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Abgract : This paper introduces a novel automatic physical synthes's methodology for analog circuits based on the

signal-flow analyss. Circuit analysis sub-system adopts the newly advanced methodology ,circuit topology analyss,

and circuit senstivity analysis to generate layout constraints and control performance degradations. Considering the

heuristic information about sgnal-flow ,complexity of the methodology is less than the pure performance driven

methodology. And then these constraints are implemented in device generation ,placement ,and routing sub-systems

separately ,which makes the different constraints be satisfied at most easily implemented stages. Excellent circuit per-

formance obtained by the methodology is demonstrated by practical circuit examples.
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1 Introduction

Nowadays, SOC integrates all of the circuits
on one chip,including digital and analog parts.
Whereas the physical design of digital circuits is
automated to a large extent ,the layout of analog
circuitsis still a manual ,time-consuming,and er-
ror-prone task. Thisis mainly due to the continu-
ous nature of analog signals,which causes analog
circuit performance to be very senstive to layout
parastics and mismatch. To obtain high-perform-
ance analog circuit layouts we must consder device
matches, paradtics, substrate and thermal effects
and 0 on. Performance degradation is subject to
occurring due to 0 many parasitics ,which are gen-
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erally difficult to estimate accurately before the ac-
tual layout is completed. If the layout suffers se-
vere performance degradation ,it ispossble that the
circuit does not work. Most of the existing CAD
toolsfor analog layout can be classfied asfollows.

(1) Specia layout systems can automatically
synthesize most analog functional modules,such as
the synthess of opamps'? , comparators® ,
switched-capacitor filters! ,and data converters® .
But these systems can not cope with arbitrary cir-
cuit architecture and full custom layout.

(2) Pre-defined language layout systems heav-
ily rely on the user’ s expertise. Users must input a
layout description file to guide the layout genera
tion!®

(8) Full custom layout generation based on
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the minimization of cost function. In KOAN/ ANA-
GRAM!"! area routing and unconstrained place-
ment with abutment capability provide layout with
high flexibility and area performance. But they can-
not guarantee that the created layout can meet all
the gpecifications.

(4) Performance-driven analog layout genera
tion tools. In Ref. [8] ,high-level performance con-
straints are automatically trandated into a set of
low-level bounds on the layout parameters (i. e.
paradtics,outline and location of geometry) by
sengtivities analyss,which can effectively control
the performance degradation at the stage of layout
synthess. But pure sendtivities analyss has very
high algorithmic complex and the algorithm is not
convergent in some gpecial stuations.

This paper presents a novel methodology for
analog layout automation based on the signal-flow
analysis. Theaimis still to optimize the circuit per-
formance and especially sgnal-flow circuits are al-
ways considered at each stage of layout generation,
where the layout generation algorithms for signal-
flow circuits are different from those for non-sig-
nal-flow circuits. The circuit analys s sub-system a-
dopts not only the method of senstivities analysis
but al so the method of circuit topology analys s and
circuit feature parameters calculation (i.e.currents
and voltages) to obtain the layout constraints. The
device generation sub-system can generate 1D and
2D common-centroid structuresfor transstorswith
strict match constraints. The placement sub-system
adopts determinate symmetrical placement algo-
rithm to optimize layout performance of the sgnal-
flow circuits and annealing smulation to optimize
layout of the biascircuits. The routing sub-system
can realize symmetrical routing,multiple-layer rou-
ting and variable wire width routing according to
the values of currents,which can greatly optimize
circuit performance.

The architecture of SDA PS (signal driven ana
log physical synthesis) systemis shownin Fig. 1.
Theinputs condst of a netlist file,a performance
specification file ,and a technology file,which de-

scribe the whole circuit ,the upper limitsof the per-
formance degradations,and all process dependent
information ,respectively. Usng different technolo-
gy description files,SDAPSis able to generate lay-
outsin different CMOS processes. The outputs of
SDAPS are the final layouts in CIF format. The
whole system conssts of four sub-systems,which
are circuit analyss sub-system (CA) ,device gener-
ation sub-system (DG) , placement sub-system
(PL) and routing sub-system (RT) . Detail s of each
sub-system will be discussed in the following sec
tions.

/[ Netiist / [/ Specification /
| ]

/ Netlist // Constraints //  Technology /
]

Device generator

Device/ Unit-
circuit layout
1

Placement
result

1

i_

/[ Constaints 7

Technology

Fig.1 Architecture of SDAPS

2 Circuit analysis sub-system

Different layouts will introduce different para
stics and mismatches. To guarantee the fina lay-
out has approximate performance with the ideal
circuit we must have some instructive knowledge
on layout to guide the trandation from schematics
to layouts,which is the task of CA.

Definition 1:performance characteristic pisa
real number that quantifies some aspect of the per-
formance of a circuit (i.e. gain-bandwidth ,phase
margin and delay) .

Definition 2 :performance characteristic vector
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Pisarea vector to describe the whole performance
of acircuit. Each dimendon of Pis a performance
characteristic.

Definition 3 :performance specificationisa rea
vector interval in areal vector gpace that gpecifiesa
set of acceptable vectors.

Each performance characteristic is influenced
by three kinds of parameters.

(1) Design parameter :circuit designer directly
control the values of these parameters (i. e. the
width and length of MOS trans stor ,the val ues of
capacitance and res stance) .

(2) Process parameter :foundry specifies these
val ues ,which cannot be controlled by circuit desig-
ner. Anisotropic process steps and slicon substrate
cause asymmetries layout parameter ,0 the devices
that should have the same electrical properties may
be different. The mismatch will cause circuit per-
formance degradation.

(3) Layout paradtics:circuit designer does not
intend these parameters,but they are inevitable in
the stage of physcal synthess. Different layouts
will generate different layout parastics. The more
little the values are ,the better the performance of
layout is. Parasitics mainly include device paradtics
and interconnection parastics.

Among the above three types of parameters,
layout desgner can control the last two types. To
ensure the final layouts satiSy the performance
constraints we adopt the following three methods
to obtain the layout constraints.

2 1 Sensitivity analysis

WeuseL = [Ii,lz, ,La]' to denote the lay-

out parameter vector; P = [p.,p2, ,pm]' to de

note the performance characteristic vector.

ki k2, kan

K = ko1, ko2, , ken (1)
kmll,km;, ,,k
Si :%:L (2

Si1,Si2, ,Sin

S = 21,92, ,S®n (3)
Sml,,SmZ,, ’,
s =3P (4

Matrix Kin Eq. (1) is a trandorm from the
vector L to the vector P. Element k; in the matrix
isa mapping from the layout parameter |; to the
performance characteristic pi. We can use formula
pi = ki (1;) to denote each mapping. So P = KL.
Each mapping is a nonlinear continuoudy differen-
tiable function. So we can define the senstivity of
pi to |; as s; ,which is expressed in Eq. (2). And
then the sendtivity matrix Sof Kis defined in Eq.
(3). It isimpossble to calculate the value of Eqg.
(2) directly ,but we can use Eq. (4) to approximate
it. The correctness of linearization method has been
demonstrated in Ref. [9]. In fact ,the value of Eq.
(4) can be calculated by SPICE smulation. By the
sendtivity analyss, CA can trandorm the upper
limit of circuit performances to the upper limit of
parasitics parameters,such asinterconnection para
stics and trans stor diffuson paradgtics,which can
be further trandormed to geometry constraints
such as length and area by parasitics models. For
example ,by sendtivity analysis CA can distinguish
critical nets information and interconnection para
Stics constraints.

2 2 Circuit topology analysis

Definition 4: diffuson graph is a graph ob-
tained by mapping each nodein a MOS circuit to a
vertex of a graph and mapping each source and
drain connection of trandstor to multiple-edge in
the graph ,the number of which is the same with
the finger number of the trand stor.

CA converts circuit schematics to diffuson
graph and then adopts some graph algorithms to
recogni se some specia circuit units,such as differ-
ential pairs,current mirrors and cascade architec
tures. D G can directly generate layoutsfor themin
a sngle unit-circuit. We use a graph-based search
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algorithm in Ref.[10] to detect al symmetry con-
straints for placement and routing.

2 3 Signal-flowanalysis

The methodology of sgnal-flow analyssis to
partition the original circuit into core-circuit and
bias-circuit. Core-circuit carries sgnals and bias
circuit supplies biasvoltage for the core-circuit.
The corecircuit is composed of several stagecir-
cuits among which there are obvious relationship
for input and output.

CA can al =0 calculate the values of currentson
wires,which is usegful to the variable wire width
routing.

3 Device generator sub-system

Performance-driven analog device generation:
given a circuit specified as a set of devices (tran-
sistors ,capacitors and resistors) and a netlist inter-
connecting these devices and the constraints of de
vices level ,we define the set of devices as D and
the set Y as a partition of the set D generated ac-
cording to the results of CA ,and thenfor Ve U,
we generate the layout of e,which satifiesthe con-
straints of devices level.

DG is divided into four functional sub-sys
tems. Firstly, DG generates common-centroid
structures for MOS transistors with strict matches
demand ;the second is stage-circuits;thethirdisva
rieties of a sngle MOS trans stor ;the forth is sin-
gle analog devices.

3 1 Cenerating the single analog device

CA can directly generate transstor, resstor
and capacitor ,the layouts of which are illustrated
in Fg. 2.

3 2 Cenerating varieties for a single MOS tran-
sistor

Because the finger number of a transistor can
be adjusted ,the trand stor has many varieties. Any
varietym and variety, must hold the equation Wm Fm

= W,F., where the character W and F stand for
channel width and the finger number respectively.
Different layouts for the same trangstor are illus
tratedin Fig. 3.

Fig.2 Layout of the single devices(transstor ,res stor
and capacitor)

e

Fg.3 Different varieties of the same MOS trans stor

Different layouts for the same trand stor have
different parasitic parameters,which mainly include
parasitic capacitorsof source/ drain regions. We can
use Eq. (5) to evaluate the paradtics of diffusion
regions,where Gs: refers to the total source/ drain
bulk capacitance ,As and Psisthe source/ drain area
and perimeter , G and Gsv is the bottom and side
wall junction capacitances in absence of any junc
tion voltage and 4 is the built-in junction poten-
tial. m and msv depend on the doping profile of the
junction. Equation (5) reveals that capacitance can
be reduced by minimizing the sze of diffuson re-

gions.
_ AsG PsCs
Cst = . Vag ™ + L Vas| Me (5)
% %

3 3 Cenerating common-centroid structure

A group of devices with strict match con-
straints can be generated together in a sngle unit-
circuit. We satify these constraints at the stage of
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D Grather than leave them to PL s0 as to satify
the constraints better and reduce calculation time
of placement. Common-centroid structure is the
best match style for the devices™ . Thereis an ex-
ample displayed in Fig. 4. We adopt the improved
agorithm based on dual Euler-loop™ to generate
1D common-centroid structure. But if the ratio L/
W of trandgstorsis small and the finger number is
large ,the outline of layout will be very narrow and
long ,which is not expected by PL and RT. So we
must generate 2D common-centroid structure!™
the outline of which will approximate a square. The
layout isillustrated in Fig.5.

Finger=16

Finger=16

Fig.4 Schematicsof differentia pairs and 1D common
centroid layout

Finger=4 Finger=4 Finger=4 Finger=4

G5 1 Uk U

FHg.5 Schematics of current mirror and 2D common
centroid layout

3 4 Cenerating stage-circuit

We generate stage-circuitsfor the core-circuit.
Each stage-circuit is a functional unit processng
signal ,which is surrounded by guard ring to elimi-
nate latch-up effects. Each transstor in stagecir-
cuit is added by dummy fingers to eliminate fringe

efects. In Fig. 8 we can see all the stagecircuits
clearly.

4 Placement sub-system

Performance-driven analog circuit level place-
ment :given a circuit specified as a set of devices
layouts and ports location of each device/ unit-cir-
cuit and interconnection relationship and the place
ment constraints,we select an optimal variety and
postion for each device/ unit-circuit ,with restric-
tion to design rules and placement constraints (i. e.
symmetry and outline ratio) so as to minimize lay-
out area.

At the stage of placement we mainly pay at-
tention to the following three constraints:

(1) Symmetry constraints: two devices with
symmetry constraints must have identical variants
and mirrored orientations. Self-symmetric device
must be placed on the symmetry axis. Couples and
self-symmetric devices with the same symmetry ax-
is must share the same symmetry axis.

(2) Matching constraints:in fact many match
constraints have been satidied at the stage of de
vice generation. So ,we only place devices with the
same orientations such that the current flow is
strictly parallel , which can reduce asymmetries
caused by the anisotropic process steps and slicon
substrate.

(3) Interconnect parastics:although the actu-
al parastic capacitance and res stance of intercon-
nection are calculated at the stage of routing,their
minimum achievable values are determined after
placement ,50 at the stage of placement we must
estimate these val ues.

PL adopts different algorithms to implement
placement for core-circuit and biascircuit. The al-
gorithm firstly completes placement for core-circuit
and then for biascircuit. Floorplan representation
is based on CBL ™,

4.1 Corecircuit placement

We adopt determinate algorithm to i mplement
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the core-circuit placement because CA gives strict
and complete constraints and these stage-circuits
have evident relationship that the output of the
front stage-circuit is the input of the back stage
circuit ,s0 we place all the stage-circuits from left
to right and constrain the height of the stage-cir-
cuitsto a certain proper value to obtain layout of
the core-circuit close to a rectangle. In Fig. 8,we
can clearly recognise these stage-circuits. Con-
straints of alinement and symmetry are illustrated
in Fig.6.

Fig.6 Alinement and symmetry constraints
4. 2 Biascircuit placement

This part of circuit has more dack constraints
except differential pairs and current mirrors, the
strict constraints of which have been satidied by
D G. S0 we only need to condder the constraints of
interconnection parastics in the biascircuit. Our
optimization algorithm is based on smulation an-
nealing™ . The cost function is listed in Eq. (6) ,
where Caea Minimizes the layout area, Coettengtn MiNi-
mizes total length of all nets,Ger can keep the per-
formance of the circuit within the allowable range
(we mainly consider the performance degradation
induced by interconnect parastics for the device
mismatch has been solved by D G) , Guian cONStraints
the width of biascircuit close to that of corecir-
cuit ,which can make the whole layout close to a
rectangle. The weighting coefficients are experien-
tial values obtained by many experiments.

C =0 Caea +P Crettength +O Cpert +Y Cuictn  (6)

5 Routing sub-system

Performance-driven analog circuit routing:giv-
en a placement of a circuit specified as a set of de-
vices layout with their postions and orientations
and the interconnection relationship of terminas,

we generate the layouts of all the nets such that
the circuit is interconnected correctly and layouts
of all the nets must satidy the desgn rules and
routing constraints.

In Fig.7 ,we classfy the netsinto three types
that are symmetry nets, matching nets, power/
ground nets and general nets. RT uses different
routing algorithmsfor different types of nets.

Split multi-terminal nets
to two-terminal nets

v

Resource estimation
and layer assignment

P

Mapping obstacles and
pins to the grid

l Symmetrical net routing I

[ Matching net routing ]

Power and ground net
routing
3

[ General net routing |

Fig.7 Algorithm flow of RT sub-system
51 Symmetry netsand matching nets

It is known that the number of interconnection
in routing of analog circuitsis usually much smal-
ler than that of digital ones,so the speed and effi-
ciency are less important than those of digital cir-
cuits as well. Nonetheless ,the performance of cir-
cuitsis more critical ,0 in RT critical nets with
symmetry and matching constraints are desgned to
guarantee the majority of performance of analog
circuits. They hold the most sgnificant sgnal in
analog circuits, 0 symmetrical nets and matching
nets should be routed prior to any other nets. Fur-
thermore, symmetrical nets that are processed
firstly have a higher priority than matching ones.
Although these two types of critical nets have dif-
ferent priorities and they are routed sequentially ,
the core algorithms used to search paths are the
same. Herein lays the A~ algorithm ,a heuristic al-
gorithm referred from thefield of Al ,whichisreal-
ly practical and efficient.
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5 2 Power/ground nets

RT usestwo pieces of wide horizontal metal to
implement ground net layout. One is placed on the
top of layout ,the other on the bottom of layout.
RT placesone piece of wide horizontal metal to im-
plement power net layout placed in the middle of
core-circuit and bias-circuit. In Fig. 8 they are al il-
lustrated clearly.

Fig.8 Fina layout of the opamp circuit

5 3 General nets

Compared with critical nets,general nets have
no constraints such as symmetry and matching,
other than the function as connection. Therefore,
the goal of general net routing is Smilar to that of
routing for digital circuits. It means that the suc-
cess rate of routing ,as well as the wire length and
the count of vias should be paid more attention
when the performance of an analog circuit is guar-
anteed. Because of the features of general nets,the
classcal maze routing algorithm'*® is chosen. Mo-
reover ,target-oriented expanson strategy and bi-
direction expanson strategy are added to the algo-
rithm to improve the routing eficiency. Rip-up re-
routing is a s integrated to obtain the better rou-
ting results so as to ensure the routing completion
rate.

For all typesof nets,minimization of intercon-
nection parasitics must be consdered ,which RT u-
ses RC circuit module to approximate. Different
parts of an analog circuit often carry significantly
different currents. To avoid electro-migration in
high-current wires, RT must adjust the width of

wires according to the values of currents on them.
Nowadays ,technology processes have sx or more
metal layers. RT must take advantage all of the a
vailable routing layers to improve the performance
of the analog circuit because the further the metal
layers are ,the lessinterference the sgnalson them
have.

6 Resultsand conclusion

We have implemented the whole system in
C+ +.Some layouts of sngle device and unit-cir-
cuit have been displayed in Figs.2 5. A complete
example ,opamp circuit ,isillustrated in Fig. 8. All
the results are gotten on the platform of Solaris of
Sun-V880. The running time of CA is4;that of DG
is7;that of PL is255 and that of RT is 166.

The top part of Fig.8isthelayout of biascir-
cuit ,and the other part isthe layout of core-circuit.
The experimental results demonstrate that we have
obtained high-quality layout. For core-circuit we
obtain good matches and complete symmetry for
placement and routing. All of the stage-circuits
have approximate height. For the biascircuit part
we obtain high usage ratio of area (always greater
than 90%) and 100 % routing completion ratio.
The whole layout is close to square. What’ s more,
all the performance specifications have been satis
fied.

In this paper ,a sgnal-flow driven automatic
physical synthess methodology of SDAPSfor ana
log circuits has been presented ,correctness and ef-
fectiveness of which have been demonstrated by the
experiment. But there is still much work to do in
the future. For DG we want it to generate more
types of unit-circuits;for PL thermal anayss of
circuits should be consdered;for RT it should sup-
port shielding routing and layer jumping.
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