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Abstract

Design reuse is usually performed on a small scale in analog

design. Proven design topologies and concepts are recycled

by duplication, modification and development during con-

version. A lot of repeated manual and interactive tasks domi-

nate the process to transfer the design data between technolo-

gies. Hence tool support to reduce failures during conversion

is necessary.

Further effort is required for device sizing to ensure the

circuit meets the previous or a changed specification. There,

optimization tools can support the designer.

We present an approach to convert a circuit design from

technology A to technology B. It is separated into topology

conversion to transfer design data and an optimization step

for sizing.

1 Introduction

The strategy of fabless design gives the freedom of choice of

a suitable technology for the IC design. This flexibility is not

built into the analog circuit design, because they are devel-

oped and optimized for one specific technology A (source

technology). Frequently the sizing of the devices prevents

the direct reuse of analog circuit for another technology B

(destination technology).

This is why many reuse approaches consider the circuit

topology as the real analog IP (intellectual property). So

an interesting solution, which is still under development, is

to generate technology independent topologies and provide

such IP in a library [1]. A further step towards flexibility

can be taken by decoupling topology data from the design

environment [2].

In practice analog designers tend to reuse a known circuit

topology of a proven design. This starting point allows to

check the performance of the circuit topology using a differ-

ent technology B or to develop the circuit topology further.

Additional modifications are necessary [3] due to change of

the specification regarding the performance parameters or

implementation of new features.

A lot of design data of the circuit topology are bound to

the topology’s PDK (process development kit) inside the de-

sign environment such as Cadence [4]. Hence the transfer

of design data from technology A to technology B is asso-

ciated with design data transfer from PDK A to a different

PDK B. The design environment we use, the Cadence De-

sign Framework, does not provide an efficient function for

this; the search and replace function lacks the required func-

tionality.

We know that the reuse of a given circuit topology is lim-

ited by many conditions. Hence, a feasibility estimation (cf.

Fig. 1) should be the first step. This can be done using sim-

plified models of the topology. One challenge of conversion

is the reduced range of operating condition of the devices,

e.g. the transition from 5V devices to 3.3V devices.

This article describes a method to convert and optimize a

circuit topology. Because the method reflects common de-

sign practice, it is important to improve tool support. There-

fore additional details to transfer design data inside the Ca-

dence design environment are given. Then the optimiza-

tion strategy is presented using MunEDA’s optimization tool

suite WiCkeD [5].
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Figure 1: Feasibility estimation for the conversion process using a

simplified model. a) Simplified topology of a differential

pair. b) Estimation of the structure.

2 Porting Strategy

Opening a circuit topology (called schematic in the Cadence

design environment) with a PDK B, although the circuit was

originally created for a PDK A, may cause the instantiated

devices to be displayed as dummy symbols due to different

library or cell names (cf. Fig. 2a). Our porting strategy is

based on transferring the circuit topology followed by sizing

using optimization (see Fig. 3).

The conversion step is tool supported by the in-house

tool called Technology2Technology converter (T2T). It pro-

vides an interactive graphical user interface (GUI) to man-

age the settings for mapping the devices and parameters (see

Fig. 2b). An interactive conversion using different rules is

supported to transfer different circuit topology stages.

T2T supports the schematic transfer from technology A

to technology B with respect to the process development kit

(PDK). The schematic of technology A is the source (SRC)

and the schematic of technology B is the destination (DST).

The tool converts lib names, cell names and device proper-

ties like w, l, or m. A conversion from device property to
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Figure 2: Screenshot of the T2T converter window and schematic window. a) Instantiated devices are display as dummies due to different

library and/or cell names in the PDK B. b) T2T converter GUI with comments.

user property is supported (see example in section 5). De-

sign variables and pPar parameters can be transferred too.

T2T does not adapt symbol differences between SRC and

DST. The transfer of performance parameters (e.g. gain,

unity gain bandwidth) is not objective of the T2T tool (see

section 3).

Once the T2T setup is done, it can be used to convert

complete libraries. With an appropriate setup, this can also

be used to convert designs to a PDK independent device li-

brary [1].

The conversion can reduce the circuit performance or even

cause the circuit not to work at all, because the circuit per-

formance is not considered for sizing at this stage. Therefore

- sizing/optimization to improve performance, 
  tool: WiCkeD

- verification of the circuit, 
  tool: zmdAnalyser

circuit topology
technology A

conversion

optimization

verification and yield
estimation

layout

circuit topology
technology B

- device mapping, parameter mapping and scaling 
  tool: technology to technology converter

- IP / design at technology A/PDK A
   - PDK A devices
   - performance pass specification

- IP / design at technology B/PDK B
   - PDK B devices
   - performance fails specification

- check functionalityfunction analysis

Figure 3: Out porting strategy is focused on daily design tasks.

the functionality has to be analyzed.

Generally, the circuit must be resized to restore its perfor-

mance or to meet a new specification. The traditional ap-

proach id manual sizing by the designer. MunEDA’s opti-

mization suite WiCkeD [5] is convenient for this task, be-

cause it supports an interactive optimization approach (see

section 4).

A final verification step is used to check performance over

PVT conditions (Process, operating conditions: Voltage and

Temperature) with corner and Monte Carlo analyses before

the layout is created. Our in-house verification environment

called zmdAnalyser [6] is used for this step.

The flow is also suitable to transfer design data between

different PDK versions of one technology. In this case the

optimization step may be skipped.

3 Topology Conversion

Fig. 4 shows the conversion steps. First an instance list is

built from circuit’s schematic view. It is possible to convert

all instances or only those selected in the Virtuoso Schematic

Editor window.

The devices are converted to the new PDK B according to

the device mapping table configured in the GUI. This step is

simply a search and replace of two parameters: library name

and cell name.

Parameter names may differ from PDK to PDK. So a pa-

rameter name mapping is necessary for conversion, e.g. w in

PDK A to width in PDK B.

Besides the parameter name the parameter value has to

be set. Different rules supporting various scenarios are sup-

ported, such as:
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- adapt parameter names  like l/w/m between 
  PDK A devices and PDK B devices
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  from PDK A to PDK B

- set parameter values by using rules like
   - scaling factors or
   - design variables

instance list
- generate a list of instances to be converted
   - all instances or
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Figure 4: Details of transfer design data to another PDK.

• use a parameter of PDK A, e.g. l := l

• scale a parameter of PDK A by a factor, e.g. l := 0.5 · l

• calculation by using different parameters of PDK A, e.g.

m := m · f ingers

• set a fixed value, e.g. l := 0.35u

• set a design variable, e.g. l := “myLength′′

• use a decision tree, e.g. l := if(l == 0.6u then 0.35u else
l)

An important detail for the design data transfer is the de-

fault setup of the Cadence design environment for parameter

storage: Property values which are set to the PDK’s defaults

are not stored as instance parameters. The GUI does not de-

termine the defaults from the PDK but provides fields for

default parameter values, which are used when the property

is not defined.

The parameter mapping and scaling is validated by up-

dating the CDF (component description format) functions.

These functions are provided by today’s PDKs and realize a

lot of PDK-related tasks in the background.

CDF parameters are used to create and describe every

component (e.g. nmos, pmos, amplifier) in the Cadence de-

sign environment. A CDF callback can be defined for each

CDF parameter using SKILL expressions. CDF callbacks

are carried out during parameter entry in the object property

form. CDF callbacks are used in current PDKs to

• validate entered values (e.g. check limits such as minimal

length)

• control form appearance (e.g. calculate method for resis-

tors)

• compute the values of other CDF parameters for

– simulation

– physical verification

– pcell (i.e. calculate resistor length from resistance

and width)

The procedure used to trigger CDF callback functions is

technology and PDK independent. CDF callbacks are trig-

gered in the sequence of their definition and update the pa-

rameters mentioned above.

An additional property management step is necessary to

control user properties. In our experience many schematics

contain obsolete data, which was accumulated over the cell’s

history and should be deleted at this point.

The conversion is finished by the final check and save step.

In this step, standard checks grouped into logical, physical,

name, inherited connection and AMS checks are performed.

4 Sizing by Optimization

Our approach to convert the circuit topology prepares the de-

sign data for PDK B in a GUI-based design environment,

which dominates our reuse practice. Unlike other solutions

as [7], this first step only transfers design data with an op-

tional scaling of parameters without any focus on the cir-

cuit’s performance. The latter is achieved by optimization

during the sizing process using an interactive optimization

approach.

The optimization consists of three main steps (cf. Fig. 5).

First the operating points of basic structures, e.g. differen-

tial pairs, are optimized using a constraint matrix concept.

Then the circuit performance is improved regarding operat-

ing range, such as supply voltage and temperature. Finally

design centering is carried out to maximize the yield.

4.1 Structural Constraints

Analog circuits are composed of basic building blocks like

current mirrors or differential pairs. Unlike digital gates, the

analog ones depend on their geometries and operating point

to operate correctly. Usually, being in saturation is an im-

portant constraint on many analog transistors, as well as cur-

rent symmetries or certain nodes being at the same potential.

Since these constraints are neither related to the specifica-

tion, nor to the layout level like design rules are, but come

from the structure of the circuit, they are called “structural

constraints”. We distinguish four types of constraints:

1. geometric equality, like “equal lengths l1 = l2 in a current

mirror”

2. geometric inequality, like “w1l1 > 6L2min”

3. electrical equality, like “I1 = I2” in a current mirror

4. electrical inequality, like “Vgs−Vth > 50mV” (strong in-

version)

The geometric constraints can be guaranteed by construc-

tion. To check the electrical inequality constraints, a simu-

lation has to be done that shows by which amount ck each

constraint k is over-fulfilled (ck > 0) or is violated (ck < 0).

Like design rules on layout level, structural constraints on

schematic level do not at all guarantee that the circuit fulfills

the specification, but a violation indicates a structural prob-

lem that may result in a low yield but remains undetected

when simulating a rather high-level circuit specification.
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   - deviation of the process
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Figure 5: WiCkeD’s main optimizations steps.

For a typical analog circuit consisting of 100 transistors,

more than 400 constraints may be created. Since many struc-

tural constraints can be derived from requirements on basic

structures like current mirrors, generation of many of these

constraints can be performed automatically [8].

4.2 Feasibility Optimization (FO)

Structural constraints are useful to automatically find a good

initial sizing and to ensure that tools for automatic nominal

optimization and design centering provide technically fea-

sible results [9]. For that purpose, FO modifies the vector

d = (d1, . . . ,dnd ) of design parameters (like transistor ge-

ometries and resistor values) so that all constraints are ful-

filled, i.e., c(d)≥ 0. Usually, a reasonable initial sizing dinit
is available and a solution close to it is preferred:

min
d

‖d−dinit‖

c(d)≥ 0 .
(1)

The number of independent design parameters nd grows

with the number of elements to be sized and is reduced by

geometric equality constraints. For typical analog circuits

nd can be expected to be between 15 and 30, while complex

designs, e.g. the OTA presented in [10], can have up to 100

degrees of freedom.

4.3 Nominal Optimization (NO)

Analog circuits are characterized by performance measures,

for example, gain A0, slew rate SR, noise figure NF. The

specification requires the values of these measures not to ex-

ceed certain upper and/or lower bounds, for example A0 ≥
80dB.

We denote the performance measures by the vector f =
( f1, . . . , fn f ), with the vectors of lower bounds fL and upper

bounds fU . The performance measures depend on design pa-

rameters: f(d), and the specification is

c(d)≥ 0 ∧ fL ≤ f(d)≤ fU . (2)

The goal of nominal optimization is finding values for d that

satisfy (2).

Moreover, this must be achieved for a defined range of

operating parameters like temperature or Vdd. We denote

the operating parameters by the vector θθθ = (θ1, . . . ,θnθ )with
lower and upper boundsθθθL and θθθU . Then, f depends also on

the operating conditions: f(d,θθθ ), and the specification is

c(d)≥ 0 ∧ ∀
θθθL≤θθθ≤θθθU

fL ≤ f(d,θθθ )≤ fU . (3)

The goal of nominal optimization with operating conditions

is finding values for d that satisfy (3).

Two types of algorithms are available for nominal opti-

mization in WiCkeD: gradient-based optimization with pa-

rameter distances [11] and stochastic (global) optimization.

The nature of most analog sizing problems is optimization

of performance functions that show strong trade-offs, are

expensive to evaluate in terms of simulation time, but are

monotonous or convex—not in the full design space but in

the small feasible design space that is restricted by the large

number of structural inequality constraints. Gradient-based

methods can be adapted to this type of problem very effi-

ciently. Therefore it is reasonable to run these methods first,

and to resort to stochastic optimizers only when simulation

results and design knowledge indicate that multiple local op-

tima actually exist.

4.4 Design Centering

Process variation and mismatch have a large influence on the

performance measures of analog circuits. For simulation,

this effect is modeled by varying randomly a few standard

Gaussian distributed model parameters, for example tox or

Vth. The vector of random model parameters is denoted by

s= (s1, . . . ,sns) with the null vector 0 as mean and unity co-

variance matrix. Process variation and mismatch are both

contained in s, so for a typical analog circuit consisting of

100 transistors, ns can be expected to be between 200 and

250.

One standard method for estimating the distributions of

performance measures is Monte Carlo simulation. A sample

of size N of s is generated and simulated, yielding N result

vectors f(i) = f(d,θθθ ,s(i)), i = 1 . . .N. The parametric yield

Y is estimated as the percentage of samples that lie within

the specification bounds (fL, fU). Monte Carlo is only an

analysis method, but does not vary d and hence shows little

information on how to improve the yield by changing d.

Yield improvement can be accomplished by worst-case

distance methods. A design that satisfies (3), i.e., that ful-

fills the specification for the typical process and no mismatch

(s = 0) and for all required operating conditions, could still

violate the specification for some s 6= 0. If process condi-

tions s causing violations are close to the mean value (i.e.,

fi(d,θθθ ,s)< f Li for some θθθ and small ‖s‖), then there will be
severe parametric yield loss. Therefore, an important mea-

sure for a performance fi is the worst-case distance β
(i)
wc ,

which is the shortest distance between the mean value and

a process condition that causes fi(d,θθθ ,s) to fail its specifica-
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tion. For a lower bound f Li of a spec that satisfies (3),

β
(i)
wc =min

θθθ ,s
|β |

fi(d,θθθ ,β
s

‖s‖
) = f Li

θθθL ≤ θθθ ≤ θθθU .

(4)

The worst-case distance for an upper bound is similarly de-

fined.

A worst-case distance is a function of the design parame-

ters. They are useful goals to maximize over d and thereby

achieve a design that is centered in the process space regard-

ing the specification bounds [12, 13].

5 PDK independent Device Library

A PDK independent topology library (e.g. [1]) decouples

the device library and the technology PDK and simplifies IP

porting. Only one topology conversion is necessary to pre-

pare a topology for the PDK independent library. To reuse

a topology in a new technology B, it must be converted to

PDK B or into a PDK independent topology using a PDK in-

dependent device library mapped to the relevant PDK data.

One possible realization of the PDK independent device li-

brary and the application in the schematic is shown in Fig. 6.

The devices are instantiated as usual (cf. cascode structure in

Fig. 6a). An additional level of hierarchy instantiating PDK

devices (see example in Fig. 6b) is used to perform the map-

ping to the PDK.

The example in Fig. 6 shows how symbols can be adapted.

The circuit topology uses three-terminal devices, which were

available in the PDKA device library, while PDK B provides

four-terminal devices only. The used PDK independent de-

vice library contains three-terminal devices, which use a user

property of type ”netSet” at the instance to connect the bulk

node using the inherited connection function of the Cadence

design environment.

Some motivations to use a PDK independent device li-

brary are

• standard device names,

• common symbols (e.g. shapes and terminals),

• uniform parameter names and

• simplification of tool configuration and application due

to the items listed above, e.g. configuration of WiCkeD.

Here the main effort to create a PDK independent device li-

brary is the generation of the additional hierarchy level.
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Figure 7: Schematic of the example OTA.

6 Example for the T2T Conversion

The T2T converter has already been used to transfer e.g. an

analog front end to a new technology. However, most fre-

quently it is used to generate just the required operational

amplifiers.

We use the simple textbook operational transconductance

amplifier (OTA) shown in Fig. 7 to illustrate a conversion

from an 0.6 µm technology (VDD = 3.3–5 V) to an 0.18 µm

technology (VDD = 1.8 V). In this example the focus will be

to save area, reduce the power supply voltage and increase

the bandwidth by a factor of 3 while keeping the remaining

specification parameters except the gain (60 dB instead of

70 dB) the same.

As already mentioned, the T2T converter allows to limit

conversion to the devices selected in the schematic. To il-

lustrate this feature, the differential pair was converted to

medium-Vth transistors while all other transistor were con-

verted to standard devices. This was achieved by first con-

verting the differential pair by selection using a setup con-

verting to medium-Vth devices and then all other devices of

the source PDK using the standard setup. All setups can be

saved and reloaded to simplify reuse.

For the initial sizing we scaled all transistor lengths by a

factor of 0.25 and set W/L to 1 using the property setup of

the T2T converter; this is done without any regard for the

circuit performance. Therefore, the resulting performance is

very poor (see step 1 in Table 1).

Then we used WiCkeD to optimize the sizing. Since

WiCkeD’s optimization algorithm works better if the design

parameters are independent, we usedW/L and L instead of

W and L as transistor design parameters.

For this circuit we obtained 53 structural constraints and

12 degrees of freedom (the ten independent design param-

eters of the transistors and one each for R and C). Then

we employed Feasibility Optimization (FO), Nominal Opti-

mization (NO) and Design Centering (also called Yield Op-

timization [YO]) to size the design.

The FO ensures that all constraints are met; as step 2 in

Table 1 shows, this alone happens to improve most perfor-

mances, although we still do not consider them in this step.

The runtime of FO is less than 5 minutes. Note that we check

constraints only at nominal operating conditions, while the

performances must obviously be checked at their worst-case

(wc) operating point.

After we perform the NO at nominal operating conditions,

the phase margin does not yet meet the specification at worst-

case operating conditions. To remedy this, we can run an

5
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Design Step Gain BW PM I/Imax SR FC Area

initial design (0.6 µm) 76.2 1.27 66.5° 0.978 1.632 0 100%

1 after T2T (0.18 µm) 20.6 0.24 26.1° 0.784 1.304 4

2 after FO 54.7 1.45 27.1° 0.683 0.981 0

3 after typ. NO 66.0 3.19 52.2° 0.993 1.289 0

4 after wc NO 69.8 3.11 62.1° 0.902 1.273 0

5 after YO 68.4 3.25 67.3° 0.938 1.338 0 3.2%

Table 1: Important performance parameters at different stages of technology conversion. For each performance, the value at its respective

worst-case operating condition is given.

Note: Gain = Open-loop Gain in dB; BW = Unity Gain Bandwidth, normalized; PM = Phase Margin; I/Imax = Current, normal-

ized; SR = Slew Rate, normalized; FC = number of violated constraints; Area = relative Transistor Area (without area for R and

C). Normalizations are all with respect to the specifications of the initial design.

NO at worst-case operating conditions, which ensures that

all specification parameters are met there, see the results of

step 4 in Table 1. The runtime of NO without operating con-

ditions is about 5 minutes, including operating conditions 15

minutes. Finally we employ YO to center the design in a

pessimistic Monte Carlo model of the circuit from a simu-

lated yield of 89% to almost 100%, in a runtime of less than

3 hours. In this step performances which impact yield are

improved. The results after all these steps are also shown in

Table 1.

Of course, the topology of our example low-power OTA

is well-known and sizing rules can be found in the literature.

Overall, the entire conversion, sizing for worst-case operat-

ing conditions and design centering of this OTA including

verification required only very little effort from the designer

(approximately a quarter of an hour excluding run time).

7 Conclusions

Circuit topology is the real analog IP, which is reused at dif-

ferent technology generations. The manual conversion of a

complex circuit with up to 100 devices to another technology

PDK is a time consuming task. Sizing the circuit costs a lot

of time as well.

The presented method reflects common practice of analog

design and is divided into design data conversion and sizing

by optimization. Tools to support this flow are discussed.
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