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Abstract: The performances of analog circuits depend greatly on the layout parasitics and mismatches. Novel tech-

niques are proposed for modeling the distributed parasitic capacitance, parasitic parameter mismatch due to process

gradient and the inner stack routing mismatch. Based on the proposed models, an optimal stack generation tech—

nique is developed to control the parasitics and mismatches., optimize the stack shape and ensure the generation of

an Eulerian graph for a given CM OS analog module. An OPA circuit example is given to demonstrate that the cir—

cuit performances such as unit gain bandwidth and phase margin are enhanced by the proposed layout optimization

method.
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1 Introduction

With the remarkable evolution of VLSI tech-
nology, mixed analog/digital circuits have been
found more and more useful in IC industry. Due to
the tight performance needed and the rapid tech-
nology innovation rate, the design of the analog
parts in mixed signal systems has become an ex-
pensive bottleneck. In the past decade, many efforts
have been made to increase the automation of the
layout design of analog circuits'' . To obtain high
performances circuit, control of parasitic capaci-
tance and minimization of the layout mismatch are
very crucial™™ . In a typical CM OS process, the ab—
solute parametric accuracy of components such as
transistors, capacitors and resistors, varies within

+ 20%., while the parametric ratios within =+
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0.1%'". For this reason, the implementation of
analog circuit typically relies on component match-
ing rather than absolute accuracy. Moreover, reduc—
ing parasitic capacitance can improve the frequency
performance of analog circuits in terms of band-
width and phase margin'”

The stacking technique' is widely used to im-
prove the circuit performance in CM OS analog lay-
out. Merging the diffusion regions of two or more
M OS transistors with a common node, we observe
that stack can reduce not only the layout area but
also the parasitic diffusion capacitance and the
component mismatches. Different approaches'"* "
of the stack generation have been investigated. A
fully stacked layout was first introduced™ and lat-
er on has been widely used in the anglog physical
implementation. The stack generator presented in

Reference| 1] can enumerate all the possible stacks
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with their respective exponential computational
complexity. An algorithm with O(n) computation
complexity was presented in Reference[ 9], with a
minimum stacks generated. The aspect ratio of a
generated stack has been optimized successful-
lylml,am] a cost function was used to compare the
junction capacitance of diffusion regions in differ—
ent implementations of a stack'"". However, stack
generation problems were rarely studied in the

1 . ..
,» such as modeling of the parasitic pa—

pas(l L
rameter mismatch due to the process gradient,
modeling of the inner stack routing mismatch and
simultaneous optimization of the stack shape, area
and control of parasitic components. The perfor—
mance of a stacked layout could not be controlled
nor optimized without accurate modeling of para-
sitics and mismatches.

In this paper, novel techniques for the parasitic
and mismatch modeling during the optimal stack
generation have been proposed, with which, a new
transistor folding technique and a dummy transis—
tor insertion technique are further developed to
generate optimal stacks for a given diffusion
graph. In section 2, the distributed parasitic capaci-
tance model and dummy insertion technique are de—
rived. We present the mismatch modeling technique
in section 3. The new technique for the simultane-
ous optimization of stack shape and control of para—

sitics is presented in section 4.

2 Modeling of Parasitic Capacitance

In most analog cell circuits, differential pair,
current mirror and cascode structure are the basic
building blocks, during the layout generation,
which can be stacked as basic modules by finding
an Eulerian trail'™ in the diffusion graph'". The
these basic

distributed parasitic capacitance in

modules is analyzed in this section.
2.1 Unit Parasitic Diffusion Capacitance

The parasitic capacitance of a unit diffusion

area towards the substrate or well is calculated in

Eqn. (1), which employs the SPICE pn-—unction
side-wall and plate capacitance model'”.

W, . W
LG + 2 N

Cuni‘(N] = J{\‘

+ L él} (A‘jl'.‘-\\' ( ] }

where Cj is the zero-biased source (or drain) ca—
pacitonce to substrate (or well) pn—gunction unit
area plate, Ciev is that to the substrate (or well)
pn—junction unit length side-wall. As shown in Fig.
1, L. is the length of the unit active area. W/N is
the width of the unit active area, where W is the
width of the transistor and N is the folding number

of the gate.

FIG. 1

Unit Parasitic Diffusion Capacitance

in Folded Transistor

2.2 Parasitic Capacitance in Single Transistor

[f a node in diffusion graph is the end point of
the Eulerian trail, it belongs to the external node
set EXT, otherwise it belongs to the external node
set INT. For a single transistor in Fig. 1, if the gate
folding number N is an odd number, the source and
drain nodes in the diffusion graph have odd de-
grees. Both the source and drain nodes are the end
points of the Eulerian trail, so they are assigned to
the external node set EXT, while the internal node
set INT is kept empty. The source or drain para-

sitic capacitance Ci(N) is thus calculated by Eqn.
(2).

CAN) = N+ 1

2

for node i € EXT

(2)

If the gate folding number N is even, either

Cunii ( }l\'l- )

the source or drain node is assigned to the external
node set EXT or the internal node set INT. The
source or drain parasitic capacitance Ci(N) is thus

calculated by Eqn. (3).
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NEC...‘,-.(N) for node i € INT
C(N) =

l Nz+ 1‘ Coi(N)  for node i € EXT
(3)
2.3 Parasitic Capacitance in Current Mirror

Figure 2(a) shows a current mirror circuit
composed of one reference transistor Mo and & mir—
rored transistors M1, M2, ==, M#. All transistors are
assumed to have the same channel lengths. The
channel width of each transistor M;(j= 0,1, ***, k)
is Bi times of W. W is the channel width of the ref-
erence transistor and f is the size ratio of the mir—
ror transistor M; to the reference transistor Mo,
specifically we set that fo= 1. Suppose the gate of
transistor Mo is folded by an integer number N, the
gate folding number of the mirrored transistor M;
is therefore i N(j= 0,1, **, k), which is assumed
to be on integer. The corresponding diffusion graph
of the current mirror is shown in Fig. 2(b), where
the source node S has degree of BN = (BN + B
N + **+ B N) and each drain node D; has degree
of BiN.

FIG. 2
Graph, (b) Diffusion Graph

(a) Circuit Schematic

Current Mirror

Dummy Insertion Technique

The diffussion graph in Fig. 2(b) is not al-
ways an Eularian graph. Under this circumstance,
dummy edges'" are needed to be added in the diffu-
sion graph to construct the Eulerian graph. Here is
a new dummy insertion technique to form an Eule-
rian graph. Supposing we have node set V (Do, D1,
***, Di, S), we construct another two node sets

ODD and EVEN by node degrees. Initially all odd-

degree nodes in V are moved into set ODD, while
all even ones are into set EVEN.

(1) If the folding number N is an even num-
ber, every node in diffusion graph has even degree.
Thus we set that EVEN contains all the nodes on
diffusion graph and ODD is empty. Based on the
property of the Eulerian graph'™, at least one Eu-
lerian trail can be found for this diffusion graph.

(2) If N is an odd number, keep only two
drain nodes left in set ODD. Each of the rest of
drain nodes in set ODD is added with one dummy
edge and moved to set EVEN. After the drain node
assignment, the source node S is always of an even
degree and assigned to set EVEN. In this way, the
diffusion graph finally has two odd degree nodes
only and one Eulerian trail can be generated''”. Af-
ter dummy insertion, each drain node Di in the new
diffusion graph has a new degree of BiN,which can
be calculated by Eqn. (4). The new degree of

source node S is given by Eqn. (5).

5 | BN for node Di € set EVEN
BN = BN + 1 for node Di € set ODD
(4)
\
B:N = _Z{:] BiN (5)

Parasitic Capacitance Calculation

By summing of all the unit diffusion parasitic
capacitance connecting to node Di, the total para-
sitic capacitance Ci( N) of drain node D: can be cal-
culated by Eqn. (6). Similarly the source node S
parasitic capacitance C.(N) can be obtained by
Eqn. (7). INT and EXT are the internal and exter—
nal node set of the stack. Cuwit(N) is the capacitance
of a unit active area calculated by Eqn. (1). Obvi-
ously, the parasitic capacitance is a function of the

folding number of the reference transistor.

a; Coi(N)  for node D: € INT
C(N) =| —
| %‘ Cu(N) for node D € EXT
o (6)
5 Cunit(N) for node S € INT
C(N) =
(N) aN +

! Cos(N) for node S € EXT

(7)
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2.4 Parasitic Capacitance in Cascode Structure

Figure 3 (a) shows another basic building
block circuit, namely a cascode structure. Since the
circuit is fully symmetry, we only calculate the par—
asitic capacitance in the left part of it. Suppose
transistor M, has the minimum channel width W a-

mong all the transistors M;(j= 0, ***. k), we choose

M: as the reference transistor. The gate folding
number of M. is N. The channel width of each
k) is B W ,where B is the
size ratio of transistor M, to the reference transis—

tor M,. We assume all i N (j= 0,1, =, k) are in-

transistor M;(j= 0, **

tegers. The corresponding diffusion graph is shown
in Fig. 3(b), where node S has degree of BN =
280N and node D; has degree of BiN + Bi+ 1N, pro—

D, D\ D Dy vided that B 1= 0.
Repeat the dummy insertion procedure in sec—
M_BE%‘ E%'Iﬁ, - v, tion 2.3, a new Eulerian graph can be generated.
B;. ..}?:" o AL Every node except node S in the new Eulerian
_ graph has a new degree number calculated by Eqn.
M !i:l B’ (4), that of node S is given in Eqgn. (8). In the
Do B I same way, the parasitic capacitance Ci(N) of node
ﬂ !EQ (a) r (b) Di and the parasitic capacitance Cs(N) of node S
§ can be calculated by Eqn. (9) and Egn. ( 10) re-
spectively.
FIG.3 Cascode Structure (a) Circuit BN = 2 BN (8)
Schematic Graph, (b) Diffusion Graph

Al¥ +2‘8"* N (N for node D: € INT

Ci(N) = |, (9)
|| Gt ful U (N for node D: € EXT

Bt BN (V) for node S € INT

C.(N) = " BN + BoN + (10)

2

2.5 Parasitic Capacitance in Differential Pair

A differential pair, as shown in Fig. 4, can be
regarded as a special case of either the current mir-
ror or the cascode structure. The parasitic capaci-
tance of a differential pair can be calculated by E-
gns. (6) and (7), provided that k= 1, gi= 1, or by
Eqgns. (9) and (10) when k= 0.

3 Modeling of Mismatch

In the stack implementation of a pair of

matched modules, for every matched transistors,

ll Con(N)  for node S € EXT

Da DI
._| l_ BoN BN
My M,
5 BN §
Bozfy (a) (b)
FIG. 4 Differential Pair ( a) Circuit

Schematic Graph, (b) Diffusion Graph

the mismatch in gate capacitance or diffusion para-
sitic capacitance, which exists in the non-equal

length inner stack routing of a pair of matched
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nets, can be caused by a process gradient. In order
to model these mismatches, we introduce the fol-

lowing parameters.
3.1 Mismatch Parameters for Process Gradient

Assume a pair of matched modules 7 and T’
contain K pieces matched gate nodes which are di-
vided into two matched node sets VG (wve1, ve2, ***,
vex) and VG '(va', ve2', »*, v ), and J pieces of
matched diffusion nodes that are divided into VD
(va,vaz, =, va)and VD '(va ', 0a2’, -, var ') . Let Tw
and Tu'(k= 1,**,K) denote the parasitic parame—
ters (such as the parasitic capacitance) of gate v
and v respectively. Let ATw= | Tu— Tw'| denote
the parasitic parameters mismatch due to process
gradient on the matched nodes v and ve . Similar—
ly we can define Ty and T4 '(j= 1, ", J) to be the
parasitic parameters of diffusion node vy and vy ',
while AT4= | Tw— T4| be the parasitic parame—
ters mismatch of the matched diffusion nodes due

to the process gradient.
3.2 Mismatch Parameters for Wire Length

La and La'(k= 1, -, K) denote the wire
lengths of gate nets ve and va ' respectively. AL
= | Lu— Lu'| denote the wire length mismatch be-
tween net ve. and v . Similarly, Ly and L' denote
the wire length of diffusion nets vy and vo ' (j= 1,
s, J),and ALs= | Ls— Ls| denotes their wire

length mismatch.
3.3 Mismatch Function

The mismatch function of the matched mod-

ules of T and T is formulated in Eqn. (11).
K J

FT.TY = S WadTu+ S WyATy
k=1

=

K J
+ Z WF"" '&L;{k + E de JI.ﬁ[ul_j( 11]

=1 =
where W= (Wa, Wa, Wa', Wa') are the weight
coefficients. If the weight value increases, the cor—
responding mismatch parameters will affect the cir-
cuit performance more significantly. During the op—

timal stack generation, the value of the mismatch

function should be minimized in order to decrease

the layout mismatch.
3.4 A Modeling Example: Differential Pair

In this sub-section, a example of differential
pair is given to illustrate the above mismatch mod-
el. In Figure 5, a comparison is drawn between
three symmetry stack implementations in Figure 4
of a differential pair. For the Type-A | the edges of
transistors M1 and M2 in Figure 4(b) are inter—
leaved in the stack as shown in Figure 5(a) or 5
(a).For Type-B,.all of the edges of transistor M1
are placed on the left of those of M2 in the stack
(as shown in Figure 5(b) or 5(b'). The edge place—
ment method in Type-C is shown in Figure 5(c¢) or
5(c¢’), which is a trade-off between the previous
two implementations.

Given a uniform process gradient, we can esti-
mate the mismatch of two gate capacitances
(AT:),the mismatch of two drain parasitic capaci—
tances ( AT4), the mismatch of two gate routing
wire lengths (ALg) and the mismatch of two drain
routing wire length (ALa). Table 1 presents the
mismatch parameters of transistor M1 and M: in
Type-A,TypeB and Type-C implementations. T he
distance between two adjacent gate stripes in the
stacked layout is doneted by a gate unite distance.
And the distance between two adjacent drain
stripes in the stacked layout, is denoted by a drair
unite distance.

In Table 1, Ax is the gate capacitance variation
per gate unit distance and Ay is the drain capaci-
tance variation per drain unit distance. T ake T ype-
A for example, the mismatch of two gate capaci-
tances due to process gradient, AT, is that( 1+ 2+
54 6+ 9)Ax— (0+ 3+ 4+ 7+ 8) Ax= Ax and the
mismatch of the drain capacitance due to process
gradient, ATa, is (24 6+ 10) Ay— (0+ 4+ 8) Ay=
6Ay. The mismatch of two gate routing wire
lengths (AL:) and the mismatch of two drain rout-
ing wire length (AL4) are both zero due to the
symmetry routing. From Table 1, we can see that

Type-A is the best realization, T ype-B is the worst
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one, and Type-C is a trade-off between A and B, in

1Ax 2Ax © 5Az 6Ax  9Ax

1A% SAx (e)

terms of matching properties.

0 dhy 84y

6Ay 8Ay 10Ay

(b")

4Ay BAy 104y
(c

FIG.5 Three Type Implementations of Differential Pair

Table 1 Mismateh Parameters of Transistor M1 and
M:in Type-A,TypeB and Type-C Implementations
Type-A TypeB Type-C
ATy Ax 25Mx 17Ax
AT 6Ay 18Ay 14Aay
LY 0 0 0
ALa 0 0 0

4 Optimal Stack Generation

In this section, we apply the proposed parasitic
capacitance model and mismatch model to the opti-
mal stack generation. A novel transistor folding
technique is proposed to simultaneously optimize
the stack shape and parasitic capacitance. Also the
dummy insertion technique in section 3 is employed
to add dummy edges to guarantee an Eulerian

graph.
4.1 Stack Generation Algorithm

The proposed stack generation algorithm con—

sists of the following four steps:

Step L. Partition the diffusion graph G of the
circuit into sub-graphs Gi( i= 1,2, **-, k), according
to the device type, matching groups and symmetri-

" Each sub-graph is a diffusion

cal structures
graph of the basic module, such as a single transis—
tor, a differential pair, a current mirror, a cascode
structure or a combination.

Step 2. For each sub—graph G, the gate folding
number N of the reference transistor should be de-
termined by applying the Transistor Folding T ech-
nique in section 4. 2, for the purpose of balancing
the parasitic capacitance constraints, stack aspect
ratio requirements and layout design rules. A ccord-
ing to the different N, dummy transistors are added
using Dummy Insertion Technique in section 2 to
ensure an Eulerian graph.

Step 3. When the folding number is decided,
the Eulerian trails will be generated using the basic

algorithm in Reference| 13].
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Step 4. If the number of generated Eulerian
trails are more than one for each basic module,
matching model is applied to choose the best
matching implementation using the mismatch func-

tion in Egn. ( 11).
4.2 Transistor Folding Technique

In the analog layout, folding large transistors
can reduce the diffusion capacitance and optimize
the aspect ratio of a stack. However, how to choose
the folding number to meet with the parasitic and
aspect ratio requirements, was rarely discussed in

k'""**" In the following, a novel

the previous wor
technique is proposed to determine the folding
number based on the parasitic capacitance con-
straints, aspect ratio constraints and layout design
rules.
4.2.1 Transistor Folding by Parasitic Capacita—
nce Bound

To satisfy the node parasitic capacitance con—
straint in Eqn. ( 12) , where Cibound is the parasitic ca—
pacitance bound, the gate folder number N of the
reference transistor should satisfy Eqn. ( 13),
where N ein( Nena) is the lower (upper) bound of
the gate folding number with respect to capacitance
constraints. Parameters N awin and N anax can be easily
derived by substituting Ci(N) into Eqn (6,7) (or
Egn. (9, 10)) into Eqn. (12).

Ci{ N) “‘<== Cr'llnllntl ( ]2)
1"\'! emin g 1"\" é 1"\" emax ( ]3)
4.2.2 Transistor Folding by Aspect Ratio Requi-

rement
The stack aspect ratio requirement'® of a sin—
gle transistor, or a current mirror, or a differential
pair is given in Eqn. ( 14). The aspect ratio require—
ment of a cascode structure is given in Eqn. ( 15).
Eqn. (16) restricts the gate folding number N of
the reference transistor according to aspect ratio
requirement in either Eqn. ( 14) or Eqn. ( 15)
i WN i =< Somax
N Za/,-},” (N Za/,-\+ 1)L.
(1] (1]

Smlill g

(14)

Optimal Stack Generation for CMOS Analog Modules with -+ 7
W/N
S.ﬂnin =-<,, & & é S.im:n
VY L+ 2N S d+ 1)L,
0 0
(15)
Nﬁrllil‘ é All'\ll- é All'\ll- Fmax ( ]6}

where Vain( Naa) means the lower (upper) bound
of the folding number N, which makes the stack
aspect ratio meet with lower bound Swin and upper
bound Simae. W and L, denote the width and channel
length of the reference transistor respectively. La
denotes the length of the unit active area of the
module. The numerator and denominator in Eqns.
(14) and (15) are the total module width and the
total module length respectively.

4.2.3

The gate folding number N is also restricted

Transistor Folding by Design Rule

by the design rule in Eqn. (17).
A'l\'r =-<,, Nn’m:n ( l?}

where N iwax means the maximum gate folding num-
ber, exceeding which , design rule violations may
occur.

The actual folding number of the reference
transistor can be determined by the common solu-
tions of the above restrictions in Eqns. (13), ( 16)
and (17).1If such a common solution can not be ob—
tained, the folding number should be decided by
satisfying the design rule, the performance require—
ment, and the shape constraints in turn. For any
failure in the performance spec can not be satisfied
in any case, information of tight performance con-

straints will be fed back to the circuit designer.

S Experimental Results

The stacks have been generated for several
circuits, among which, OPA circuit and its stacks
are prosented in Fig. 6 and 7. We have also simulat-
ed the circuit performance by SPICE after extract—
ing the parasitic capacitance and mismatch parame-
ters due to process gradient from the layout. Con-
sidering a typical 1% unit capacitance variation

from the nominal value due to the uniform process
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FIG.7

Generated Stack Modules of OPA

gradient in one unit distance in the layout, we cal-
culate the parasitic capacitance parameters during
three implementations of the differential pairs. T he
SPICE simulation results are listed in Table 2. If
the parasitic capacitance of all the transistors ex-
cept the differential pairs M1 and M2 has been cal-
culated, the circuit performance would be obtained
in the second column in Table 2. Having added the
parasitic capacitance of the differential pairs, we
obtain the simulation results of Type-A, TypeB
and Type-C implementations in Table 2. It is ob-
serve that Type-A implementation has the best cir—
cuit performance in terms of the unit gain band-
width (UGB) and phase margin (PM).

Table 2 SPICE Simulation Results of

Three Type Implementations

No Parasitics Type-A Type-B I'ype-l
UGB/MHz 4. 395 4. 382 4. 362 4. 373
PM - 117.80 - 118.40 | - 120.30 | - 119.60

For the same OPA circuit in Figure 6, using
the stack generation algorithms and transistor fold-
ing technique in section 4, we generate the optimal
layout shown in Fig. 8. We also generate another

layout (shown in Fig. 9) without any optimization
I

LR

FIG.8 OPA Optimal Layout

FIG.9 OPA Layout Without Optimization

of stack shape and parasitic considerations. T able 3
shows the gate folding number of each transistor in
Fig. 8 and 9. Table 4 shows the parasitic capaci—
tance of each circuit node in Fig. 8 and 9. The cir-
cuit performances with and without the proposed
layout optimization are shown in Table 5. It can be
seen that after layout optimization, up to 8% unit
gain bandwidth enhancement and up to 7% phase

margin enhancement are achieved.

Table 3 Gate Folding Number of Each

Transistor in OPA Circuit

Mo Mo M| Ma | Ms | M6 Mo Mo [ Mn] e M
Fig.8 |5 5|2 2als|ul2/1]2]1
Fig.9 |3 .31 1t [al |l
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Table 4 Parasitic Capacitance of Each Node in OPA Circuit
3 4 5 9 10 11 12

Fig. 8 | 0.322 | 0.343 | 0.853 | 1. 075 |0.0259|0. 1802 0. 0381
Fig. 9 1 0.361 | 0.398 | 0.855 | 1.094 |0.0306|0. 1825]0. 0426

Table 5 SPICE Simulation Results of Two Layout

Implementations of OPA

No Parasitics Fig. 8 Fig. 9
UGB/M Hz 4.571 4. 369 4. 050
M - 110.90 - 115.40 - 122,60

6 Conclusions

In this paper we have discussed the parasitic
and mismatch modeling in CM OS stack layout. Our
proposed models apply to the proposed models to
the simultaneous optimization of stack shape. con-
trol of parasitic capacitance and minimization of
mismatch due to process gradient and mismatch of
inner stack routing. T he method has been proved to
be correct and efficient by design examples. The
SPICE simulation results given in section 5 demon-
strate that up to 7% performance improvements
have been achieved. However, in our proposed
method. the current mirror (or cascode structure)
requires the product of the gate folding number N
and the size ratio of the mirror transistor (or cas—
code transistor) to the reference transistor i to be
integer. In the future research, we intend to extend
the proposed method to deal with the none-integer

ratio, which exists in many real analog circuits.
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