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Abstract— Ratio- and lookup-table based sizing methods were 
created to eliminate the need for SPICE-based iterative tweaking 
and to achieve a good match between theoretical analysis and 
simulated performance. Following such approaches can be 
gratifying for seasoned designers who have experienced the large 
mismatch between textbook hand calculations and simulation 
results firsthand. However, the circuit design novice may fall into 
the trap of tweaking sizing scripts iteratively and abandoning the 
connection to the analytical underpinnings of the target design. In 
this paper, we summarize the best practices for script-based 
analog circuit design toward the development of analog 
generators. These methods are illustrated using a two-stage 
amplifier as an example. 

Keywords— analog integrated circuits, design methodology, 
design automation, precomputed lookup tables 

I. INTRODUCTION 
Analog integrated circuit (IC) design is a highly 

sophisticated field that builds on decades of innovative work. 
However, due to its intricate tradeoffs and vast design space, it 
remains difficult to codify and automate it in the way this has 
been done for digital circuits [1]. This issue severely limits 
design productivity in an era of increasingly specialized, “long 
tail” IC developments that would strongly benefit from agile and 
re-use centric methodologies. 

A promising direction for addressing this need is the ongoing 
work toward analog generators [2]–[4], which in their most 
basic form aim to capture the designer’s intent and sizing steps 
through scripts that can be re-run for specification changes or 
technology porting. The transition toward generators is not only 
important for addressing immediate needs, but also lays the 
groundwork for future innovations. For instance, with a 
programmatic flow in place, it becomes easier to inject machine-
learning-based methods, which may ultimately outperform 
humans [5]. Additionally, generator-based design improves 
reuse and reproducibility, which resonates with the new 
movement toward open-source chip design [6], [7]. 

This paper reviews the best practices for script-based analog 
circuit design using precomputed lookup tables [8]. The target 
audience includes newcomers who struggle to connect standard 
textbook material to such new methodologies, as well as 
researchers working on the development of analog circuit 
generators. The remaining sections are structured as follows. 
Section II reviews the motivation for lookup table-based design 
and explains which problems it solves (and which it does not). 
Section III introduces a design example (a two-stage amplifier) 
for further consideration and illustration of the recommended 

 
Fig. 1. Framework for script-based sizing using precomputed lookup tables. 

initial design steps. Section IV reviews some approaches for 
circuit optimization, while Section V covers ancillary 
considerations dealing with frequently asked questions. Finally, 
Section V ends this paper with concluding remarks. 

II. PRELIMINARIES 
Fig. 1 illustrates the framework for systematic analog circuit 

design using a sizing script. At its core is a piece of software 
code (written, e.g., in Python or MATLAB), which links target 
specs, constraints and circuit topology to device sizes in a 
particular technology (represented by device models). An 
alternative flow may place the circuit simulator within an 
optimization loop. We exclude this option explicitly, as it is 
usually too time-consuming (even for small circuits). 

As we shall discuss later, the sizing process via a 
programmatic script is generally non-trivial as it resembles an 
inverse problem: we need to find the design parameters that lead 
to the desired specs (the final output). There are also other, more 
elementary issues. The first is that the transistor model equations 
used for circuit simulation (e.g., BSIM, PSP) are too complex 
for evaluation within the sizing script. One possibility is to work 
with simplified analytical expressions that yield only small 
approximation errors across a wide range of gate biases. This is 
the philosophy behind the inversion coefficient approach by Enz 
et al. [9]. On the other hand, the method discussed here relies on 
precomputed lookup table data generated by the simulator to 
bypass the approximation issue altogether (bold line in Fig. 1). 
For a range of bias conditions and MOSFET channel lengths, 
small-and large-signal parameters (gm, ID, etc.) are tabulated 
once and subsequently used in all calculations. As discussed in 
[8], these data are often interpreted as ratios (such as gm/ID, 
gm/Cgs, ID/W, etc.) for normalized design, with gm/ID being the 
main knob that sets the transistor’s inversion level. 

A problem that is not solved by any existing script-based 
design methodology is that there are generally approximation 
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errors between the actual circuit behavior and the simplified 
equations used in the sizing script. This issue has become more 
noticeable with the introduction of methodologies that minimize 
errors due to device model approximations. Especially for 
inexperienced designers, it is sometimes difficult to tell why the 
simulation results do not match the design intent; is it due to 
circuit or device model simplifications? An oft-forgotten 
remedy for this problem is to decouple the two issues. In other 
words, the circuit should first be understood and validated using 
the simplest possible simulation model. The next section 
provides an example that illustrates the suggested approach. 

III. CIRCUIT EXAMPLE 
A relatively basic, yet non-trivial design problem is a two-

stage amplifier as shown in Fig. 2. Especially for inexperienced 
designers, it is difficult (and not recommended) to immediately 
jump into transistor-level SPICE simulations and optimizations 
with this schematic. Dealing with the common-mode feedback, 
creating the bias potentials, and ensuring that all devices operate 
in saturation distracts from understanding the essential tradeoffs 
and developing the required intuition. A better approach is to 
begin with a high-level circuit model (shown in Fig. 3), establish 
the key design equations, and run initial SPICE simulations to 
assess their accuracy. For example, if we are interested in 
computing the phase margin (PM), we may be tempted to use 
the following first-order equations found in commonly used 
textbooks: 

 𝜔𝜔𝑢𝑢 ≈ 𝛽𝛽 𝑔𝑔𝑚𝑚1

𝐶𝐶𝑐𝑐
    𝜔𝜔𝑝𝑝2 ≈

𝑔𝑔𝑚𝑚2

𝐶𝐶2
    𝑃𝑃𝑃𝑃 ≈ 90°− tan−1 �𝜔𝜔𝑢𝑢

𝜔𝜔𝑝𝑝2
�   (1) 

Here, β is the circuit’s feedback factor, ωu is the feedback loop’s 
unity gain frequency, ωp2 is the nondominant pole. Are these 
approximate expressions good enough for use in a sizing script? 
Especially in modern technologies with low intrinsic gain (gmro) 
and large parasitic capacitances, these equations are often quite 
inaccurate. A few test simulations of the circuit in Fig. 3 with 
reasonable estimates can reveal this issue quickly and help us 
proceed with the following refinements (also available in 
common textbooks): 

 
𝜔𝜔𝑢𝑢 ≈

𝛽𝛽𝑔𝑔𝑚𝑚1𝑅𝑅1𝑔𝑔𝑚𝑚2𝑅𝑅2
𝑅𝑅1�𝐶𝐶1+𝐶𝐶𝑐𝑐(1+𝑔𝑔𝑚𝑚2𝑅𝑅2)�+𝑅𝑅2(𝐶𝐶2+𝐶𝐶𝑐𝑐)

𝜔𝜔𝑝𝑝2 ≈
𝑔𝑔𝑚𝑚2

𝐶𝐶1

1
1+𝐶𝐶2𝐶𝐶𝑐𝑐

+𝐶𝐶2𝐶𝐶1

   (2) 

where R1 and R2 are the total stage 1 and 2 output resistances, 
and C1 is the stage 1 load capacitance (see Fig. 3). 
 

 

Fig. 2. Miller-compensated, fully differential two-stage amplifier. 

 

Fig. 3. High-level model of the circuit in Fig. 2. The gm elements can be 
implemented using voltage-controlled current sources (VCCS). 

Now that we have established confidence in the design 
equations using a high-level circuit model, we can proceed to 
the transistor level, where the first test should purposely focus 
on a non-optimal implementation. For example, it could be 
structured as follows: 

• Pick a reasonable channel length and gm/ID for all transistors 
(e.g., twice the minimum L and 15 S/A). 

• Pick reasonable gm for the two stages and size the widths of 
all transistors using the selected gm/ID and the corresponding 
current density ID/W from table lookup. 

• Run a DC operating point analysis and record the device’s 
small-signal parameters (all gm, ro, Cgs, Cdb, etc.). 

• Calculate the expected unity gain frequency and phase 
margin and compare with the simulated values from a SPICE 
AC simulation. 

We performed these steps for a circuit in 180-nm CMOS and 
observed the numbers summarized in Table I. The main point 
here is to show that the refined equations (2) match the SPICE 
result closely, while (1) predicts a significantly higher phase 
margin. Such calibrations between the design equations and the 
simulated performance of an actual circuit are essential before 
jumping into the creation of a sizing script. The same approach 
can be followed for other circuits that can be described by an 
equation set. Typically, we want to find a low-complexity 
description that yields a “good enough” agreement with the 
simulator. With further progress in open-source IC design, one 
could imagine an openly shared library that has such equations 
worked out for a broad range of building blocks. In some cases, 
the equations can be generated automatically using tools like 
SLiCAP [10]. 

TABLE I.  NUMERICAL EXAMPLE 

 Calculated 
using (1) 

Calculated 
using (2) 

SPICE 
simulation 

𝑓𝑓𝑢𝑢 (𝑃𝑃𝑀𝑀𝑀𝑀) 99.72 93.98 94.05 

𝑃𝑃𝑃𝑃 (deg) 83.6 77.0 76.4 

IV. OPTIMIZATION 
Once we have a calibrated setup between the design 

equations and SPICE benchmarking of the circuit in question, 
we can engage in optimizations, i.e., determine the optimum 
sizing that meets our performance criteria and constraints. The 
analog circuit design and design automation communities have 
explored an uncountable number of ways in which this may be 
pursued [1]. By far the worst option is to tweak circuit 
parameters nearly randomly and iteratively by hand, until a 
satisfactory outcome is achieved. This makes the design non-
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portable to another process technology without repeating the 
tweaking process. Furthermore, potential users may not trust the 
circuit, since there is usually no documentation on how the final 
design point was reached. 

A step in the right direction is to follow well-established 
baseline heuristics. For example, for the two-stage amplifier of 
the previous section, we know that Cc should be larger than 
approximately 3C1 and smaller than approximately C2/3 [11]. 
These heuristics can be codified and can lead to a reasonably 
well-documented design. The disadvantage is that we may not 
achieve the absolute best performance, or the proper heuristics 
may not be known for all circuits of interest. 

A more ambitious direction is to untangle the design 
equations such that the optimal sizing parameters can be 
determined from the specs using a low-dimensional sweep 
across a small number of “main design knobs.” For illustrative 
purposes, we summarize here such a “knowledge-based” 
approach for two-stage amplifier design with capacitive 
feedback, as presented in [8]: 

1. Begin by neglecting self-loading due extrinsic 
capacitances (e.g., junction capacitances); these are not 
known until the circuit is sized. 

2. Set up a two-dimensional sweep across the major design 
knobs β/βmax (where βmax is the unloaded feedback factor) 
and C2/Cc. 

3. Compute the following for each sweep value: 
a. Cc using the total integrated noise specification. This 

also lets us calculate most other capacitances. 
b. gm1 according to the desired ωu. 
c. (gm/ID)1 given gm1 and Cgg1 (total gate capacitance of the 

input device) via table lookup, quantifying the link 
between gm/ID and ωT = gm/Cgg. This also defines ID1. 

d. gm2 based on the desired ωp2. 
e. (gm/ID)2 given gm2 and C1 via table lookup. This also 

defines ID2. 
f. The total current ID1 + ID2. 

4. Pick the design point in the two-dimensional space that 
minimizes the total current. 

5. Complete the sizing and compute the self-loading 
capacitances. If self-loading is significant, repeat all 
calculations from the beginning to “anneal” the design 
until convergence. 

An example of a resulting contour plot is shown in Fig. 4. 
An advantage of this approach is that it points to an optimum 
design point with relatively low computational effort. A key 
challenge is to develop the above-shown design plan, which 
essentially tries to invert the system of design equations to a 
large extent, keeping sweeps to the lowest possible 
dimensionality. Such design plans may not exist for all circuits 
of interest. Also, anyone who re-uses the script may be steered 
again toward iterative tweaking, but this time with the script and 
its coding details, instead of the circuit itself. 

 

Fig. 4. Example of a contour plot generated by a sizing script that minimizes 
the current consumption of a two-stage amplifier with capacitive feedback. 

The reason for blind script tweaking is often that it is 
relatively difficult to understand, much like the original circuit. 
However, no matter how the optimization is done, a savvy 
designer should always understand the circuit’s main tradeoffs 
and be able to “hand-calculate” a design point that matches 
SPICE results. Whenever this connection breaks, simulation 
errors may be overlooked and innovations in circuit architecture 
based on intuitive understanding will no longer be possible. 

Fig. 5 shows an alternative example from a folded-cascode 
amplifier design script [12] using “forward evaluation” instead 
of a knowledge-based design plan. The plot contains 106 design 
points that can be quickly computed using lookup table data. For 
every design point, the channel lengths and gm/ID of each 
matched transistor pair as well as the total bias current are 
randomly drawn from within reasonable intervals. Other 
parameters may be set as external constraints. The resulting plot 
gives a feel for the tradeoff space as well as the reachable 
performance metrics given external constraints and post-
computation filters (for example, color coding the phase margin 
for each point). Overall, this method is similar to simulation-
based approaches with “SPICE in the loop,” except that it runs 
much faster since simulations are replaced by table lookups. 
Given the outcome shown in Fig. 5, some decision making 
(either manual or automatic) must still follow to select the final 
design point. 

As of today, there is no widely established standard on how 
to implement systematic and broadly re-usable analog circuit 
design scripts, though the problem was believed to be solved in 
the 1980s [13]! In part this can be explained by the fact that 
analog designers work largely in isolated “silos” with little to no 
code sharing among them. There is hope that the emergence of 
the open-source circuit design ecosystem may improve this 
situation (see e.g., [14] for an innovative example). With open-
source process design kits and open-source tools, design scripts 
and complete circuits can be shared and collaborated on via 
developer platforms like GitHub. In other fields, and most 
notably in machine learning and AI, this approach has led to 
explosive progress and innovation. 
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Fig. 5. Tradeoff space evaluation using forward evaluation (from [12]). 

V. ANCILLARY CONSIDERATIONS 
In this section, we summarize additional practical aspects 

that address frequently asked questions by newcomers in lookup 
table-based design. 

A. Transistor model checks 
In any circuit sizing methodology, the quality and 

correctness of the generated designs critically relies on accurate 
transistor models for circuit simulation. In the design approach 
discussed in this paper, these models are not only used for final 
performance verification, but also for the generation of 
precomputed lookup tables that drive the design optimization. 
Along with the initial “calibration” of the design equations 
(discussed in Section III), a designer should always check the 
transistor models for potential issues. 

One common issue is the proper modeling of thermal noise. 
A MOSFET exhibits a thermal drain current noise power 
spectral density (PSD) of 4kTγgm where the parameter γ tends 
to be in the range of 1…2 for the latest short channel devices 
(depending on the gate bias). It is good practice to extract the 
value of 𝛾𝛾 for the models provided by the foundry. This can be 
done using a simple AC noise analysis and by dividing the 
observed PSD by 4kTgm. While we cannot know the exact value 
to expect, faulty models often show extreme outlier behavior, 
for example 𝛾𝛾 = 0.2 (which is physically impossible). 

Another useful sanity check is to plot gm/ID and fT (transit 
frequency) against VGS. This can be easily done, for instance, 
from the precomputed lookup tables. The expected shape of both 
curves is well understood from device physics. gm/ID should 
show a weak inversion plateau and monotonically transition 
toward (but not exactly meet) a ~2/(VGS−Vt) asymptote. The 
device’s fT should show a maximum with subsequent roll-off in 
strong inversion. Despite the high level of complexity in today’s 
device model templates, it is possible for foundry models to 
deviate from these basic features with poor parameter 
population. 

B. Switches 
The primary application of gm/ID-based design using lookup 

tables are class-A circuits that operate with a constant bias 
current. However, the small-signal data captured in lookup 
tables are also useful for sizing switches, as used for example in 

an analog-to-digital converter’s track-and-hold circuits. The first 
order on-resistance can be found from the lookup tables as 1/gds 
at VDS = 0 V (see Section 6.5 in [8]). 

C. Dynamic circuits 
An increasing fraction of modern circuit design has moved 

toward dynamic circuits that avoid constant bias currents and are 
often difficult to analyze. In many cases, however, it is possible 
to assess basic performance metrics from the bias and small-
signal parameters captured in lookup tables. For example, the 
speed and noise of a dynamic comparator can be estimated using 
a small-signal model around its metastable point, in combination 
with a non-steady-state model for any integrating nodes in the 
circuit (see e.g., [15], [16]). 

D. Distortion modeling 
The transistor’s inversion level and its proxy gm/ID are most 

frequently used in linear circuit analysis. However, it has been 
shown that both gm/ID [17] and the transistor’s inversion 
coefficient [18] can also be used to predict harmonic and 
intermodulation distortion products (assuming that the small 
distortion approximation holds). It is therefore possible to 
incorporate distortion specs in sizing scripts for RF circuits and 
other applications that are constrained by nonlinear effects. 

VI. CONCLUSION 
This paper has provided a review of practical aspects for 

systematic circuit design with precomputed lookup tables. In 
light of the ongoing trend toward analog circuit generators, we 
must establish a solid bridge between the vast amount of existing 
knowledge in analog design and code-driven sizing scripts. 
Especially for the novice, it is important to begin the script 
development using simplified circuit models and test cases that 
align the underlying design equations with the SPICE 
benchmarking results. Additional work is needed to motivate 
today’s designers to embrace reproducible script-based design 
flows. The trend toward open-source design with shared code 
will likely enable much-needed progress in this direction. 
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