORCONNECTION GENERATION
is to use an exhaustive search where all possible topologesinternal transistor,7;, Configurations
are first generated, and then, the topologies that do nolt resu
in functional circuits are eliminated. However, this casule
in very large runtime. For example, a circuit made of %
transistors and 1 load has 13 nodes:3 = 9 transistor nodes
and 4 input/outpuf O nodes including GroundzN D, input
voltage, V;,,, two side of the loadL*, and L~. This means

The transistor block ;) includes three ports: Gatey,,

ource,S;, and drainD;. Theoretically, there are 5 ways to

onnect these 3 ports: no connectioisand S are connected,

' G and D are connected and D are connected, and all three
ports, G, S, and D, are connected. However, to ensure the
functionality of the transistor block, the internal contiegs
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Figure 2. The possible NMOS or PMOS transistor bl@Gkconfigurations
and their connectivity matrices. Figure 3. Connectivity matrix and NMOS and/or PMOS tramgisbpology
when both transistors are NDCT and the number of internahections is
zero & = 0).

should be constructed based on circuit and transistor tipera

rules:
N decide whether an N or P type transistor should be used. The

y _There can be no connections betwegmnd D, as this proposed techniques to build these connections and pitoatfs t
is a short-circuit. , . the resultant circuit topologies are unique are given in the
o There can be no conn_ec'uons betw&erandS as it turns following.
off transistor's smaII—s!gnaI transcondu_ctance. 1) Construction of 2 NDCT Topologies: Lemma 1: Con-
Therefore, from the possible 5 ways to internally connegfryction of all 2-transistor topologies with 2 NDCTs is
a transistor only 2 possible configurations are suitable f@ﬁuivalent to the constructions &f x 3 matrices in which

functional circuits. These configurations are: each row and each column have at most 1 non-zero element.
« Not diode-connected transistor (NDEWNo internal con-  Proof: The connectivity matrix describing the connections
nection. between two transistors is3ax 3 matrix. If there are more than
«» Diode-connected transistor (DTG and D are con- 2 non-zeros in a row/column of the connectivity matrix, then
nected. the corresponding ports of the transistor represented by th

These connections have generally been represented ugl@g-zero row or column are connected. However, an NDCT
graphs. However, graphs are not easy to store or manipuﬁt@s no internal connections. Therefore, at most 1 non-zero
In order to represent these connections efficiently, we gsep €lement is allowed in any row or columill

to use connectivity matrices. A connectivity matrix for a Based on Lemma 1, to construct all 2-transistor topologies
transistor is a3 x 3 matrix where the rows and the columngvhen the transistors are NDCT, we have to produce all
represent the ports of the transistor in the following ordefatrices, which havat mostone non-zero element in each
1) G, 2) S, 3) D. The elements of the matrix are 0 ofow or column.

1, where a 1 indicates a connection between the nodes okeémma 2: Constructing the connectivity matrices for 2
the transistors and 0 signifies no connection. In Fig. 2, thNDCTs is equivalent to finding a solution to the non-attagkin
two possible internal configurations for a transistor areirth Rooks problem on & x 3 board. The number of rooks in the
corresponding connectivity matrices are shown. Note is thproblem varies from O to 3.

figure and all other figures in this paper, the transistor simb Proof: Based oi,emma 1the connectivity matrix between
with a dashed circle at the gate indicated either an NMJW®o transistors,T;/T};, can have only one non-zero element
or a PMOS transistor. Using connectivity matrices instetd t each row or column. This is equivalent to a non-attacking
graphs enables us to efficiently make and store all circifooks problem (only 1 Rook in each row or column) of
topologies using combinatorics principals. In additione wappropriate size [28], [29]. The number of rooKs, for the

are able to only construct unique circuits thus reducing thDCT case varies from 0 to 3, where = 0 means no

database size by over 32,000 topologies compared to [11].connections between the 2 transistors @ng¢ 3 means that
the 3 ports of the transistors are connected to each diher.

In the rest of this section, topologies that can be produced
when k varies between 0 to 3 are described. In all following

Once the internal connections of each transistor are made;ases, the transistors are NDCT.
transistors need to be connected to each other, i.e. ektern®2 NDCTSs, k = 0 (Transistors have no connections)in
transistor configuration. We propose a constructive allgari this case, the two transistors are not connected and albelsm
where only functional configurations are produced. This abf the connectivity matrix are zero. The connectivity matri
gorithm is based on the non-attacking Rooks theorem aadd the associated 2-transistor configuration are showigin F
starts with the generation of all possible connections betw2 3. For this casek = 0, there is only one possible topology. The
transistors, i.e. 2-transistor topologies. The 2-trdosi®polo- resulting 2-transistor topology has 6 free ports that nedukt
gies are divided into groups: (i) both transistors are NDCtTpnnected individually to the ports é¢f) blocks. However, as
(ii) one transistor is DCT and one transistor is NDCT. Thi will be shown in the following section, for the three pdssi
case of 2DCT is not considered as it results in a circuibnfigurations of théO blocks, there is a maximum of 4 ports
consisting of two non-linear resistances. Connection ef theaving at least 2 of the 2-transistor block ports uncoreshct
two transistor had to ensure that there was no modificatitius violating the operational circuit rule of no open citsu
to transistor internal topology and that no identical ditgu Hence, this configuration is not applicable (NA) for cirsuit
were generated.Once a topology is made, the designer eath 2 transistors.

B. ExternalT;/T; Configurations



o D . @90 o o2 NDCT connections. Next, we prove that we have produced all
. ﬁ Tb% @ :T ’ T :‘F X 3} . H"ﬁ:‘j’;m possible configurations for 2-NDCT tqpologies. _
Lo o e oilo o o Lemma 3: The number of all possible 2-NDCT topologies
T s is 34.
ANDCT CM, | (Symmetric) 2NDCT CM, , (Symmetric) Proof: Based othemma 2 building the connectivity matrix
between two transistors is equivalent to finding all possibl
o1} D2 @2 » non-attacking Rook polynomial solutions. The number of svay
. ﬁ{{b% o F ; ‘;} to place 0 tok rooks on ann x n, n < m, board, where: =
| oilo o min{n,m} = n, can be calculated by the Rook polynomial
- : [28], [29]
2NDCT CM; 3 (Symmetric) Rmm ((E) _ n!l’anlin(—l'il), (1)
o 02 @ o @52 0 oo wherez represent the set of instances possible for dadte.
. F F b o F . Z} . r . ? . _.45 ?TZ z is not a variable but a representation of a set of instances
Ll oilo 0 o oo 0 o sl L in combinatorics, and
ANDCT CM, , = CM, 5 (Non-Symmetric)  2NDCT CM, 5 = CM, , (Non-Symmetric) L (z) = E?ZO(—l)i (n +(m — n)) (CL‘_:) )
n-—1 1.
w - oo o 2 of ¥ is the Laguerre polynomial of degree In the NDCT case,
& ..ﬁ ol s {o 0 0} 8] {o 0 o} aro—|[n ﬁ% @ m = n = 3, and the number of rooks can change between 0
L oo oo et a s to 3,i.e.k = 0,1,2,3, and the Rook polynomial equation can

be rewritten as

2NDCT CM, ¢ = CM, ; (Non-Symmetric) ~ 2NDCT CM, ; = CM, 5 (Non-Symmetric

R33(x) = 62° + 1822 + 92" + 12°, ?3)
A, G2 52 D2 G2 52 D2 o 22 ,
@ 4EJTELP @ F . q . {Z ; j} o ﬁw% Gz wherez’ represent the set of instances for a problem contain-
1 S P oilo 1 o s ing i < k rooks. The coefficient of each’ is equal to the

S2 S1

number of ways that thé non-attacking rooks can be placed
on the board. Based on (3), there is only 1 topology, which
Figure 4. Connectivity matrix and transistor topology whmth transistors is identified byl:cf), for 2 unconnected tranS.,IStors’ le= 0.
(PMOS and/or NMOS) are NDCT and the number of internal cotimes is  YVhen the 2 transistors have only 1 connectios, 1, there are
one = 1). 9 topologies, as identified b§x!. Fori = 2 andi = 3, there
are 18,18z2, and 6 topologie$x?, respectively. Hence, the
total number of topologies in this case6is- 18+ 9+ 1 = 34,

2 NDCTs, k =1 (Transistors have 1 connection):In  which was shown empirically in Figs. 3-@
this case, the two transistors are connected with only one Uniqueness of circuit topologiesSome of topologies
connection. Equivalently, in the Rooks problem, there iy onshown in Figs. 4-6 are equivalent circuit topologies. These
one rook on & x 3 board. All 2-transistor topologies havingequivalent topologies have their transistor order switiche
only one connection between the two NDCTs are shown which results in 2 identical circuit topologies having Xeient
Fig. 4. These topologies have 5 ports to be connected tbthe connectivity matrices. Examples of these circuits are shiow
ports. However/ O blocks have a maximum of 4 ports. Hencematching colours and an arrow between the switched elements
to be able to connect the circuits together, the connectiohthe connectivity matrix. Some examples afeéi/; 4 and
between the 2 transistors must be considered as an intei@al; 5 in Fig. 4, CMsy, and C My g in Fig. 5, andCMs3 5
connection, i.e. not connected to &0 block. and CMs; ¢ in Fig. 6. Because of the equivalent circuits, the
2 NDCTs, k = 2 (Transistors have 2 connections):This 34 topologies in Lemma 3 is only an upper bound on the total
case is equivalent to 2 rooks on3ax 3 board. There are a number of topologies that can be constructed with 2 NDCTs.
total of 18 topologies for this case as shown in Fig. 5. ThEhe exact number of circuit topologies is calculated using
resultant topologies can have 2, 3, or 4 external ports, amtleorem 1.
depending on the internal connections may also be connecte@heorem 1: The number of unique topologies for two
to the IO block. Since, as we will show later in Section IV,NDCTs is 23.
the minimum number of théO block ports is limited to at  Proof: In the proposed topology generation technique
least 3, the 2-transistor topologies with 2 external ports aswitching the order of 2 transistors is equivalent to switgh
not considered. the row and column of their connectivity matrix. Therefa2e,

2 NDCTs, k = 3 (Transistors have 3 connections)Fi- circuits are identical if their connectivity matrices aratspose
nally, the case for the 2 NDCTs connected with 3 connectioraf,each other. Since in the Rook polynomial the symmetric ma-
is equivalent to the Rooks problem with 3 rooks o & 3 trices are accounted for only once, to find identical masiice
board. There are a total of 6 topologies for this case and eaymmetric and non-symmetric matrices should be separated
topology can only have 3 ports as shown in Fig. 6. to eliminate the non-symmetric matrices whose transpose
So far, we have shown, through enumeration, all possible r2atrices have already been built.

2NDCT CM; g = CM, g (Non-Symmetric) ~ 2NDCT CM, g = CM, g (Non-Symmetric)
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Figure 5. Connectivity matrix and transistor topology whpath transistors (PMOS and/or NMOS) are NDCT and the numbgrtternal connections is two
(k= 2).
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Figure 6. Connectivity matrix and transistor topology whmth transistors
(PMOS and/or NMOS) are NDCT and the number of internal cotiores is

three ¢ = 3).

2NDCT CM; ¢ = CM; 5 (Non-Symmetric)

half of the non-symmetric case3:-+ 92;3 =3+3=6.

For k = 2, symmetric matrices result when the rooks are
either both on the diagonal, i.e. 2 out of 3 choices, or in the
opposite locations above and below the diagonal, i.e. 1 out
of 3 choices. Therefore, the number of symmetric matrices is
3+3 = 6. The total number of unique topologies st 125 =
12.

Whenk = 3, symmetric matrices result when either all 3
rooks are on the diagonal, i.e. 1 choice, or 1 rook is on the
diagonal and 2 rooks are in the opposite off-diagonal loocati
In addition, since from Lemma 1 there can be only 1 rook in
each row/column, for each rook on the diagonal, there is only
1 non-diagonal symmetric arrangement possible. The number
of symmetric matrices fok = 3 is 1 + 3 = 4. The total
number of unique topologies id:+ % =4+1=5.

The case ok = 0 is not considered as for this case there is
6 transistor ports to be connected td@ ports. This results in
two unconnected transistor ports. The unconnected porke ma
this topology non-functional. Therefore, the total numbér

The number of symmetric matrices for 2 NDCTs can b@pologies is6 + 12 + 5 = 23. R
calculated based on the number of rodksn the connectivity
matrix. Whenk = 1, the only symmetric matrices are when 2) Construction of 1 DCT and 1 NDCT topologie§hese
the rook is placed on the diagonal of the connectivity matrigircuit topologies are constructed by following the same



G2 S2 DI D2 G2 S2 DI D2
Gl1]0 0 Gl|o 1
SI|0 o0 Gl { T1 T2 | G2
S1|0 O pilo o s 52
DILO 0
DCT & NDCR CM, DCT & NDCR CM, ,
S1 s2 ‘ ‘
D1 D2
Figure 7. Connectivity matrix and transistor topology WittNDCT, 1 DCT, Gl GO2 Sé Gl GOZ Sg
and the number of internal connections is zéto=( 0).
si|1 o GlO—::i TL | T2 l‘_ 2 S1|o 1 GlO—'.'.l Tl
DILO 0 DILO O
S1 S2
. DT & NDCR CM DCT & NDCR CM
procedure and by using Rooks theorem to ensure that Al " b
unigue topologies are made. However, in this case, thenater
. L . G2 S2 DI D2 G2 S2 D1 D2
connection of the DCT has to remain intact. The following ¢, o cilo o
two Lemmas are proven and used to automate the connectivity; {0 0} clo—f[r1 1o s {0 0} Gro—|[r1 | 19| ooz
matrix generation. pil1 o pilo 1
Lemma 4: Construction of all 2 transistor topologies with S1_s2 SL $2
DCT & NDCR CM, DCT & NDCR CM, ¢

NDCT and 1 DCT is equivalent to constructiBg 2 matrices
in which each row or column has at most 1 non-zero element. N _ _

Proof: In a DCT, the gate and drain are connected; therefo@!#r‘:'f E'Dg“;‘r?gtg"gcq‘rag:é "’:)”ndetﬁt”esrﬁ;?rcgi“rfgcﬁdi]”i/%FD‘S) topology
the column representing the drain is exactly the same as the
column representing the gate and can be eliminated during th
topology generation. Hence, the connections between the tw . Glz Sg
transistors can be represented bg a 2 matrix. B { } G

Lemma 5: Construction of connectivity matrices for a NDC[T e

G2 S2 D1 D2

Gl|1 o0
G2 stlo o Gl
DILO 1

and a DCT is equivalent to finding solutions to the non- e
attacking Rooks problem on3ax 2 board where the number DCT & NDCR CM, DCT & NDCR CM, ,
of rooks varies between 0 and 2.
Proof: Based oihemma 1the connectivity matrix between G2 2 DI D2 G2 2 DI D2
the two transistors can have only 1 non-zero element in eact'|® ' | anetp
row or column. This is equivalent to a non-attacking Rooks SD'I E‘) ﬂ BRI SD'I &’ ﬂ flo

problem (only 1 rook in each row or column) of an appropriate
problem size. The number of rooks, varies between 0 and pcr & noer o, DCT & NDCR CM, 4
2. k = 0 means no connections between transistorskasd2
means that the 2 ports of the DCT are connected to 2 ports of ¢ s
the NDCT. For a DCT and NDCT, the number of connections ¢ r 0}

G2 S2

Gl|0 0
cannot be 3% # 3, as the drain and the gate of DCT are S'|' © S[" ‘}
connected, so in effect the DCT has only two polis. DILo 1 DIt 0

In the_ rest of this section, each_ one of the cases when Q&&NDCR =Y DCT & NDCR Oy,
connection between the two transistors changes from 0 to 2 is ‘
further explained. ) Figure 9. Connectivity matrix and transistor (PMOS and/dA®S) topology
1 NDCT and 1 DCT, k = 0 (Transistors have no con- with 1 NDCT and 1 DCT and twok = 2, internal connections.
nections): In this case, the two transistors are completely
separated and all the elements of 8he2 connectivity matrix
are zero. This means that for the case when 0 there is only Fig. 8.
one possible topology and the resulting 2-transistor gyl 1 NDCT and 1 DCT, k = 2 (Transistors have 2 connec-
have 5 free ports, as shown in Fig. 7, that need to be connedieds): This case is equivalent to 2 rooks on3a< 2 board.
to the 7O block which makes this topology not eligible if theAll 2 transistor topologies are shown in Fig. 9. When the 2
connection between D2 and G2 is considered as an externahsistors are connected to each other with 2 connectioas,
port. If the D2 and G2 are considered as internal connectionssultant topologies can have 1, 2, or 3 ports, depending on
then this circuit will have 4 external ports. whether the internal connections are also connected toQhe |
1 NDCT and 1 DCT, k =1 (Transistors have 1 con- block or not. However, as will be shown later in Section IV,
nection): In this case, there is only one connection betweehe topologies with only 1 or 2 ports cannot be connected to
the two transistors. Equivalently, in the Rooks problener¢éh the 70 blocks and are not considered.
is only one rook on & x 2 board. The resulting 2-transistor 1 NDCT and 1 DCT, k = 3 (Transistors have 3 con-
topology has 3 ports if the connection between the 2 trasrsistnections): For the 1 NDCT and 1 DCT case, there cannot be
is considered as the internal connection. Otherwise, thelto 3 internal connections, as it violates the connection betwe
ogy contains 4 ports. The 2 transistor topologies are showngate and drain for the DCT transistor.




Table Il
STATISTICS FOR GENERATED2-TRANSISTORS TOPOLOGIES 03 ol 2 G2 52 D2 G3 S3 D3
G3 G1 G1|0 0 O G110 0 O
2 NDCTs TNDCT & 1 DCT Bl Ym o 501 0 s10 0 0
Total |unique |Possible|| Total |unique|possiblg 0o 0 o 0o 0 o
circuitg circuits| # ports ||circuits| circuits| # ports S3 S1 ©S2 b1 b1
k=0 1 1 6 1 1 4,5
k=1 9 6 4,5 6 6 2,3, 4
k=2 18 12 2,3, 4 6 6 1,2,3
k=3 6 5 1,2,3 NA NA NA G2 S2 D2 G3 S3 D3
[Tol [ 34 [ 24 [ - [[18 [18 | - | G110 0 0 6o oo
|t.‘r—OGZ S110 1 0 S170 1 0
D1LO 0 O D1L0O 0 0.
. . . . S3
Uniqueness of circuit topologies: Theorem 2: The number
of unique topologies to connect a NDCT to a DCT is 13.

Proof: Based onL.emma.S bqumg the cor]ne.ct|V|ty matr|)§ D3, DI D2 G 2 D2 G353 D3
between two transistors is equivalent to finding all possibl Gifo 0 o] Gifo 0 o0
non-attacking Rooks solutions. The number of ways to place T3 T2 |‘~‘»—°<32 s1lo0 1 0| s10o 1 0
0 to k¥ rooks on anm x n, n < m, board, wherek = S s prlo o ol pi1lo o 1]
min{n,m} = n, can be calculated by the Rook polynomial
stated in (1), wheren = 3, n = 2. Hence, the Rook
polynomial is

D3 - D1 2 G2 S2 D2 G3 S3 D3

R372(x):6x2+6x1+1x0. () Gl[o 0 o0 GI[1 0 0

3 T T2 |¢;—ogz s1/0 1 0 ST 0 1 0

Based on (4), there is 1 topology for 0 connection, and 6 pilo o o) pilo o 1.
topologies for 1 and for 2 connections between transisTdrs. ss v 31 %2

total number is6 + 6 +1 = 13. In the 1 DCT and 1 NDCT
case, there are no symmetric matrices as all connectivitijure 10. An example of how a third transistor (PMOS or NM@Sadded
matrices are non_squ$&2 matrices. Therefore, all generatedo a Ty /T> combination. All the ports that have to be connected to the

. . . . __Input/output unit are shown with solid lines. The ports tbat be considered
topologles are unique, and the number of unique toPOlOgleSaé internal circuit connections are shown with dotted liffédse top two sub-

13. 1 figures show zero and one connections betweenTth&l» and T3, which
3) Summary of 2-Transistor Topology generatigh:sum- result in more than 4 input/output ports and hence are napaable.
mary of 2-transistor topology generation for the 2 NDCTsJ an
1 NDCT & 1 DCT cases is given in Table Il. In this table, the
first column indicates the number of connections between there than 4 (maximum number of input/output ports that are
transistorsk, columns 2 and 5 represent the total number @fvailable) the topology is not considered. For exampleyd t
topologies that can be generated, columns 3 and 6 show MBCT transistors are connected by only one connection, i.e.
number of the unigue topologies, and columns 4 and 7 list the= 1, the resultant topology has at a minimum 4 ports.
number of output ports. In this table, the case for 1 NDCTo connect the third transistor to thE /7> combination,
and 1 DCT andt = 3 is stated as not applicable (NA) basedt least 2 connections are required, otherwise the resultan
on the discussions above. topology has 5 external ports, which cannot be connected
4) Construction of 3-transistor topologiesto show how to the 4 ports of the input/output unit. Fig. 10 shows an
the proposed methodology can be modified to produce topoxample of how a 2-transistor topology with 1 connection,
gies with more transistors, the methodology for producing/; ;, can be connected to the third transistor. In the top
functional and unique 3-transistor topology is discussext.n two sub-figures, zero and one connections are used to connect
To construct only unique and functional 3-transistor topol the third transistor ta”’M; 3. The resulting topologies have
gies, each of the 36 already made 2-transistor topologigs (@ore than 4 ports to be connected to the input/output unit
containing 2 NDCTs and 13 containing 1 NDCT and 1 DCTand hence these topologies are not considered when making
is considered as a unique building block. Then, the thi@ttransistor topologies. On the other hand, the bottom two
transistor is added to the building block by producing thsub-figures show the case when 2 or 3 connections are used
connectivity matrix73y /T5. The connectivity matriXl»/T5 is and hence their maximum number of input/output ports is
built based orl', /T» and T} /T5. There is no need to make4 or less. In Fig. 10, all ports that need to be connected
separatel; /T3 matrices as these matrices are duplicates tf the input/output unit are shown with solid lines and the
T1 /T with only transistorsl; and7: orders switched. ports that can be considered as internal connections avensho
In order to ensure that the resultant 3-transistor tope®giwith dotted lines. It should be mentioned that all possible
are functional, the same rules as in Section 1lI-B are fotepologies are produced, even the ones where the basic 2
lowed. In addition, to ensure that only functional topokwi transistor topologies were not eligible to be connectechio t
are constructed and stored, the number of possible exterimglut/output unit.
ports is considered. If a certain way of connecting the third To produce 4- or 5-transistor topologies, the same proesdur
transistor results in the number of external ports becomiegn be applied. The construction of 4-transistor topo®dge
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Figure 11. The possible interndD block configurations.
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Figure 12. Connectivity matrices for internaD block configurations.

Vvdd
Vdd RI
ias3
vdd Vout
D3 L+ ias2 3
G3,
basically reduced to adding one transistor a 3-transidtmkb LR T2
or connecting two 2-transistor blocks such that the number o 2 102 o
output terminals are at a maximum 4. The construction of 5- a2 I
Vin
.
; Vbias

G
transistor blocks can also be reduced to adding one transist Al 1
to a 4-transistor block, or adding a 2-transistor block to-a 3 @vin ' |s1

transistor block while considering the number of inputfauat

terminals. The proposed methodology is very efficient beeau

duplicate or non-functional blocks are not constructechfthe (b) Circuit topology with PMO) Circuit schematic example us-

L .. . . and/or NMOS transistors. ing NMOS transistors.
beginning, hence eliminating the need for subsequent pguni _ o _ o
Figure 13. An example of an analog circuit and its connegtimatrix.

IV. PHASE Il: IO CONNECTION GENERATION ) )
B. ExternalIO/T Connection Generation

A. Internal I0/I0 block Configurations
/ g Once thelO blocks and 2- or 3-transistor topologies are

The input-output [O) block includes4 ports: Ground made, they are connected to each other to form complete cir-
(GND), input voltage (V;,), and two sides of the load cuit topologies. To generate these connections autonfigtica
(L* and L™). To ensure the functionality ofO blocks, the all connectivity matrices produced so far are arranged in a

following rules need to be followed: larger connectivity matrix(’ M/, that describes the connectivity
« GND cannot be connected 1,,. between all elements of the circuit topologies. The rows and
« Both sides of the load/(t and L) cannot be connectedcolumns of CM are ordered as followsGND, Vi, L™,
to GND or V;, simultaneously. and Lt of the IO block, followed by the ports of Transistor
« Either of the load ports cannot be connecteda®/ D blocks, Gi, Si, D;, wherei € {1,2} for 2-transistor circuits
andV;, simultaneously. and i € {1,2,3} for 3-transistor matrices. These diagonal

CMs show the internal connections of the corresponding
| Oconfig.a to | Cconfig.c of the IO blocks and the
connections of the transistor blocks. The connections &etw

These rules restrict all possible internal connectionstiier
10 block to only 3 configurations:

o I Cconfig. a: Lt is connected td/,. transistors,T;/T}, are represented by x 3 matrices, which
« I Cconfig. b: L™ is connected td7 N D. are located right above the diagonal transisformatrices.
« I Gconfig. c: No internal/O connections. Matrices T;/T; and T;/T; are transpose of each other and

The threelO block configurations are shown in Fig. 11.  all other diagonal matrices constitutiigh/s are symmetric.

It should be mentioned thdt™ and L~ are interchangeable, This means tha€'M's are symmetric matrices, and the lower
and the two configurations of~ connected tdl;,, and L™ diagonal elements of’ M's need not be stored. An example
connected ta&= N D are not considered. It is also important tof a diagonalCM of a 3-transistor circuit is illustrated in
note that the output can be taken between any two nodedHig. 13(a). Since in the figure, the 10 blockli€©confi g. b
a circuit topology, as long as one of them is neitliev D is used, only the matrix element corresponding G&V D
nor V;,. In this case the circuit topology would be considereconnection toL~ is set to 1. All three transistors in the
as having a differential and/or a common-mode output. Tircuit are NDCT, hence their three bottom diagonal masrice
represent these configurations, the connectivity matrieéezh in Fig. 13(a) only contain 0. In Figs. 13(b) and (c), the citcu
configuration is derived and shown in Fig. 12. topology and its biased schematic are shown, respectively.
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To completeC' M, the connection between the ports of the Table Il
IO and’]“z are the Only remalnlng Connectlons to be madér.HE NUMBER OF FUNCTIONAL AND UNIQUE CIRCUITS FOR2-TRANSISTOR

These connections are represented[by/TZ— matrix, located TOPOLOGIES FOR THESEIO CONFIGURATIONS THE NUMBER OF
in rows 1 to 4, and columns 5 and onward of @/ matrix.
The number of rows in théO/T; is equal to 4 as we only
have 4 ports for thdO block. The number of the columns
of this matrix is equal to the number of transistor ports ia th
circuit: 6 for the 2-transistor circuits and 9 for the 3-ts&tor
circuit.

To generate thdO/T matrix, eachIO configuration is
considered separately. For each configuration, differen-c
binations of connections between the ports of fiaeand T’
blocks are produced based on the following rules:

« No short or open circuits,
« no alteration to the internal block topologies.

CIRCUIT TOPOLOGIES IS EQUAL TO THE TOTAL NUMBER OF TRANSISTR

TOPOLOGIES WITH3 PORTS TIMES6=3!.

2 NDCTs {1 NDCT &1 DCT|
k || 3-portT |tot ||3-portT | tot
topologies| Cir. ||topologies| Cir.
I Cconfig. a k=0 0 0 0 0
or k=1 0 0 9 54
I Cconfig. b|k=2 24 144 6 36
k=3 5 30 - -
Total - - 174 - 90

Hence, in total there ar8! x 5 = 30 unique circuit
topologies.

1 NCDT & 1 DCT:

The maximum number of circuits that can be produced de-, = 0: In this case the number of ports for the transistor

pends on number of ports in thBD configuration and the

number of ports in the transistor configuration. For example
| Oconfi g. a has 3 ports. If the transistor block of 2 NDCTs

has only one internal connectiog & 1) then the transistor

block has 5 ports if all connections are considered as exttern
ports and 4 ports if the one connection is considered as

an internal transistor-block connection (see Fig. 4). lis th
case, it is not possible to connect this topology to fl{@
configurationd Cconfi g. a andl Cconfi g. b
In the rest of this section, the number of possible circuits f
eachIO configuration and 2-transistor blocks is calculated.
1) Circuits for | Cconfig.a and | Cconfig. b: The
| Cconfig.a and | Cconfig. b have 3 ports, therefore,
only transistor topologies that have 3 ports can be conddote
these configurations. For each 3-port transistor topoligye
will be 3!=6 ways to be connected to eackconfi g. a or
| Oconfi g. b. In the following we consider the case for 2

NDCTs and 1 DCT & 1 NDCT cases, which are summarized «

in Table II.
2 NCDTs:

block is 5. Hence, this transistor topology cannot be
connected to thédO configurations.

k = 1: In this case the number of ports can be 3 if one of
the connections between the transistor topologies shown
in Fig. 8 is considered as internal and not connected
to the IO. In the case ofCM; 1, CM; 3 and CM; 5
once one of the connections is considered as internal, the
other one is automatically also considered as internal. For
the other three case§;M; o, CM; 4 and C M, ¢, there

is a choice for which connection can be considered as
internal, so each topology can count as 2 unique topolo-
gies. Therefore, we have in total 9 unique 2-transistor
topologies containing 1 NDCT & 1 DCT and one internal
connection. In total for the 9 unique topologies and each
of | Cconfi g. aorl Cconfi g. b configurations, there
are3 x 3!+ 3 x 2 x 3! =9 x 3! = 54 circuit topologies
that can be made.

k = 2: In this case, there are 6 topologies as shown in
Fig. 9, and each one has exactly 3 ports. Therefore, there
are6 = 3! unique circuit topologies.

« k = 0: The number of ports for th& block is always 6. A summary of these calculations are given in Table IlI.
Hence, there are no 3-port transistor topologies that can2) Circuits for | Cconfi g. c: Thel Cconfig. c has 4

be connected tdOcon fig.a andIOcon fig.b configura-
tions.

ports, therefore, only transistor topologies that have dispzan
be connected to thisO configuration. There arél = 24 ways

« k= 1: There is 1 connection between the two transistort§) connect the 4 ports of thiD block to 4 ports of a transistor
hence the number of ports for the transistor block cdfock. However, as the two sides of the load and L~ are
be 5 or 4. These topologies cannot be connected $gmmetric and can be interchanged, the total number of eniqu
| Cconfi g. a andl Qconfi g. b configurations, which ways to connect théO block to each transistor topology are

have 3 ports.

= 12. In the following we show the calculations of the

« k= 2: When the two transistors are connected internaljumber of circuits for 2 NDCTs and 1 DCT & 1 NDCT cases,

by two connections, the 12 unique topologies shown Mihich were summarized in Table II.
Fig. 5 can have 3 ports as long as one of the connection® NCDTs:

is considered as internal, i.e. not connected to fhe .
block. Then, there arg! ways to connect the three ports

of the IO block to the 3 remaining ports of each of the

T blocks. In total we havé x 3! ways to connect théO .
block to eachl” block. As we have 12 uniqué blocks,

in total there arel2 x 2 x 3! = 144 circuit topologies.

k = 3: There are 5 transistor topologies that have 3 ports. e
There exist3! ways to connect the threB) block ports

to the three ports of the 5 unique transistor topologies.

k = 0: The number of ports for th& block is 5. Hence,
this transistor topology cannot be connected to ibe
configuration.

k = 1: The number of ports can be 5 or 4. Overall, for
the 6 topologies, shown in Fig. 4, there d#re 47! =172
unique circuit topologies.

k = 2: Each of the 12 transistor topologies shown in Fig.
5 has 4 ports. Hence, there arg x 45! = 144 unique
circuit topologies.
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Table IV lower (36% lower) tharg8, 347 circuits generated in [11], due

THE NUMBER OF UNIQUE CIRCUIT TOPOLOGIES FOR-TRANSISTOR to avoiding the construction of identical and non-funcéibn

TOPOLOGIES ANDI OCONFI G. C. FOR| OCONFI G. C, THE NUMBER OF . its that i d ible b R binatori d
CIRCUITS IS EQUAL TO THE NUMBER OF THE TRANSISTOR ToPoLogies CIFCUIS that IS made possible Dy using combinatorics an

WITH 4 PORTS TIMESS = 12, mathematical techniques in designing the circuit top@sgi
2 NDCTs_|[1 NDCT &1 DCT] . _— .
K {[ZportT [tot {[ 4portT | tot V. Potential uses of the circuit topologies
— ‘OPO(')Og'eS CC')'- ‘°p°'l°9'es Cl'g Having created all unique elementary 2- and 3-transistor
| cconfig.clk=1| 6 72 5 7 circuit t(_)pologles, we next b.rlefly examine the possibilitly
k=2|| 12 [144 0 0 performing Step 2, identified in Section Il, to select eletaen
— k=3 0 226 - - circuits based on their desired functions. This step wollddva
otal - - -

an analog designer with an aid of a proper circuit topology
selection tool to scan through the database of the circuit

o« & — 3 The transistor block has a maximum of 30Pologies and to select the ones meeting certain perfarenan

ports, and hence there is no way to connect it to tfgauirements. Note that the design of a flexible topology
| Oconfi g. ¢ and make circuits that do not contain aﬁe!ectlon tool is beyqnd the scope of this work and this eacti
open circuit. is just a demonstrauo_n of the concept. o _ N
1 NCDT and 1 DCT: Out of many pos_S|bIe el_ementary circuit fun_ctlon_almeg,
_such as gain, bandwidth, noise, power consumption, lityeari
« k =0: The number of ports for th&" block can be 4 if (¢ two functionalities, i.e. input power match and gaieyev
one gate-drain connection, such@s to D» connection chasen to demonstrate the feasibility of Step 2. Of course,
in Fig. 7, is ans'dered as an internal connection. HeNGRese goals are not the only design goals possible, butrrathe
there arel x 35 = 12 circuit topologies. chosen to illustrate the envisioned use of the database of
« k = 1: The number of ports can be equal to 4 for eacBiementary circuit topologies in assisting an analog desig
of the 6 avallzble topollogl_es, as shpwn in Fig. 8. In total, |4 this example, we use mathematical programming tech-
there are6 x 5 = 72 circuit topologies. niques used for non-linear programs such as [30]-[34] dis-
e k = 20 The maximum number of ports is equal 10 3¢,gseq in the Appendix to find the best transistor transcon-
hence no circuit can be made. ductances and output conductances in all generated circuit
A summary of the number of 4-port topologies and circuit®pologies. Note that symbolic analysis could also be used

for  Gconfi g. ¢ are given in Table IV. for this purpose [12]-[15]. Since the runtime was not caitic
for the demonstration of the potential use of the generated
C. Results topologies, the mathematical problem is solved using MAT-

: . ITAB optimization lab toolbox. MATLAB optimization toolbox
it can be said that the number o ; e .
uses techniques such as interior point methods [35] to solve
constrained optimization problems. This toolbox is suited
o : . . problems with small number of variables, less than 10 in our
circuits are not functional as defined in Table I. . . .

quoblems, and can produce optimal solutions in reasonable

In Table V, columns 2 and 3, the maximum number runtime'. Note that each mathematical programming problem
circuit topologies possible with 2 transistors (max) and th ) prog 9p

. - .. _needs to be solved only once as the results can be stored in
number of functional circuits (func), when both transistor
the database for future use.

are NDCTs are given, respectiyely. Similarly, columns 5 an For this demonstration, the maximum number of circuit
6 show the number of topologies for 1 NDCT and 1 DC-[opologies, which can be designed to be input-power-madtche

configurations. e . .
Once all transistor topologies are built, they are conriizte amplifiers, has been determined as shown in columns labeled
' “amp” in Table V. A total of 74 two-transistor circuit topclo

the three possibléO configurations. The number of circuits ies and 5,103 three-transistor circuit topologies aravsho

with 3 transistors are shown in columns 10 to 15 of Tab%'I . . . e .
. - : . e potential to be designed into amplifiers with the stated
V. For the 3-transistor circuit topologies, three tramSt.Fpecifications

configurations are considered: (i) all transistors are NBC . . .

(3 NDCTs), (ii) two transistors are NDCTs and one is a DCT Based on the mathematical programming _pr(_)blem described
(2 NDCTs ,& 1 DCT), (iii) one transistor is an NDCT and" (Vl'l.) to (VI.6) of Append|x, Fhe_ m_ajonty .Of thes_e
two are DCTs (1 NDCT & 2 DCTs). The cases where a}f)pol(zgles are able to achieve the intrinsic transiston gHi

three transistors are DCTs is not considered as the reBuIt(%(gg;%lezoflgéhﬁ'é)\\/’;’r?\/eraisnosn:; (;)\Ietrhfjg (I:r;rf:li“t ;Of oallohgglses a:;e
circuit topologies will be equivalent to a combination ofél P 99 ’ g- 2%, g

non-linear resistors. This procedure can be extendeddutth for the maximum gains, which are potentially achievable by

4- and 5-transistor topologies by adding more transistoes othe 3-transistor circuit topologies, is given.
polog y 9 The optimization has identified 32 input power-matched

at a time. However, it was not attempted in this work. o . S N
In total, 56, 280 functional circuit topologies with 3 transis-ampllflers with gain higher than 140 as shown in Fig. 14.

tors and582 functional circuit topologies with 2 transistors are 17his process can be easily parallelized as each problemdépéndent
produced. The number of 3-transistor circuits is signifilyan from the others thus reducing runtime significantly.

From Tables Il and 1V,
unigue circuit topologies that can be built with two traisis
is 2 x (174 +90) + 216 + 84 = 828. However, some of these
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Table V
THE NUMBER OF MAXIMUM, FUNCTIONAL, AND AMPLIFIER CIRCUIT TOPOLOGIES
2-transistor circuit topologies 3-transistor circuit topologies
2 NDCTs |1 NDCT & 1 DCTjtotal 3 NDCTs |2 NDCTs & 1 DCT1 NDCT & 2DCT{ total
max |func {amp |max |func | amp [func |amp || func [amp | func amp func amp func |amp

I Cconfig.a ([174|142 |16 |90 | 74 | 15 |216| 31 || 6338 | 606 | 6340 803 2140 274 148181683
I Cconfig.b||174|132 |16 |90 | 74 | 15 |206 | 31 || 6338|614 | 6340 788 1920 274 14598 (1674
I Cconfig.c||216|112| 8 |84 | 48 4 |160 | 12 ||16440| 822 | 8354 658 2070 264 26864 (1744

[ Total  [[564[386 ] 40 [264 [196 ] 34 [582 ] 74 [[29116]2042[21034] 2249 [6130] 812  [56280[5103
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Figure 14. Histogram of maximum gains of all 3-transistacuwit topologies.

Vdd

Amplifier
RI (b)

Vout Figure 16. Example of a previously unknown three-transisicuit identified
with a search for amplifiers. (a) Circuit topology based endM. (b) Biased
schematic. The amplifier consists of transistors T1, T2, BBdnd the load
RI. Elementary circuits “Bias 1" and “Bias 2" were added t@wgde biasing
for the amplifier. Also, “DCC Block” is a DC common-mode feedh circuit,

Vdd

T3

which consists of common-source amplifier, required fosinig T2 [16]. Cb1
L+ and Cbh2 are DC blocking capacitors.
ey
+
L- bias2 Table VI
SMALL -SIGNAL TRANSISTOR PARAMETERS FOR AMPLIFIER INFIGURE
15(B) TARGETING0.13-uM CMOS.
T
|—0 Specification] Optimal Circuit Optimal
DC Blockl Value parameterg Value
. Aj 90.1 (39 dB)||gm, (A/V) 0.055*
Vin Arew 0 Gy (A/V) 0.001
V Bias@® Rin () 100 gms (A/V) 0.055*
+ Ro(Q) 181 RL(Q) 10k
Vbias1 * Max. gm's were limited to 0.055 A/V to limit power consumption.
@ ®) gains and other small-signal characteristics of this jonesly

Figure 15. _Example of the highest-gain three-transistnru'ctt (a) C_ircuit unknown circuit as Optimized and implemented by analog
topology with PMOS and/or NMOS transistors. (b) Example obiased . . . . .
schematic with NMOS transistors. designers in [16] are given in Table VI. To design the
circuit, the small-signal parameter obtained with the MAT-
LAB optimization were used as the guide for corresponding
The circuit topology that achieves the highest gain is alyeasmall-signal parameters required for each transistonsistor
known and its circuit diagram based on NMOS transistors lBasing and sizes were selected to achieve these smadlisign
shown in Fig. 15. parameters, which were confirmed with BSIM4 simulations.
In Figs. 16(a) and (b), the circuit topology and its schematin this particular circuit implementation NMOS transistor
of a previously unknown circuit are shown. The circuit irwere selected fdf’; » 3. The circuit biasing was accomplished
Fig. 16(b) was developed in CMOS technology using BSIM#ith three elementary circuit topologies, which are idtedi
transistor models and was shown to have the characterisiitg=ig. 16(b) as “Bias 1,” “Bias 2,” and “DCC Block” and
that were calculated by proposed methodology [16]. Thehich are discussed in details in [16]. The final circuit irg.Fi
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16(b) looks very different from its elementary-circuit tdpgy o The reverse gain of the transistot,..,,, should always
in Fig. 16(a) and includes DC blocks Cbl and Cbh2, current be less than the inverse of the forward gain.
sources, and the DCC network needed to prevent transistors ie There are limits on the values of the transconductances of

the Bias 2 network from entering triode. Clearly designing a the transistorsg,,, which are set t@.001 < g,,,, < 0.1
simulating this circuit requires some conventional designk, based on our experience with designing analog circuits.
but thecreative taskof identifying the new circuit topology It should be mentioned that,, of 0.1 A/V is possible but
and recommending its small-signal component parametess wa requires a relatively large transistor consuming significa
automated. amount of power and,, = 0.001 A/V is possible with
small, low-power transistors.
VI. CONCLUSION e R;, or the real part of the input impedancsg;, has to

In this paper, an automated methodology to generate func- be between 25 and 100, and the load resistance is set
tional and unique circuit topologies is discussed and 582 an  between 1 and 10,000.

56,280 possible 2- and 3-transistor topologies are geerdaratTgr?s't”fr‘g.trt‘tg”égﬂcggm?.(tj%nr%%r?gﬁg“rs‘g the above objectide an
The results of the proposed methodology is a database thaY : wi Ws:

includes all functional and unique topologies. Once theugir g max Af(gm;, Rr) (VI.D)
topologies were generated, they can be used to select elemen . Gds, = 0.1 X g, (V1.2)
tary circuits for building larger analog circuits. 1

As an example of such a procedure, all generated circuits Arev < 47 (V1.3)
were searched by using a mathematical programming proce- 0.001 < gm; <0.1ANV i=1,2,3 (V1.4)
dure to select only those which act as input-power-matched 25 < Rin < 1009 (VL.5)
amplifiers. This search resulted in 74 two-transistor an@3, 1 < Ry, <10,0009. (V1.6)

three-transistor amplifier circuits. ) ) .

It is envisioned that having all elementary circuit topotsg 1S mathematical formulation in the format of (VI.1) to
available to analog designers, they will be able to perforkY!-6) iS & non-convex, non-linear mathematical programgni
appropriate selection procedures to select circuit tagieto Problem. To solve these problems, techniques ranging from
capable of meeting certain design requirements needed Rura! networks [36], [37] to non-convex optimization tech
their work. The future work can be searching the topologj/dues [38] exist and can be employed.
database for other criteria such as gain bandwidth, noisesfig
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