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Abstract

Analog circuit design is a relatively complicated art that requires a high degree of erudition
in the field. With this in mind, this thesis presents work on an analog circuit synthe-
sis tool to minimize analog circuit design time. Specifically, the author has designed and
implemented a discrete-time, one-bit, oversampling delta-sigma analog-to-digital modula-
tor circuit synthesis tool in MATLAB script. With the parameters of center frequency,
loop order, oversampling ratio, and minimum capacitor size, a user can utilize the pro-
gram to generate a semi-optimized transistor level description of the modulator that can
subsequently be used in SPICE. Parlaying Richard Schreier’s work on a delta-sigma tool-
box for MATLAB, the switched capacitor circuit contains robustly generated differential
operational amplifiers and comparators. Furthermore, switched capacitors are scaled for
minimal £7T'/C noise while switch sizes are synchronously adjusted to accommodate these
values. Results of the SPICE simulations of the generated circuits compare favorably with
the behaviorally predicted results.

Thesis Supervisor: Hae-Seung Lee
Title: Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

Analog circuit design has always been a particularly difficult field owing to its complexity.
Relationships between parameters and system performance in an analog circuit are numer-
ous and abstruse, if not altogether impossibly unquantifiable. Only an experienced designer
with few semi-quantitative equations and much intuition can swiftly and deftly design and
build an analog circuit that will perform as desired. Since this requires a high degree of
skill and even more experience, completion time is relatively long. Thus, it is not surprising
that although the analog portion of a microchip may only occupy 10% of the area, it will
typically consume 80-90% of the design time.

With this in mind, it would only be natural that CAD tools would be developed to
ameliorate the effects of this problem. However, the design and synthesis tools produced to
date have been woefully impractical and lacking in feasibility in comparison to their digital
counterparts.

Therefore, this thesis seeks to produce an analog tool that is constrained enough so as
to produce usable circuits in a short time. More particularly, this thesis will address the
design of delta-sigma analog to digital converters for use by people that do not need or want
to understand the inner workings, but need a semi-custom analog-to-digital converter. In
the inevitable tradeoff of less performance for increased generality, the work of this thesis
uses user parameters in a constrained optimization method to generate a robust switched-
capacitor one-bit oversampled delta-sigma modulator.

1.1 Background

To date, the success of analog circuit synthesis has not been auspicious. Either the circuit
generated is impractical or it takes an extremely long time to synthesize. And more often
than not, the process suffers from both.

Inherent to the problem is that analog circuits are very sensitive to minor changes.
Whether it be bias current, capacitor size, process parameters, or transistor width, a small
change can produce a dramatic effect if care is not taken. Moreover, it is almost certain
that the effect will negatively impact performance as experience shows. Because it is so
complicated, most attempts at analog synthesis use iteration to find an acceptable design]1,
2,3, 4]

The general method taken by these tools is to form a parameter space with all the
parameters that can be varied for a design[l]. Then using the multitudinous relationships
between parameters and performance characteristics, the programs mechanically iterate by



changing parameters and comparing performance characteristics obtained from simulations.
The actual algorithm for iteration can be quite complex and elaborate. Compounding the
problem is the criteria for an acceptable solution. As an example, Koza[3] uses “genetic
programming”, akin to nature’s process of evolution, to arrive at a “solution.”

Moreover, the success of these tools seems to hinge upon numerical methods rather
than the design itself[2, 4]. These programs can take weeks or months on a blazing fast
workstation to produce a mediocre design. Innovation continues to come from shortening
the simulation time rather than the improving the method of design.

1.2 Thesis Motivation

Realizing that the problem common to these previous attempts at analog circuit synthesis
is the generality with which they approach the problem, this thesis chooses to severely
constrain the parameter space of acceptable solutions to the problem so a practical solution
can be generated quickly. The focus is not to obtain the optimal solution, but a practical
solution. In the event that the former is wanted, it would be best to employ a human,
experienced designer.

The analog circuit which this thesis will generate is the one-bit delta-sigma oversampling
analog to digital modulator. Its choice reflects the fact that the desired resolution is easily
adjusted through loop order and oversampling ratio.

Currently, there is a need for analog to digital converters in many systems. Because of
the underlying design issues, design of this subsystem could be time consuming when the
performance of it is not so critical. In these cases, it would be useful to have a tool that
could generate the requisite circuit with some predetermined specifications. That tool is
the work of this thesis.

The one-bit delta-sigma oversampling architecture for the analog to digital modulator
was chosen because it has many excellent characteristics. First of all, it is extremely robust.
The architecture, inherently linear, is highly tolerant of imprecise components. Further-
more, it lends itself nicely to modularity which is crucial to synthesis. The individual
blocks of the modulator are comprised of capacitors, operational amplifiers, switches, and
comparators, each of which is synthesized and semi-optimized for minimum area, minimum
power, and maximum resolution in real-time.

In addition, this tool, written in MATLAB script, uses Richard Schreier’s Delta-Sigma
5.0 Toolbox[5] to generate system level descriptions. Schreier’s toolbox does not perform
circuit level synthesis which is the crux of this thesis.

Also, this tool does not generate a sample and hold front-end or a decimator, both of
which would be needed to complete the analog to digital converter.

Finally, this project was simulated using the MOSIS HP 0.5pum process at supplies
+1.65 V with ideal 8.3 MHz clock generators. Obviously, this tool can be made to work at
different system parameters with minor adjustments of a few generation blocks in the tool.

1.3 Thesis Organization

This thesis is organized as follows. Chapter two gives an overview of the delta-sigma mod-
ulator operation and the process of modulator circuit generation. Chapter three discusses
the translation of the chosen loop topology architecture to a circuit level schematic with
capacitor values. Chapter four expatiates the switch scaling methodology for each switch
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in the generated design. Chapter five describes the generation of the analog subcircuits,
namely, the one-bit DAC, the one-bit quantizer, and the operational amplifiers. Chapter
six discusses simulation results from behavioral models and actual SPICE simulation of the
circuit generated. Chapter seven summarily draws conclusions and points to possible future

work on this tool.
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Chapter 2

Delta-Sigma Modulator Overview

The basic delta-sigma analog to digital converter system is shown in figure 2-1. The input
circuitry is comprised of buffers, filters, and sample and holds. The delta-sigma modulator
comes next which already inherently has a sample and hold function because of the switch
capacitor circuit implementation. The final piece is the decimator which will filter the 1-bit
output into a N-bit output. The 1-bit representation in N-bits is either all the digits are
high, or all the digits are low. The focus of this thesis is the middle section, the delta-sigma
modulator.

Analog I Digital
1

Filtered . 1-bit .
Delta Sigma Modulator |- - ![ Decimator

N-bit Output

Input
DI Input Circuitry

Figure 2-1: Block Diagram of a Delta-Sigma Analog-To-Digital Converter

2.1 Basic Operation and Assumptions of the Delta-Sigma
Modulator

The generalized model of a single-bit delta-sigma modulator is shown in figure 2-2. It is
essentially a feedback system that converts the analog input into a digital output.

Loop Quantizer
Filter (Comparator)
Analog

Figure 2-2: Generalized Model of a Single-Bit A-¥ Analog-To-Digital Modulator
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For simple analysis and insight purposes, we can model the system in the form as seen
in figure 2-3 where e is the quantization error. One will notice this looks remarkably like
the canonical feedback system with e as the disturbance. Because the analog input and
e enter in different places in the loop, the corresponding transfer function to the output
y is different. By modulating the noise and signal differently, a designer can, in a sense,
separate the quantization error and the input signal into different bands given that the
sampling frequency is sufficient (i.e. sampling frequency must be greater than the Nyquist
frequency). This is the cornerstone of delta-sigma modulators.

Loop
Filter ¢

Analog
Inpat I " ,
x ) P

v Digital
Output
l—bilDAC—|
1
e=y-x y = Gu +He G=I-B
x = Au + By
H= A
!-B

Figure 2-3: Linearized Model of a Single-Bit Delta-Sigma Analog-To-Digital Modulator

However, to exploit this feature, something must be said about the exact shape of the
quantization error. Fortunately, it turns out that the quantization noise is in a manageable
form. The usual model that describes the quantization noise is the additive white noise
approximation which is outlined in detail in Delta-Sigma Data Converters(6, chap. 2].

The real impetus behind the use of delta-sigma modulators is the linearity it can achicve.
This is especially true with single-bit quantization because the levels are digitally interpo-
lated perfectly between the low and high levels. The only errors that can arise are a purely
linear gain error and offset error which are not critical.

For treatment more in depth of the delta-sigma modulator basic operation, there exists
a litany of sources|6, 7, 8, 9] that the reader can refer to.

2.2 Loop Topology Selection

From figure 2-3, we see that the design of a delta-sigma modulator is essentially the design
of a loop filter. In fact, all techniques of filter design can be applied here. Popular and
oft-used filters such as Butterworth and Chebyshev are common. Thus, it is not surprising
that there are standard loop topologies[10].

The chosen topology for this is work is the cascade of resonators with feedback structure
(CRFB)[5] or chain of integrators with distributed feedback and distributed feedforward
inputs[6, pp. 179-180]. An example of a fifth order topology in block diagram form is
shown in figure 2-4.

The main reason for selecting this topology is that it is readily supported in Schreier’s
tool[5]). Furthermore, it has the capability to be a bandpass or a low pass modulator which
will be important for generality. In addition, the structure is extremely modular and easily

13



Figure 2-4: Loop Topology: 5th Order Example of Chain of Integrators with Distributed
Feedback, Distributed Feedforward Input Paths and Local Resonator Feedbacks.

implemented with operational amplifiers, capacitors, switches, and comparators.

2.3 Generating Parts of the Modulator

The process of generating the modulator is a modular one given the loop filter architecture.
Each part of the modulatcr is generated in the order and in the fashion described helow.

2.3.1 Loop Transfer Function Generation

The standard approach to generating the modulator transfer function is to use standard
filter design techniques to shape the quantization noise. In Schreier’'s MATLAB tool[5], the
program seems to use an iterative method to place the poles and zeros, stopping when a
heuristic criteria and desired performance are satisfied. This is valid as long as the transfer
function is stable.

2.3.2 Dynamic Range Scaling

Because of the nonlinear nature and finite signal amplitudes an operational amplifier can
handle, the gain of each opamp block must be scaled to achieve optimal dynamic range or
maximum allowable input amplitude. The saturation of even one operational amplifier kills
the performance of the modulator. Furthermore, these errors can accumulate and will take
numerous cycles to recover from. Therefore, this part is a critical step in the process.

Since this is a switched-capacitor filter we can use the standard methods for dynamic
range scaling[11]. This entails checking the output amplitude at each operational amplifier
and adjusting the capacitors (gain) so that the maximum signal amplitude at each output is
the same. The capacitors control the gain, and every capacitor attached to an operational
amplifier output is scaled by the same factor to affect gain of that stage, but not the overall
transfer function. In otber words, if the feedback capacitor of an operational amplifier is
scaled by a which corresponds to a gain change of 1/a, then the input capacitors of the next
stage which are connected to this output are also scaled by « so that the gain is recovered.
This process is repeated for each operational amplifier in the design.

Fortuitously and propitiously, Schreier’s toolbox (5] incorporates this function and is thus
used.
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2.3.3 Block Diagram to Circuit Translation

Using the block diagram of the given architecture, a switched-capacitor circuit level equiv-
alent can be found. The author chooses to use a completely differential design to reject
common mode noise and more importantly, to make complementary signals readily avail-
able.

2.3.4 Transfer Functicn to Capacitor Translation

The tool uses Schreier’s toolbox[5] again to transform the generated transfer function into
coefficients for the CRFB form. The coefficients specify capacitor ratios and are thus im-
plemented. Realization of capacitor values depend on the minimum size capacitor size. For
the first summing node of each modulator, the minimurn size capacitor is user specified for
kT/C noise. The rest of the capacitors in the subsequent stages are at a minimum size of
one hundred femtofarads because the associated noise is indistinguishable from quantization
noise and shaped as such.

2.3.5 Switch Scaling

Since the tool uses pass transistor gates as switches, one must make sure the switches are
large enough such that the capacitors that they are attached to settle to at least the desired
accuracy of the whole converter. The accuracy is determined a priori with a simulation
from the toolbox. In addition, to be conservative, safety factors are added to ensure the
proper operation of the design.

2.3.6 DAC Generation

Because this tool uses single-bit quantization, the digital to analog converter needed is
trivial to implement. Depending on the output, the feedback paths will be connected to
either the positive or negative reference voltage through another properly sized transistor
switch.

2.3.7 Comparator Generation

The comparator needs to settle within the period of a clock phase. Hence, the comparator is
scaled depending on the load capacitance. The load capacitance it needs to drive—assuming
the decimator input load is small—is just the gate-to-bulk and parasitic capacitances to the
switches that make up the one-bit DAC which was generated previously. The generated
design of the comparator is also conservative.

2.3.8 Operational Amplifier Generation

Now that all the elements are already sized and functional, the operational amplifiers can
be synthesized. The operational amplifier synthesis is based on the capacitor load it must
drive since it is crucial that the output settle in the given clock phase. Moreover, it must
be able to handle the worst case load of the two clock phases. Agair, a safety margin is
introduced for a robust design.

15



2.4 Delta-Sigma Modulator Final Generation

Once all the parts are generated, they can be immediately put in the proper place as
specified by the circuit level translation. The output of this program is in the form of a
SPICE parsable file. The user can directly simulate this modulator to verify the performance
and desired characteristics. The process flow of this generation is shown in figure 2-5.

16



Input Parameters

Minimum .
Capacitor Oversamplmg Center Order
Size Ratio Frequency

v v v v

Schreier’s Delta Sigma 5.0 Toolbox

Loop Transfer Dynamic Coefﬁci'ent
Function (Bl Range B Generation
Generation Scaling for CRFB
Structure

b

Translation to Circuit Schematic

Capacitor Ratios and Values

v

Switch Scaling ]
Comparator Operatl'onal
Generation * gmpllﬁer
DAC Generation eneration

v

Final Circuit — SPICE Format

Matlab 5.2

Figure 2-5: Process Flow for Generation of Delta-Sigma Modulator
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Chapter 3

Modulator Topology to Circuit
Level Translation

From Schreier’'s MATLAB toolbox[5], the tool of this thesis starts with scaled coefficients
for the modulator topology of cascade of resonators with feedback as shown in the example
of figure 2-4.

This topology can be generalized for any order by decomposing the architecture into
blocks. The most natural and apparent division is to parse the architecture into a start
section, cascade sections, and an end section. The start section implements two or three
orders of the modulator depending on the order of the modulator. Each cascade section
implements two orders of the modulator. Lastly, the end block contains the final feedforward
path, the quantizer, and the digital to analog converter. Thus, any order can be realized.
For example, a fifth order modulator would be composed of an odd order start section, one
cascade section, and an end section. A sixth order modulator would be composed of an
even order start section, two cascade sections, and an end section.

Within each section, further decomposition yields stages which implement an order of
the loop filter. Each order corresponds to an operational amplifier in a discrete integrator
configuration.

3.1 Integration and Summer Configurations

Figure 3-1 shows the implementation of the Delayless Integration which has the transfer
function:

_Cs_=
Crz—-1

Figure 3-2 shows the implementation of the Non-Inverting Direct Discrete Integration
which has the transfer function:

H(z) = (3.1)

Cs 1
H(z)=éz_l

These two are the integrator configurations that this tool needs. Furthermore, the sum-
mers are also implemented in the integrator configurations. Addition of sampling capacitors
with appropriately phased switches to the summing junction perform this function because
of superposition.

(3.2)

18
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Figure 3-2: Non-Inverting Direct Discrete Integration

3.2 Sections of the Modulator

In figure 3-3, 3-4, 3-5, and 3-6, the sections and their equivalent circuit schematics are shown.
The tool translates coefficients into capacitor ratios. Moreover, the tool also translates the
summers and integration blocks into opamp circuits as discussed above.

It should be noted that depending on the sign of the coefficient generated by Schreier’s
tool[5], the connection of some sampling capacitors will be to the complementary signal
which is not indicated in the figures. The tool determines the proper connection at run-
time.

In figure 3-6, note the transformation of the block diagram which is equivalent if one
makes the assumption that the comparator has close to infinite gain. This rearrangement
of the block diagram is necessary because it is easier to implement on a circuit level. The
summer preceding the quantizer is incorporated in the previous operaticnal amplifier by
using a switched-capacitor gain configuration as shown in figure 3-7. The transfer function
of this block is:

H(z) = -= (3.3)

This configuration of the opamp, however, adds extra signal in the local feedback path
which must be accounted for through the feedforward coefficient at that node!.

This transformation will not affect the operation of the modulator greatly. Adams
et al.[12] show that lowering the gain in the loop alters the Nyquist Plot by getting the
appropriate mapped function closer to encircling the negative one point. This reduces

!This is why the note at the bottom of figure 3-6 indicates a change to the previous feedforward coefficient
value.
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R—-Order Modulator Even Order Start Section
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Figure 3-3: Even Order Start Section of R-Order Modulator - Block Diagram and Equiva-
lent Circuit Implementation
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R—-Order Modulator Odd Order Start Section
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Figure 3-4: Odd Order Start Section of R-Order Modulator - Block Diagram and Equivalent
Circuit Implementation
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R—Order Modulator Cascade Section
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Figure 3-5: Cascade Section of R-Order Modulator — Block Diagram and Equivalent Circuit
Implementation - 7 denotes the order of the section
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R—-Order Modulator End Section
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Figure 3-6: End Section of R-Order Modulator - Block Diagram, Transformation and

Equivalent Circuit Implementation
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stability significantly if the change in gain is large. However, the cr coefficient has been
found to be rather insignificant, on the order of 0.1 in most cases. In any case, if this effect
is great it will manifest itself in the plots of SNR vs. input amplitude.

3.3 Capacitor Value Determination

Since the tool starts with the coefficients of the CRFB topology, the capacitor ratios are
well defined. However, they are only ratios and an implementation needs concrete values.
One could use really small values to produce the necessary capacitor ratios in order to save
area. However, noise considerations bound the minimum capacitor values. Because of the
kT/C noise, the option for the minimum sized capacitor is included. This minimum size
capacitor dictates only the minimum size capacitor of the first stage, since noise in this
stage does not undergo any shaping. The latter stages, which do undergo shaping, have a
minimum capacitor size of 100 femtofarads.

With the minimum value for each stage, the scaling strategy becomes straightforward[11].
The tool starts by assigning the feedback capacitor around each opamp to a value of 1 Farad
and assigning the attached sampling capacitor values the coefficient value it is supposed to
imnlement. Then, the tool examines the summing nodes of each operational amplifier. The
minimum capacitor attached to that node serves as the scaling factor for the rest of the
capacitors attached at that node. Thus, if the smallest sampling capacitor value is 0.5, then
that capacitor value now becomes unity and every other capacitor (sampling and feedback)
attached to the same summing node are multiplied by two. Once all the capacitors are
normalized to 1 F, then the capacitors are multiplied by their respective minimum size
capacitor. An example of this scaling method is shown in figure 3-8 and the appropriate
scaling is below.

Cmin = min(Csi,Cs2,Cs3,Cr)

i _ Csi
CSl Cmin
Csa

0;2 - Cmin
Css

CL;; - Cmi:
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Cr
C;‘ - Cmin

With this strategy, there lies the latent danger of potentially huge capacitors due to a
small coefficient. Since small coefficients have small effects on the overall transfer function,
coefficients below a threshold of le-4 are set to zero and not considered in the minimum
capacitor scaling algorithm. Otherwise capacitors in excess of 100 pF are possible.

I Vie
1
Q—G{CQ 2t
—jH—— vic
C
L —
Via —> rH | - +\_ — Voa
. & - L
Vib —~ | I T —Vob
]72 1‘( HCl
= —— Vid
2 | Cs 2
B e
/1 ‘[
Vif

Figure 3-8: Example of Scaling
This process is repeated for every summing junction which will affect every capacitor in

the modulator. Furthermore, this does not affect the loop filter transfer function because
the capacitor ratios are unchanged.
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Chapter 4

Switches

The switches as stated before, are implemented with pass gates as shown in figure 4-1. The
complementary configuration with equal geometries for NMOS and PMOS has been chosen
to increase signal range[11] and decrease on-resistance variability[13, pp. 213-214].

4.1 Switch Scaling

The tool scales the switches to meet the SNR requirements of the desired delta-sigma
modulator. A simulation using Schreier’s toolbox([5] gives an estimate of the SNR and this
figure, with an appropriate safety factor!, determines the necessary accuracy and settling
time, and hence, the size of the requisite switch?>. Charge injection of the switch is considered
to be minimal. The determining factor for sizing a switch is the settling time constant.

.
/ ===

T
Figure 4-1: Switch Implementation

If one models the switch as a resistor as in figure 4-2, then the settling of the capacitor
voltage is first order once the switch closes.

R
Vis >( \Z Vi MA— Va

(o—— ===> (o

Figure 4-2: Equivalent Modeling Circuit to Determine S+itch Size

The well-known time-domain response of this system to a step is:

'Through empirical testing and conservative rationale, the safety factor is ten.
?Schreier’s toolbox[5] simulation of the modulator should yield a SNR that is close to the real value,
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Characterization Average Maximum
Run On-Resistance | On-Resistance
n7is 8.86 k2 16.5k2
n72a 9.91 k2 20.0k$2
n73d 10.1 kQ 20.0kS2

Table 4.1: Summary of on-resistances and variability

Vout(£) = Vin(1 — &~ T) (4.1)

The time that this must settle to within the desired accuracy (SNR) is fixed by the clock
phase length denoted by tp, which is 50 nanoseconds®. The condition on the size of R,
then is:

1 In(SNR)=*C,
Req B ip

(4.2)

Since the switch size is inversely proportional to Req, The required width Wyjcn (NMOS
and PMOS) of the switch is:

IN(SNR) * Ceq * Ripaz * 8
tp

Wwitch = (43)
where R,z denotes the maximum on-resistance of the minimum size switch and s denotes
a safety factor which has conservatively been chosen to be 2. It accounts for parasitic
capacitances associated for the switches, resistance non-linearity, etc.

To complete the switch scaling, only Ry,,; and Ceq need to be found.

4.2 Determination of On-Resistance of a Minimum Size Switch

Simulation of the on-resistances of the switch for three different characterization runs (n71s,
n72a, n73d) of the MOSIS HP 0.5 pm process[14] are shown in figures 4-3, 4-4, and 4-5
for different lengths and under different operating conditions. The 11/0.54 and 104/0.54
(NMOS and PMOS) switch resistances are shown in each plot in the top row and bottom
row, respectively. One terminal of the switch was swept through the supply voltage (+ 1.65
Volts) while the other was held fixed at -1.65 V, 0.00 V, and +1.65 V as shown in each
column, respectively. The current was then measured and the resistance was determined
incrementally. Thus, there are discretization steps as seen in the plots.

From the plots, one observes that the on-resistance expectedly scales roughly linearly
with the switch size. To avoid small geometry effects, the minimum size or unit switch will
be 1pm/0.5um (NMOS and PMOS).

The average and maximum on-resistances for the minimum size (1p/0.5p) switch are
tabulated in table 4.1.

3The values must settle to their values during the clock phase length, not the clock period.
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Figure 4-4: Switch On-Resistaunces of Parametric Test n72a
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Figure 4-5: Switch On-Resistances of Parametric Test n73d

As a conservative choice, the R, is set as 15 k2. and further simulations will use the
n73d run as an arbitrary choice for all subsequent simulations.

4.3 Determination of Equivalent Capacitance

In the switched capacitor scheme, the largest capacitance at any node must be determined
for both phases of the clock so that the worst case can be accounted for.

The equivalent capacitance that a switch needs to settle is then just the worst case
sum of all the capacitors attached to the switch. A conservative calculation of equivalent
capacitance that a switch needs to settle is shown in tables 4.2, 4.3, 4.4, and 4.5. The switch
numbers and capacitance numbers are the ones as defined in the schematics of chapter 3.
(Figures 3-3, 3-4, 3-5, and 3-6 on pages 20, 21, 22, and 23).
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Switch | Equivalent Capacitance |
01, 02 Cy
03, 04 Ci
05, 06 Cs
07, 08 C2 1l Ca |l Cs
09, 10 Cr
11, 12 Cs
13, 14 Cy
15, 16 Cr 11 Cs |l Co

Table 4.2: Equivalent Capacitances for Each Switch for Even Order Start Section (Figure 3-
3, Page 20)

Switch | Equivalent Capacitance
01, 02 C,
03, 04 Cy
05, 06 C || C4
07, 08 Cy
09, 10 Cy
11, 12 Co
13, 14 Cs
15, 16 Cs||C7 ] Cs |l Co
17, 18 Cu
19, 20 Ch2
21, 22 Cis
23, 24 Cu || Ci2 || Cis

Table 4.3: Equivalent Capacitances for Each Switch for Odd Order Start Section (Figure 3-
4, Page 21)
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Switch | Equivalent Capacitance |
01, 02 C,
03, 04 Ciy
05, 06 C;s
07, 08 Cs
09, 10 Co || C3 1l Call Cs
11, 12 Cr
13, 14 Cs
15, 16 Cy
17, 18 Cr || Cs || Co

Table 4.4: Equivalent Capacitances for Each Switch for Cascade Section (Figure 3-5,
Page 22)

Switch Equivalent Capacitance
end0, endl C

Table 4.5: Equivalent Capacitances for Each Switch for End Section (Figure 3-6, Page 23)
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Chapter 5

Component Generation and
Synthesis

Since the central objective of this thesis is to generate practical designs, the author chose
a robust and conservative methodology for synthesis of the delta-sigma modulator com-
ponents: DACs, comparators, and operational amplifiers. The general idea is to scale
everything in unison within each component. This translates into constant width ratios,
constant current density, and constant time constants. The loading of a component uniquely
determines the scaling factor!.

This strategy positively ensures the feasibility of these components and avoids all the
pitfalls and hazards of general optimization encountered by other analog circuit synthesis
tonls. In essence, this tool has only one degree of freedom for component generation. The
prized benefits are robustness and speed of synthesis.

In the following sections, this general methodology is applied in the context of each
component generation process.

5.1 One-Bit Digital To Analog Converter

The one-bit digital to analog converter (DAC) must be synthesized at run-time of the tool
because the user’s specifications are not always the same and, thus, the load it drives will
not always be the same. However, the synthesis for this component is trivial because of the
chosen implementation as shown in figure 5-1.

The scaling factor of this DAC is determined by the switches it is connected to. The
(W/L)pac is set to twice the sum widths of all switches that are attached to it. Also the
switches connected to the DAC are doubled since they are essentially another switch away
from a voltage source. This makes the effective resistance of the switch and DAC switch
approximately equal to the original intended switch resistance.

Although the DAC transistors are only connected to a voltage source through one tran-
sistor whereas the normal switches are through two transistors (PMOS and NMOS), one
end of the DAC transistor is always connected to a reference voltage. It always has the

maximum gate-source voltage and has comparable on-resistance?.

! This methodology is analogous to the scaling of the switches.
2The complementary device if put in parallel as in the switches would be in cutoff anyhow.
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The geometry of the PMOS and CMOS transistors are chosen to be equal for simplicity
and consistency with the other switches.

+Vref/2
__| (WIL) DAC
+Vout[n] -dac[n]
_—| (WIL) DAC
-Vref/2
___I (WIL) DAC
-Vout[n] +dac(n]
L[ o,
+Vref/2

Figure 5-1: Schematic of One-Bit DAC

To protect against extremely small geometry DACs, there is a cutoff for the minimum
size DAC. If the DAC transistor widths are below 1.0 zm, then the transistor widths are
1.0 pm.

5.2 Comparator Generation

The comparator/one-bit quantizer needs to be synthesized at run-time as well because of the
variable DAC load which it will drive (and perhaps a decimator). However, the performance
of the comparator for this modulator is not critical. The only real specification for it is SNR
settling (analogous to the switch scaling methodology of chapter 3) within the clock phase.
Non-idealities such as offset voltage and hysteresis effects are shaped by the loop filter.

The scaling factor of the comparator is determined by the load which is the DAC3. Once
that is determined, all transistor widths in the comparator unit design are scaled by that
factor. As an example, a scaling factor of 5 would correspond to a load that is five times the
nominal load of the unity acale design. Every transistor width in the unity scale comparator
would be multiplied by 5. As in the case of the DAC, there is a minimum scale factor of
unity. Any scaling factor below this threshold will cause a comparator with unity scaling
factor to be generated.

3For the complete system, one would need to consider the loading effect of the decimator,
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5.2.1 Unit Comparator

This tool uses the unit comparator/one-bit quantizer designed by Yukawa[l5] and sized
by Brandt, Ferguson, and Rebeschini [6, p. 372]. The unity scale circuit schematic of
this sampled, regenerative latch is shown in figure 5-2. The comparaior is strobed at the
transistor drains to eliminate backgate effects and increase regeneration speed. In addition,
an SR latch has been added to minimize effects of comparator indecision. The lengths of
the transistors are minimum for greater speed and the widths are determined by conditions
needed to make the cross-coupled inverters toggle [13, p. 342].

& .;;:FH— o,
4

ol 1] Sk A
L P N

2
S o E.. s J o, Vo™ = V..

= s m S v "']JK{ o bl— R

Figure 5-2: Schematic of Unit Comparator/One-Bit Quantizer

V.

This comparator samples the differential input on the leading edge of ®; which is con-
sistent with the phases of the preceding integrators.

Performance of this comparator with a 100 femtofarad capacitor load, the nominal load
on each differential output is shown in figure 5-3. The clock phase, ®;, of the modulator is
high for 50 nanoseconds and the comparator settles to the final value well within that time.

The comparator works for large differential input signals as well as for small differential
input signals as it should.

5.2.2 Comparator Load Determination

The load of the comparator is just the input capacitance of the DAC transistors. As an
estimate, the input capacitance is just the gate-to-bulk capacitance which is:

Compload = 2 * dacsize x 0.5 x 10712 & KSi0,€0 * 8 (5.1)

where dacsize is in microns and s is a safety factor of 2.
Now that the load is determined, the appropriate scaling factor is used to synthesize the
comparator.

5.3 Operational Amplifier Generation

Synthesis of the most complicated component, the operational amplifier, is made easy with
the sizing methodology. Similar to the previous component generation, the tool starts with a
unity scale operational amplifier and then scales everything to keep major parameters of the
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operational amplifier constant. The scaling factor is, again, based on the load capacitance,
nominally 100 femtofarads, the operational amplifier must drive. If the scaling factor is
below unity, then an operational amplifier with unity scaling factor will be synthesized.

5.3.1 Unit Operational Amplifier

The chosen operational amplifier technology is a MOS fully differential two stage with a
cascoded first stage shown in figure 5-4. The opamp design is generic, but robust which is
important for scalability.

Opamp Design

Overall, the opamp design is straightforward. All the transistor lengths, except the input
pair are twice the minimum length for higher output resistance. The input pair’s transcon-
ductance is more critical than the output resistance and thus, a shorter length is used.
Additionally, this reduces the capacitance load at the input. The drawbacks of this ap-
proach are that there will be a larger random offset voltage and greater transconductance
mismatch.

The nominal common mode input voltage of the opamp is zero volts which is congruous
with the common mode voltages of the delta-sigma modulatci.

The first stage of the operational amplifier is cascoded to get higher DC gain. This
helps to boost the gain to over 10,000 which is needed to avoid the effects of finite opamp
gain in the delta-sigma modulator?[6, pp. 232-233]. In addition, p-channel inputs are used
to optimize slew rate and frequency response[16, pp. 231-232).

The cascode transistors M9-12 are all biased with the same voltage because the output
signal swing of the first stage is small due to the second stage amplification. Additionally,
an ideal current source for biasing has been assumed.

The tail current source of the first stage is split between two transistors, one which is
connected to a bias and the other which is part of the common mode feedback (CMFB)
circuitry.

The second stage transistors are large to increase dynamic range, improve phase margin,
and increase slew rate.

The well understood Miller capacitance across the second stage compensates this op-
erational amplifier. Lead compensation is also used by placing a resistor in series with
the Miller capacitor. Thus, the Miller capacitance causes the dominant pole and the load
capacitance causes the non-dominant pole.

Another important feature is that the transistors and capacitors are minimized since
this is the smallest design possible. The current and width values border on the frontier of
good design. However, the opamp will always be scaled up. Therefore, the design variables
of the unit design must be minimized so that the opamps that drive larger loads will not
be egregious.

This design results in performance summarized in table 5.1. The performance is not
stellar, but conservative.

‘Finite opamp gain translates into integrator leakage.
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I Performance Characteristic | Value Units |

DC Gain 10,400 —
Output Swing -14to 1.4 Velts
(Gain > 10,000)

Unity Gain Frequency 43 Megahertz
Phase Margin 64 Degrees

Differential Settling Time | 31 to 0.1% | Nanoseconds
(-1 Inverting Config.)
(100 fF feedback caps)
(1.0 diff. input step)

Table 5.1: Performance of the Unit Operational Amplifier

CMFB

The CMFB is a standard switched capacitor scheme[17]. The common mode component
of the output voltage is sensed with switched capacitors and then fed back to the first
stage tail current source through an inverter. The inverter not only generates the necessary
inversion for the loop transmission, but also acts as a buffer between the sensing circuitry
and the opamp first stage. Furthermore, the CMFB network is stable because it shares
the same compensation as the differential path except with a smaller gain because it only
controls 20% of the current in the first stage. One may wonder about the validity of the
compensation which is a continuous time system while the CMFB is a discrete system, but
this view is still approximately valid if the clock period is faster than the dominant time
constant of the CMFB. This is in part guaranteed by the lower loop gain which will decrease
the system speed as understood in elementary proportional compensation.

The rudiments of how this CMFB works is as follows: (1) During ®; high (®2 low), the
output common mode is sampled onto a pair capacitors, and the desired common mode and
nominal bias is sample onto another pair of capacitors. (2) When ® is high (®; low), the
stored charge on these capacitors is combined and fed to the inverter that effects current
change in the first stage. Thus, when the the output common mode level is too high, the
feedback voltage goes up, the current in the first stage goes down which causes the output
voltages to drop. The opposite is true when the output common mode level is too low. An
important point to make is that the common mode output voltage will oscillate and not
settle to exactly the desired common mode voltage because of the charge injection (affects
the fedback voltage) and mismatch between the nominal bias and the actual desired bias
set by the feedback loop. This is evident in the transient response.

The capacitors and switches are minimum size. The accuracy and speed of this CMFB
loop is not terribly important. The common mode voltage should be stable and slight shifts
will not significantly deteriorate overall performance since the differential signal is what is
important.

Figure 5-5 shows the common mode transient response. One can see that the switching
speed is faster than the loop speed. (i.e. The crossover frequency of the loop transmission
is less than the clock frequency.) Also, the slight steady state oscillation of the output as
discussed above is observed.
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5.3.2 Effects of Opamp Scaling

The scaling factor for opamp scaling is:

a= CIoad
100fF

(5.2)

To keep all the important characteristics of the operational amplifier constant, the tool
must scale all the transistor widths by a, capacitors by a, current sources by a, and resistors
by 1/a. The following equations show the constancy of the DC gain (A,), unity gain
frequency (w;), phase margin (PM), and slew rate (SR) with this scaling methodology. The
0 and 1 subscripts denote values of the unit opamp.

Av = Gt Rt R = ({f b 2alo) (2 )4 ko ah) () = A (53)

_ Gmi _ vk%a!o (5.4)

we Cc - aCco = Wi
_ I _ an _
SR = oL~ 2t = SRy (5.5)

For the same phase margin, the tool needs to keep the poles and zeros the same. If the
opamp is modeled by:

(1-3)

a(s) = A (5.6)

T-50-25)

then, ] )
~ - = 5.7
P Gm2Ro2Ro1Ce aszoEg’*%‘,‘"aCc pio &)

Gm2 _ aGmao _
N T T P20 (5.8)

1 1
zZ| = - = - =210 (5.9)

Ol o) oG -~ o)

For verification of this trend, the opamp is synthesized for load capacitors in the range
of 100 fF to 10 pF and the characteristics are plotted in figure 5-6 and 5-7. The values stay
rather constant after the small geometry effects are sized out. The small geometry effects
include narrow channel width effects and low current levels. Thus, one can be confident the
opamps in the generated delta-sigma modulator will behave as expected.

5.3.3 Operational Amplifier Load Determination

The load the opamp needs to settle can be determined from the capacitors attached to the
output node in figure 3-3, 3-4, 3-5, and 3-6. The worst load for each clock phase must be
used since that will dictate the size of the operational amplifier. Conservative estimates of
the load as shown in table 5.2 are used.

In the table, Cy.s: refers to the capacitance of the next stage. If the next section is
a cascade section, then Cpere = C3. If the next section is the end section, then Cper =
Ccomp- The comparator input capacitance is estimated as a parallel plate capacitor with
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Table 5.2: Load Capacitances of Operational Amplifiers to be Generated

Even Order Start Section
Operational Amplifier

Load To Drive

OAl

Ci+Cy

OA2

CS + CG + Cne:tt

Odd Order Start Section
Operational Amplifier

Load To Drive

OAl C,+C7
0A2 Cs + Cn1
0A3 Cs + Cio + Crext

Cascade Section
Operationa! Amplifier

Load To Drive

OAl C+ Cq
0OA2 Ce + Cnn
OA3 05 + Cﬁ + Cnezt

the geometry of the input pair.

Thus, all the information for opamp synthesis has been determined and the tool gener-

ates the opamps.
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Chapter 6

Simulation Results and Discussion

For evidence that the synthesized delta-sigma modulators behave as designed, simulations
in SPICE were performed and the output was compared with behavioral simulations from
Schreier's MATLAB toolbox[5]. The MOSIS HP 0.5 ym[14], run n73d models, along with
ideal clock generators operating at 8.3 MHz were used.

6.1 Fifth Order, 32x Oversampling, Low Pass Delta-Sigma
Modulator

For a specific test of the tool, a fifth order, thirty two times oversampling low pass delta-
sigma modulator was simulated. Figure 6-1 shows the time domain SPICE output of this
modulator. As expected, a windowed average of the modulator output is roughly equal to
the input signal(6, p.16].

A better interpretation of how well the modulator performs is seen in the frequency
domain. Using a Hanning window which preserves signal power calculations and reduces
windowing effects and artifacts[18], the fast Fourier transformed signal is shown in figure 6-
2. Only a 2!! point FFT is used because the simulation times become prohibitively long.
Unfortunately, this also prevents the simulation of large oversampling ratios if accurate
SNR figures are desired. This is in fact the reason why the chosen oversampling ratio is
relatively low. The generated spectrum is compared to what is produced by Schreier’s
toolbox’s behavioral simulation displayed in figure 6-3. As one can see, the two spectra
are very close. The signal input frequency—at 65 kHz, the center of the frequency band
of interest—has approximately the same magnitude. The shaped quantization noise is
clearly seen as it rises from a low level to high levels out at higher frequencies. Using the
quantitative measure of SNR, the behavioral simulation, 63.9 dB, is very close to the SPICE
simulation, 62.7.

A salient feature of the two spectra is the magnitudes at low frequencies. Theoretically,
the zeros of the loop filter have been placed at 1 in the z-plane and thus, the frequency
response should be negative infinity at DC. The effect is manifest in the behavioral simula-
tion. However, in the SPICE simulated output, the noise floor is considerably higher. The
reason for this is the numerical noise associated with SPICE simulations. The inaccuracy
of simulation moves the zeros off the unit circle and so the attenuation is not as expected.
When tolerances are tightened, the noise floor indeed goes down, however, at the expense
of increased simulation time. This effect is not noticeable in the SNR figure because of the
width of the frequency band of interest. The plots are logarithmic and this noise is but a
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HSPICE Results, order=5, 0SR=32, { =0
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Figure 6-1: Time Domain SPICE Simulation of a 5th Order, 32 Times Oversampling Low
Pass Delta-Sigma Modulator. Amplitude is normalized to V;y

small fraction of in-band noise.

The delta-sigma modulator behaves properly given that the signal amplitude is small
enough. If the input signal becomes too large, then the modulator—inherently a feedback
system—becomes unstable [6, p. 144]. This effect is clearly seen in figure 6-4. There is no
noise shaping since the filter is now nonlinear. The internal nodes of the opamp outputs
saturate and cause oscillations. The exact input signal amplitude to cause instability is not
well described, but can be maximized by performing dynamic range scaling as in the first
part of the synthesis. Schreier’s tool[5] gives a rough threshold of stability, but it is not
exact.

Figure 6-5 shows the SNR versus the input signal amplitude. The dotted line is the rough
stability threshold given by Schreier’s toolbox[5]. As one can plainly see, the simulations
are very close to the behavioral simulation. The differences become larger at low signal
amplitudes—simulation accuracy becomes more important—and larger signal amplitudes—
starting to reach the brink of instability. Time limitations prevented more data from being
gathered.

6.2 Sixth Order, 32X Oversampling, Bandpass Delta-Sigma
Modulator

As another test of this tool, a generated sixth order, thirty two times oversampling bandpass
delta-sigma modulator is evaluated through simulation as above. The band of interest is
around one fourth of the sampling frequency, or 2.08 megahertz in this case. Figures 6-6 and
6-7 display the spectra of the simulated and behavioral bandpass delta-sigma modulator
with a sixty percent of full scale input signal amplitude, respectively.
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Figure 6-2: Spectrum of SPICE Simulation of a 5th order, 32 Times Oversampling Low
Pass Delta-Sigma Modulator
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Figure 6-3: Spectrum of Behavioral Simulation of a 5th order, 32 Times Oversampling Low
Pass Delta-Sigma Modulator
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Figure 6-4: Spectrum of Behavioral Simulation of a 5th order, 32 Times Oversampling Low
Pass Delta-Sigma Modulator with Unstable Output
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Figure 6-5: Plot of SNR versus Input Amplitude (Normalized to Supply Voltage) for a 5th
order, 32 Times Oversampling Low Pass Delta-Sigma Modulator. X-SPICE Simulation,
O-Behavioral Simulation
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The spectra are very similar. Quantization noise is suppressed at the center frequency.
The input signal is clearly seen as it is placed at the center frequency. In the HSPICE
spectrum, one again observes the numerical inaccuracy which raises the noise floor around
the band of interest. One major discrepancy is the larger tones outside the band of interest
which are more closely spaced in the HSPICE simulated spectrum. The origin of this is not
known and in any case does not matter because they will eventually be filtered out.

2"' FFT of SPICE simulation, order=6, OSR=32, {=0.25
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Figure 6-6: Spectrum of SPICE Simulation of a 6th order, 32 Times Oversampling Band
Pass Delta-Sigma Modulator

Figure 6-8 shows the SNR versus the input signal amplitude. The dotted line is the rough
stability threshold given by Schreier’s toolbox[5]. As one can see, the HSPICE simulation
results are very close to the behavioral simulation. The behavioral simulation results seems
to oscillate a bit while the HSPICE simulated SNR trend is more lincar, but no difference is
larger than 4 decibels. Simulation accuracy may also contribute to some of the discrepancy.

6.3 Synthesis Statistics

On average, the synthesis of the delta-sigma modulator from user input to the SPICE circuit
generation takes an hour on a SPARC Station 10 running MATLAB version 5.2[19).

As a measure of the power and area of the design, table 6.1 gives some measures of the
generated designs. The numbers do not seem overly extravagant, and at the same time,
they are not pushing the performance envelope, either.
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| Metric 5th Order, 32x, Low Pass | 6th Order, 32x, Bandpass ]
Total Capacitance 17.2 pF 34.6 pF
Total Switch Area 1.29 % 10~ 10m? 1.81 % 10~ 10m?
Opamp Area 1.09 * 10~%m? 2.40 * 10~ 8m*
Static Power 22.5 mW 49.5 mW

Table 6.1: Measures of Designs Generated. Note that the area figures are just the transistor
widths times the lengths.
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Chapter 7

Conclusions and Future Work

As has been shown, this tool synthesizes low pass and bandpass oversampling delta-sigma
modulators. The user can specify a oversampling ratio, order, center frequency, and min-
imum first stage capacitance. This set of specifications allows for maximum generality in
generating a desired modulator while ensuring a practical design. In fact, this constrained
space is the key behind this tool, turning a possibly intractable problem into a circumscribed
and efficient process. The central impetus, indeed, is practicality.

A modification to the delta-sigma modulator for higher SNR ratios is the use of a delayed
clock for switches connected to the input sampling capacitors of each stage (operational
amplifier). In the results section, the SNR’s were of moderate value and the effects of
charge injection were not as important. However, at higher SNR'’s charge injection becomes
an issue and steps must be taken to mitigate this effect. One place where its effect will
clearly be seen is at the nodes of input sampling capacitors that will be connected to the
virtual ground node of an operational amplifier. Using a delayed clock for these switches,
that is the switches opening at a later time than the switches connected to the other node
of the capacitors in question, would reduce the effects of signal dependent charge injection.
By opening these switches later, the charge injection is always the same which only adds an
offset. Furthermore, this effect is most pronounced in the first stage since these effects in
later stages are shaped by the loop. To be specific, the switches that would be controlled by
delayed clocks are switches 08 and 16 in the even order start section, 06, 15, and 24 in the
odd order start section, and 09 and 17 in the cascade sections. The use of a delayed clock
for these switches should help yield a higher signal to noise ratio. The proper operation of
the delta-sigma modulator with this modification has been verified.

Another improvement for the tool is a more aggressive operational amplifier synthesis
strategy. Currently, the operational amplifiers are scaled for the load capacitance which has
about 80 dB SNR settling accuracy!. With the conservative safety margins, the operational
amplifiers could probably settle for 100 dB SNR. Clearly, this is not needed for lower
resolution modulators and there is an opportunity for power savings.

Also, in the opamp generation, the noise issue of the operational amplifiers should be
analyzed more closely.

One useful addition would be the choice of loop filter topologies. Different topologies
have different advantages and disadvantages and user based selection would be useful. In
this version, the tcol only uses the cascade of resonators with local feedback and input

!This is for this clock frequency of 8.3 MHz.
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feedforward.

Perhaps, the ultimate improvement, or addition rather, is to include a silicon compiler
such that the physical design is also generated. A gargantuan task such as this would not be
easy, but could be done if the same type of constraint optimization is used. Effectively, such
a complete tool would obviate the need of an analog designer for general purpose analog
circuits, much the same as digital CAD tools.

However, with “improvements” comes the peril of reverting to the hazards that this tool
tries tc eschew. Modifications should not needlessly balloon synthesis time or necessarily
compromise circuit feasibility. Constrained optimization is still the central idea of this tool
and cannot be convoluted or muddled. Otherwise, the whole basis and foundation of this
thesis and its work are undermined. As in life, a balance must be maintained.
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Appendix A

MATLAB Scripts for Delta-Sigma
Modulator Synthesis

The following are the MATLAB(19] scripts used to synthesize the delta-sigma modulators.
Together, they are in fact the tool. For these scripts to work, Schreier’s tool[5] must be
installed.

The first script calls upon the two subsequent scripts as subroutines.

The tool produces a file containing the general structure and files of the necessary
opamps and comparators.

A.1 Main Script
adcsynth.m

X Hatlab Script File to Generate A SPICE FILE of a Delta Sigma A2D

% Mark Shane Peng, Started 12/19/97

I Last Updated 29/10/98

X Uses R. Schreier’s Delta Sigma Toolbox (needs optimization toolbox)
X Version 16 - CRFB structure for BandPass

% Pized pass transistors

X Neasure time to make
tinetoc=cputime;

X Must be set: order, filename2, oversampling ratio, name2

1 Default Values

i2 (exist('OSR’,’'var’));

olse OSR = 32,

end;

if (exist(’order’,’var'));
else order = 2,

end;

if (exist(’filename2’,’var’));
else filoname2 = ’'delsigadc.sp’,
end;

1t (exist(’name2’,’'var’));
olse Dame2 = ’'delsigadc’,

end;

if (exist(’'£0’,’var'));

else £0 = 0;

ond;

filename = 'comp.ckt’;
cktname = 'comp’;

1t (exist(’cain’,’var’));
else cmin = 100; X Minimum Capacitor for kT/C (in fF)
end;

% Error Checking
if (order < 2) 'Error -- order too low’; pause; end;
if (OSR < 2) 'Error -- OSR too lov’; pause; end;

% Other Parameters, predatermined
N = 2°11; % Number of Points for FFT
18 = ceil(N/{2¢0SR)); % Normalized bandwidth of moduletor (bin)
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fs = 1/120e-9; X Sempling Prequency

if (£0 o= Q) £ = f£3¢N/(0SRe2¢2)/H ; % 65.104e3; X 9.7656e4; L Low Pass Case
else £ = £0¢fu; end; X Bandpass case

fn = round(f/feeN); X Normalized inputfreq (bin)

t = 12050-0:120-8:25760e-8; I Time Vector

tp = E0e-9; A Time for which a clock is high

raax = 1503; L Ohas

Cox = 3.998.850-12/100e-10; I P/m"2

coeffthres = 1e-4;

% Establish some global variables

n = 0; X For iterating sections on, specifies vhat order is being processed

EREZAEAIXRREARLRXAAXXXRLXAAXLXAX XXX AL LA LYY

X Generate Coefficieats for CRFB structure %
ARRXXLXRLLLAXXA XA RN XX XX LA XA RAL XL XX XL R AR LALX

X Run Schroier’'s progrom to get coefficients vith dynamic range scaling
8 = synthesizeNTF(order,0SR,0,1.58,£0); X Synthesize the coefficients
u = .5esin(2epiefet); % Simulated time input signal

v = simulateDSM(u,H); % Simulated input signal

spec = fft(v.*hann{N)); ¥ Windowed DFT

einf = fn+1-floor(fB/2) % Band-of-Interest Edges (bin)

mazf = fn+(fB/2) L Band-of-Intercost Edges (bin)

if(minf < 0) uinf « 0; maxf=0; end;

SNR = calculateSNR(spec(mint:max?),round(fB/2))

uSNR = 10°(SNR/20)*10 X With sataty factor

[a,g,b,c] = realizeNTF(H,’CRFB’) X% CRFB architecture

ABCD = stuffABCD(a,g,b,c,'CAFB’)

(ABCDs ,umax] = scaleABCD(ABCD,2,£0,1.0) X Dynamic Range Scaling
{a,g,b,c] = mapABCD(ABCDs, 'CRFB’)

% Prefilter tho output coefficients to remove really small values
a(find(abs(a)<coeffthres)) = 0;
g(find(abs(g) ccoeffthres)) = O;
b(find(abs(b)<coeffthres)) = O;
c(find(abs(c)<coeffthres)) = O;

IXTIRRITLXLXLANLL XA LA X ALK AN KA LLARA KA AKX KA LL

% Build the Delta Sigma Modulator Modulator %
EXRXRAXIATARLARAX ALK XXX XA KA T L RL KX AARARLAY

% Start (Pirst) Section

if (med(order,2) == 1) ¥ 0dd Order First Section

% Make all coefficients positive and store sign in auxiliary structure
% cvalstartsgn = [c1 ¢c2 c4 cb6 c6 c7 c8 c9 c10 cil c12 ¢c13]

'odd order’

n = o+l

cvalstartsgna = 'aaasasaasass’;

cvalstartsgnb = ’bbbbbbbbbbbb’; )

if (a(1) < 0) cvalstartsgna(2) = 'b’; cvalstartsgnb(2) = ’'a’; end;

if (b(1) < 0) cvalstartsgna(3) = ’'b’; cvalstartsgnb(3) = ' end;
iz (a(2) < 0) cvalstartsgna(?) = cvalstartagnb(7) = °* end;
iz (b(2) < 0) cvalstartsgna(8) = * cvalstartsgnb(8) = ; end;
it (a(3) < 0) cvalstartsgna{il) = 'b’; cvalstartsgnb(11) = ‘a’; end;
it (b(3) < 0) cvalstartsgna(12) = 'b’; cvalstartsgnb(12) = 'a’; end;

% Store coefficlents in structure and initialize swirch structure

% cvalstart = [c1 c2 c4 cb c6 c7 cB c9 c10 cil c12 c13)

%X switstart = [1 thru 24) - width in microns

cvalstart = abs([1 a(1) b(1) g(1) 1 c(1) a(2) b(2) 1 c(2) &(3) b(3)]);
svitstart = [1 1113121121111 11111111311111);

elseif (mod(order,2) == 0) X Even Order Start Section

X Make all coefficients pocitive and store sign in auxiliary structure
% cvalstartsgn = [cl c2 c4 c6 c8 c7 c8 c0)

‘even order’

n = ne2

cralstartsgna = 'assasasa’;

cvalaturtagnb = 'bbbbbbbb’;

it (a(1) < 0) cvalstartsgna(2) = ; cvalstartsgnb(2) = ; end;
it (b(1) < 0) cvalstartsgna(3) = ; cvalstartsgnd(3) = ; end;
it (a(2) < 0) cvalstartsgna(?) = ; cvalstartegnb(7) = 'a’; end;
1f (b(2) < 0) cvalstartsgna(8) = ; cvalstartsgnb(8) = 'a’; ead;

X Store coefficients in structure and initialize switch structure
X cvalatart = [c1 c2 c4 cb c6 c7 c8 c9]

X svitstart = [1 thru 18] - width in microns

cvalatart = abs((1 a(1) b(1) g(1) 1 c(1) a(2) b(2)]);

sujtstart = {1 1111111311111 111]);

else 'error vith building first section’;
end;

% Middle Cascaded Sections
vhile ((n+2) < (order+l))
u = n+2

if (n > order) ’error in cascading’, break;
end;
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X Make all coefficients positive and store sign in auziliary structure
X cvalcascagn(n,:) = [c1 c2 cd c6 c8 c7 cB c9]

‘even casc’

cvalcascogna(n,:) = 'aasaansea’;

cvalcascagnb(n,:) = 'bbbbbbbbb’;

it (a(n-1) < 0) cvalcascsgna(n,2) = ’b’; cvelcascegnb(n,2) = 'a’; end;
iz (b(n-1) < 0) cvalcascegna(n,4) = ’b’; cvalcascagnb(p,4) = ’a’; end;
if (a{n) < 0) cvalcascagna(n,B) = 'b’; cvalcascsgnb(n,8) = ‘a’; end;
i (b(n) < 0) cvalcascegna(n,9) = 'b’; cvalcascegnb(n,9) = 'a’; end;

% Store coefficients in structure and initialize owitch structure

% cvaleasc(n,:) = [c1 c2 c3 c4 b ¢6 c7 cB cP]

% svitcasc(n,:) = [1 thru 18] - vidth ia microns

cvalcasc(n,:) = abs([1 a(n-1) c(n-2) b(n-1) g(floor(an/2)) 1 c(n-1) a(n) b(n)]);
svitcase(n,:) = (1 1111311111213 1112111];

end;

% End ADC Section

%X Add last cap, change values, add comparator and dac
¥ cvalend = [ci]

‘end section’

cvalend = [b(n+1)/c(n)];

svitend = [1];

X Pix up the capacitor values to accommodate last capacitor

% Case if the order of the convertsr is omly 2

it (o =~ 2)

cvalstart(3) = b(n-1) ¢ b(n+1)eg(floor(n/2))/c(n);

it (cvalstert(3) > 0) cvalstartsgna(3) = ’a’; cvalstartsgnb(3) = ’b’; end;
if (cvalstart(3) < 0) cvalatartsgna(3) = 'b’; cvalstartsgnb(3) = ’a’; end;
cvalstart(4) = g(floor(n/2));

cvalstart(8) = c(n-1);

rvalstart(7) = a(n);

cvalatart(8) = b(n);

cvalstart = abs{cvalstart);

% Case if the order of the converter is only 3

elseif (n == 3)

cvalstart(8) = b(a-1) + b(n+1)eg(floor(n/2))/c(n);

if (cvalstart(8) > 0) cvalstartsgna(8) = ’a’; cvalstartsgnb(8) = °'b’; end;
if (cvalstart(8) < 0) cvalatartsgna(8) = 'b’; cvalstartsgnb(8) = 'a’; end;
cvalstart(4) = g(floor(n/2));

cvalstart(10) = c(n-1);

cvalstart(i1) = a(n);

cvalstert(12) = b(a);

cvalstart = abs(cvalstart);

X Genural case for order greater than 3

else

cvalcasc(n,4) = b(a-1) + b(n+1)sg(floer(n/2})/c(n);

it (cvalcasc(n,4) > 0) cvalcascagna(n,4) = 'a’; cvalcascsgnb(n,4) = 'b’'; end;
if (cvalcasc(n,4) < 0) cvalcascegna(n,4) = 'b’; cvalcascagnb(n,4) = ’a’; end;
cvalcasc(n,6) = g(floor(n/2));

cvalcasc(n,7) = c(n-1);

cvalcasc(n,8) = a(n);

cvalcasc(n,9) = b(n);

cvalcasc(n,:) = abs(cvalcasc(n,:));

end;

% Scale capacitors for minimum capacitor - watch for zero capw

X 7ind the smallest non-zero capacitor at a ing node and scale all capacitors
% Accordingly

% Fioal values are in picofarads

n = 0; % Relnitialize global variable

X 0dd Order Start Section

if (mod(order,2) == 1)

n = n+3;

ci=1; c222; c4d=3; cb=4; cB85; c7=8; cB=7; cP=8; ci0+9; cli=10; c12e11; ci3=12;
ctemp = [cvalstart(cl) cvalstart(c2) cvalstart(c4)]

kol = min(ctewp(find(ctsmp)))

cvulstart(cl) = cvalstart(ct)/zol;

cvalstart(c2) = cvalstart(c2)/kol;

cvalstart(c4) = cvalstart(c4)/kot;

cteap = [cvalstart(cb) cvalstart(c6) cvalstart(-7) cvalstart(cB) cvalatart(cd)]
k02 « min(ctemp(findictemp)))

cvalstart(cb) = cvalstart(c5)/ko2;

cvalstart(c6) = cvalstart(c6)/ko2;

cvalstart(c?) = cvaletart(c7?)/ko2;

cvalstart(c8) = cvalstart(cB8)/ko2;

cvalstart(cO) = cvalstart(cf)/ko2;

ctemp = [cvalstart(c10) cvalstart(cil) cvalstart(ci2) cvalstart(ct3)]

ko3 = min(ctemp(find(ctemp)))

cvalstart(c10) = cvalstart(c10)/ko3;

cvalstart{ci1) = cvalstart(ci1)/ko3;

cvalstart(cl2) = cvalstart(c12)/ko3;

cvalstart(c13) = cvalstart(ci13)/ko3;

cvalstart = cvalstarte.iecain/100; X Change to pF, account for min cap. size

% Even Order Start Section
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else

n = ne2;

cl=1; c22; c4=3; cBe=4; cBs5; cT=6; c8=7; ch=8;

ctemp = [cvaletart(cl) cvalstart(c2) cvalstart(c4) cvalstart(c5)]
kol = min(ctsmp(Zind(ctenp)))

cvalstart(ct) = cvalstart(ci)/kol;

cvalstart(c2) = cvalstart(c2)/kol;

cvalstart{c4) = cvalatart{c4)/kol;

cvalstart(c5) = cvalstart(c5)/kol;

ctemp » [cvalstert(c6) cvalstart(c?) cvalstart(c8) cvalstart(c9)]
ko2 = min(ctemp(find(ctemp)))

cvalstart{c6) = cvalstart(c6)/ko2;

cvalstart(c?7) = cvalstart(c7)/ko2;

cvalstart(c8) = cvalstart(c8)/ko2;

cvalstart(c9) = cvalstart(c9)/ko2;

cvalstart = cvalstarte.lscain/100; I Change to pF

end;

X Cascaded Sections

while ((n+2) < (order+1))

n = n+2;

cvals = cvalcasc(n,:)

ctemp = [cvals(1) cvals(2) cvals(3) cvals(4) cvals(5))
kol = min(ctemp(find(cteamp)))

cvals(l) = cvals(1)/koil;

cvals{2) = cvals(2)/kol;

cvals(3) = cvals(3)/kol;

cvals(4) = cvale(4)/kol;

cvale(B) = cvals(5)/kol;

ctemp = [cvals(6) cvals(7) cvals(8) cvels(9)]
ko2 = min(ctemp(find{ctexp)))

cvals(6) = cvals(6)/ko2;

cvala(7) « cvals(7)/ko2;

cvals(8) = cvals(B8)/kn2;

cvals(®) = cvals(9)/ko2;

cvals = cvalse.1; % Change to pF
cvalcasc(n,:) = cvals

end;

1f(order == 3)

cvalend = cvalend/ko3e.1; J Pix last cap. Alvays greatsr than least.
olse

cvalend = cvalend/ko2e.1; X Pix last cap. Alvays greater than least.
eond;

3333373833335543433833333805334348388337ashiatithsiitihitytiiyti]
% Pass Transistor/Switch Sizing - Cvalues must be in picofarads %
§37313383354384338338503 3380388388040 30t3assbtbisbisesstibhittystis]
n = 0; I Reinitialize glchal variable

% 0dd Order Start Section

if (mod{order,2) == 1)

R = nt3;

cl=1; c2=2; c4=3; cB=4; cB+5; c7=8; cB=7; c9=8; c10=9; c1i=10; ci2=11;
svitstart(l) = cvalstart(c2);

switetart(2) = cvalstart(c2);

svitstart(3) = cvalstart(c4);

svitstart(4) = cvalstart(cd);

switstart(5) = cvalstart(c2) + cvalstart(c4);
svitstart(6) = cvalstart(c2) + cvalstart(ct);
svitstart(7) = cvalstart(c7);

svitstart(8) = cvalstart(c7):

svitstarc(9) = cvalstart(cB);

svitstart(10) = cvalstart(c8);

svitstart(11) = cvalstart(c9);

cl3=12;

switstart(12) = cvalstart(c9);

svitstart(13) = cvalstart(c6);

svitetart(14) = cvalstart{c6);

switstart(16) = cvalstart(c5) + cvalstart(c?) + cvalstart(c8) + cvalstart(c9);
suitstart(16) = cvalstart(c5) + cvalstart(c?) ¢ cvalstart(c8) + cvalstart(c9);
svitstart(17) = cvalstart(cii);

svitstart(18) = cvalstart(cll);

svitstart(10) =~ cvalstart(ci2);

svitstart(20) = cvalstart(ci2);

switstart(21) = cvalstaxt(cl3);

svitstart(22) = cvalatart(c13);

svitstart(23) = cvalstart(cil) + cvalstart(ci2) + cvalstart{c13);
switatart(24) = cvalstart{cll) + cvalstart(cl2) + cvalstart(cl3);

X Bven Order Start Section

else

n = n¢2;

cl=1; €292; c4=3; cBb=4; c6=5; c7=68; cO7; c9=8;
svitstart(1) = cvalstart(c2);

suisstart(2) = cvalstart(cl);
svitstart(3) = cvalstart(cd);
svitetart(4) = cvalstart(cd);
svitstart(6) = cvalstart(c5);
svitstart{6) = cvalstart(c5);
svitstart(7) = cvalstarc(c2) ¢+ cvalstart(c4) + cvalstart(cb);
svitstart(8) = cvalstart(c2) + cvalstart(c4) + cvalstart(ch);

svitstart(0) = cvalstart(c?);

55



suitstart(10)
svitstart(11)
svitstart(12)
svitstart(13)
svitatart(14)
svitstart(15)
svitstart(16)
end;

cvalstart(c?);
cvalstart(cB);
cvalstart(cB);
cvaletart(ch);
cvalatart(c9);
cvalstart(c?) + cvalstart(cB) + cvalstart(c®);
cvalatart(c7) + cvalstart(c8) + cvalstart(cd);

suitstart = log(uSWR)ermaxcsvitstartelie-12/tps2; % Convert to a factor + Sefety

X Cascaded Sections
while ((n+2) < (order+l))

a = n+2;

clel; c2=2; c3=3; c4=4; cB=5; c6+6; c7=7; cB=8; cP=P;
svitcasc(n,1) = cvalcasc(n,c2};
= cvalcasc(n,c2);

svitcasc(n,2)
svitcasc(n,3)
switcasc(n,4)
svitcasc(n,5)
svitcasc(n,6)
switcanc(n,?)
svitcasc(n,B)
svitcasc(n,9)
svitcasc(n,10)
svitcasc(n,11)
svitcaszc(n,12)
switcasc(n,13)
suitcasc(n,14)
svitcasc(n,15)
svitcasc(n,16)
svitcasc(n,17)
suitcasc(n,18)

cvalcasc(n,c4);

cvalcasc(n,cd);

cvalcasc(n,ch);

cvalcasc(n,c5);

cvalcasc(n,cd);

cvalcasc(n,c3);

cvalcasc(n,c2) + cvalcasc(n,c3) + cvalcasc(n,c4) + cvalcasc(n,cB);
cvalcasc(n,c2) + cvalcasc(n,c3) + cvalcasc(n,c4) + cvalcasc(n,c6);
cvalcasc(n,c7?);

cvalcasc(n,c?);

cvalcasc(n,cB);

cvalcasc(n,cB);

cvalcasc(n,c);

cvalcasc(n,ch);

cvalcasc(n,c?) + cvalcasc(n,c8) + cvalcasc(n,c9);

cvalcasc(n,c?) + cvalcasc(n,c8) + cvalcasc(n,cd);

svitcasc(n,:) = log(uSHR)ermaxeavitcasc(n,:)v1e-12/tpe2;

¥ End Section

sujtend = cvalend;

suitend = log(uSNR)ermaxesvwitendele-12/tpe2;

KXRAALRARAARARLL KK
X DAC Synthesis X
XRAXLAXAXLAXRXLAKX
n = 0; X% Reinitialize global variable

dacsize = 0;

X Add up the suitches connected to DAC, and multiply by 2
it (mod(order,2) == 1)

o = n+d;

svitstart(1) = switstart(1)e2;

suitstart(9) = suitstart(9)e2;

avitstart(19) = svictstart(18)e2;

daceize = switstart(1) + svitstart(9) + switstart(19);

olse
n = né2;

suitstart(1) = svitstart(1)e2;
suitatart(11) = svitstart(11)e2;
dacsize = swvitstart(l) + svitstart(11);

end;

for iter = 1:length(suitstart); ¥ Minimum aize switch
if(svitstart(iter) < 1) svitstart(iter) = 1; end;

end;

while ((n+2) < (order+1))

D = n¢2;

svitcasc(n,1) = svitcasc(n,1)e2;
svitcasc(n,13) = svuitcasc(n,13)*2;
dacsize = dacsize + svitcasc(n,1) + svitcasc(n,13);

for iter = 1:length(switcasc(n,:));
if(svitcanc(n,iter) < 1) svitcasc(n,iter) = 1; end;

end;
end;

daceize = dacsizesl; X Safety Factor

if(daceize < 1) dacsize = 1; end; ¥ Minimum size for DAC

RARALXRKEAXAXLRARKLRN KRR LR AAL LA AR KRR XA REAXRKNRRRRANRAX

% DAC Cspacitance Calculation and Comparator Synthesis %

AXARKXERKRAR NN LKA AN AR LA ALK ARK A AR A A ALK LXK AA KUK ARKAK

Cdac = 2¢dacsizevle-0¢.6e-82Cox*2.0; X Two for n/pmas, Jafety factor, Worst ChAse
cload_comp = Cdacele1bsl; X% Convert to FemtoFarads wvith safety factor

compsyn % Make call to synthesize comparator

KXAXALARKRLXA XKL KA LALARK LR AR ARARA AKX AXLARLAL XXX
X Calculate Load Capacitance and OpAmp Synthesis %
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AXAXXRXRREAA R LA XKLL LR AL LKA XA XKL AX XX RX XX L LA KL XL
cloads = zeros(1,order); % in pF

cin_comp = k_compvle-6¢.5e-0°Cox;

c_nextstage = cin_compelel2; 1 + cvalend;

n = order; I Reinitialize global variable

% Start in roverse order

vhile(n > 3)

cloads(n) = cvalcasc(n,5) + cvalcasc(n,8) + c_nextstage;
cloads(n-1) = cvalcasc(n,1) + cvalcasc(n,?);

c_nextstage = cvalcasc(n,3);

n * n-2;
ond;
if(n == 3)

cloads(n) = cvalstart(4) + cvalstart(9) + c_nextstage;
cloads(n-1) = cvalstart(5) + cvalstart(10);
cloads(n-2) = cvalstart(l) + cvalstart(6);

olzeif(n == 2)

cloads(n) = cvalstart(4) + cvalstart(5) + c.nextstage;
cloads(n-1) = cvalstart(1) + cvalstart(8);

else ’Error -- opamp scaling’; pause;

end;

% Make opamps

cloada = cloadsel; % Safety Pactor

for iter = 1l:order;

filename = sprintf(’opampid.ckt’,iter);

cktname = sprintf(’dopampXd’,j%:x); X Called dopamp#
if(cloads(iter) < 0.1) cload_user = 0.1;

alse cload_user = cloads(iter);

end;

opsyn;

ond;

RRAXLAARAAAANAARAARAKAXAXAKAAA XN KA KA AREAANA KL
% Write Complete Delta Sigma Core to a file %
LAXAXAXXLXARLALLA LA AL ALK LA XA LA AN AL AALRLRXLY
n = 0; % Reinitialize

£id2 = fopen(filename2,’u’);

if £4d2 == -3
filename2 = input(’File write ful, Other put Files: ')
end;

% strin = sprintf(’.subckt %s vina vinb vouta voutb vdd ves vphil vphilb vphi2 vphi2b\n’,name2);
% tprintf(£id2, strin);

% Include comparator and opamp
fprintf(£1d2,’.include comp.ckt\n’);

% Include Opamps

for iter = 1:order;

string = sprintf(’opampXd.ckt’,iter);
fprintf(fid2,'.include %Xs\n’,string);
end;

% Change the capacitor values to Farads

cvalstart = cvalstartele-12; XXAXNXXXXKXXAXANNXAXAXAXX
1f(exint(’cvalcasc’,'var')) cvalcasc = cvalcascele-12; end;
cvalend = cvalendele-12;

%X Change switch/DAC values to Microns

puitstart = suitstartele-6;

if(exist(’svitcasc’,’var’)) swvitcasc = suitcasc*le-6; end;
suitend = svitendele-6;

dacsize = dacsizerle-6;

AALARALARAENLNAARLAAN XL ALK

%X Do a little Tabulation %

RAXRLAXNLAXAARAAXLARA KA AN

cload_total = sum(cloeds)

if(exist(’cvalcasc’,’var’)) cap_total = sum(cvaletart) + sum(sum(cvalcasc));
elsa cap_total = sum(cvalstart);

end;

cap_total = cap_total + cvalend + cload_total/.1#340e-15
if(exinst(’switcasc’,’var’)) suit_total = sum(wvitstart) ¢ sum(sum(switcasc));
olse svit_total = sum(switstart);

ond;

svit_total = swit_total + switend + 4edacsize

pover_total = cload_total/.10200e-6+3.3

opomp_area * cload_total/.19320e-12

% Write the Switch subcircuit

fprintf(£1d2,’.subckt awvitch terml term2 cmtl cotlb vdd ves wid=le-8\n’);

fprintf(£id2, 'masvitch]l terml cntl term2 ves nfet we''vid’' 1e=.6u as=''4e-6euid’'' ads’''2e-6euid’'’ ps='’Be-6+vid'' pd=du\n’);
tprintf(f1d2, 'msvitch2 terml cntlb term2 vdd pfet w=''vid’® 1=.6u as='’4e-Bevid’'’ ad=’’2e-6evid’' ps=''8e-0+vid’’ pd=4u\n’');
fprintf(£id2,’ .ends switch\n\n’); R

% Write beginning section

if(mod(order,2) «= 1)
n = n+3;
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'odd order write’

fprinte(£1d2, 'xXdstla
fprintf(£1d2,’xXdslb
fprintf(£id2, ’xXda2a
tprintf(£1d2, 'xXds2b

fprintf(fid2,'z¥ds3a
fprinte(£1d2, 'xXds3b
fprint?(£1d2, 'xXdsda
fprinte(£id2, 'xXds4b

fprintf(£1d2, ’xXds5a
fprintf(£1d2, 'xXdsbb
fprintf (£1d2, 'xXdsba
fprintf(£1d2, xXdséb

2printf(£id2, xXds7a
fprintf(£id2, 'xXdsTb
tprintf(£1d2,’xXdsBa
fprintf(£142, xXds8b

fprintf(£1d2, 'xXdeda
fprintf(£1d2, 'xXds9b
fprintf (£id2,'zXde10a
fprintf(£1d2, 'xXds1Cl

fprintf(fid2, 'x¥dsila
fprintf (£1d2, 'z¥{ds11b
tprintf(£id2,’xXds12a
fprintf(£1d2, 'xXde12b

fprintf(£1d2,'x¥%dsl3a
fprintf (£1d2,’x¥%ds13b
fprintf(£id2,’zYXdsld4a
fprintf(£id2, 'xXdsi4b

" fprintf(£id2, ’'xXds16a
fprintf(£4d2, 'xXds15b
fprintt(£id2, 'xXds16a
fprintt(£id2, *x)Xds16b

fprintf(£1d2,'xY%ds17a
fprintf(£1d2,’xXds17b
fprintf(£1d2,’2Xds18a
fprintf(£1d2, 'xXds18b

fprintf(£1d2, 'z¥%ds10a
tprintf(£1d2, 'xXds1gb
fprintf(£1d2, 'x%de20a
fprintf(£1d2, 'xXde20b

fprintf(£id2, 'x¥%ds21a
fprintf(£id2, xXds21b
tprint?(21d2, 'xXds22a
fprintf (£1d2,'2Xda22b

fprintf(£1d2, zXde23a
fprintf(£1d2, 'xXds23b
fprintf(£1d2, '2%do24a
fprintf(£id2, 'xkds245b

fprint(£1d2,’cin¥da
fprintf(£1d2,’cinidb
fprinti(£1d2,’c2alda
tprintf(£1d2,'c2n¥db
tprintf(£1d2,'c4n¥da
tprintf(£1d2,’c4nkdb
fprintf(fid2,’'cboXda
fprintf(£1d2,'cbn¥db
fprintf(£1d2, 'cénfda
fprintf(£id2,'cOnXdb
fprintf(£1d2, ’cTnXda
fprintf(£id2, 'cTnidb
fprintf(£id2, 'cBnlda
fprintf(£1d2,’c8oXdb
tprintf(£id2, 'conlda
fprintf(£1d2, ' cOnXdb
tprintf(£1d2,'c10n¥da
fprinte(£id2,’'c10nXdb
tprintf(£1d2,’clinXda
fprintf(£1d2,’c11nXdb
fprintf(£1d2, ’c12nXda
fprintf(£4d2,'c120%db
tprintf(£id2,'c13n)da
fprintf(£1d2,’c13n%db

fprintf(f1d2, 'zopinid
tprintf(£1d2,’s elnid
tprintf(£1d2, 'xop2nXd
fprintf(£id2,’¢ e2n)d
fprintf(£1d2, 'xop3nid

vdaca nidvia vphil vphilb vdd vss suitch vid=Xe\n’,n,n,switstart(1));
vdach nldvib vphil vphild vdd ves switch wid=Ye\n’,n.n,suitstart(1));
0 nXdvia vphi2 vphi2b vdd ves switch vid=Xe\n’,n,n,svitstart(2));
0 nXdvib vphi2 vphi2b vdd ves suitch vid=¥e\n’,n,n,svitstart(2));

vina nXdv2a vphil vphilb vdd vas svitch vid=Xe\n’,n,n,svitstars(3));
vinb nXdv2b vphil vphilb vdd ves switch wideXe\n’,n,n,svitstart(3));
0 nXdv2a vphi2 vphi2b vdd vas suitch videY¥e\n’,n,n,svitstart(4));
0 nXdvab vphi2 vphi2b vdd ves svitch vid=Xe\n’,n,n,switstart(4));

nXdv3a nXdv4a vphi2 vphi2b vdd vz3 switch wideXe\n’,n,n,n,svitstart(5));
nXdv3b nY¥dvéb vphi2 vphi2b vdd ves ssitch wids=Xe\n’,n,n,n,svitstart(5));
0 nXdv3a vphil vphilb vdd vss switch wid=Xe\n’,a,n,suitstart(6));
0 nXdv3b vphil vphild vdd ves switch wid=Xe\n’,n,n,svitstart(8));

nXdv6a n¥Xdv6a vphil vphiit vdd vss svitch wid=Xe\n’,n,n,n,svitstart(7));
oXdv5b nXdvéb vphil vphiib vdd vss svitch videXe\n’,n,n,n,svitstart(?));
0 n¥dvéa vphi2 vphi2d vdd ves svitch videXe\n’,n,n,switstart(8));
0 nXdv6b vphi2 vphi2b vdd vss switch wideXe\n',n,n,switatart(8));

vdaca n%dv8a vphil vphilb vdd vss svitch wid=Xe\n’,n,n,svitstart(9));
vdacbh nXdv8b vphil vphilb vdd ves svitch wid=Xe\n’,n,n,switstart(9));
0 nXdvBa vphi2 vphi2b vdd vas switch wid=Xe\n’,n,n,switstart(10));
0 nXdv8db vphi2 vphi2b vdd ves svitch wid=Xe\n’,n,n,svitstart(10));

vina nXdvBa vphil vphilb vdd vss switch wid=Xe\n’,n,n,suitstart(11));
vinb nXdvSo vphil vphilb vdd ves suitch wid=Xe\n',n,n,switstart(11));
0 nXdvBa vphi2 vphi2b vdd ves switch wid=Xe\n’,n,n,switstart(12));
0 n%dvSb vphi2 vphi2b vdd ves switch wid=Xe\n',n,n,switstart(12));

nXdvob n¥dviOa vphil vphilb vdd vss switch wvid=Xe\n'’,n,n,n,svitstart(13));
nXdvoa nXdviOb vphil vphilb vdd vus switch wid=Xe\n',n,n,n,svitstart(13));
0 n¥dvi0a vphi2 vphi2b vdd vss switch wid=Xe\n’,n,n,suitstart(14));
0 n%dviOb vphi2 vphi2b vdd vas switch vid=Xe\n’,n,n,switstart(14));

nXdv7a nXdvila vpbhil vphilb vdd vas svitch vid=Xe\n’',n,n,n,switstart(15));
nXdv7b nXdvilb vphil vphitb vdd veo switch vid=Xe\n’,n,n,n,switstart(16));
0 nXdv?a vphi2 vphi2b vdd ves svitch vid=Xe\n',n,n,svitstart(16));
0 nXde7b vphi2 vphi2b vdd ves .witch wideXe\n’,n,n,szitstart(16));

nXdvi2a nXdvi3a vphil vphii® vdd vas switch vid=Xe\n’,n,n,n,svitstart(17));
n¥Xdvi2b pXdvi3b vphil vphilb vdd vas switch wid=Xe\n’,n,n,n,switstert(17));
0 nXdvi3a vphi2 vphi2b vdd vas svitch wid=Xe\n’,n,n,suitstart(18));
0 n%dvi3b vphi2 vphi2b vdd vss switch wid=%e\n’,n,n,switstart(18));

vdaca nXdvi6a vphil vphilb
vdacb n¥dv15b vphil vphilb
0 nXdviSa vphi2 vphi2b vdd
0 nXdvibb vphi2 vphizb vdd

vdd vss switch vid=¥e\n’,n,n,svitstart(19));
vdd vss switch wid=Xe\n’,n,n,svitstart(18));
vss suitch wid=Xe\n',n,n,svitstart(20));
vas svitch wid=Xe\n’,n,n,svitstart(20));

vina nXdvi6a vphil vphilb vdd vss switch wid=¥Xe\n’,6n,n,switstart(21));
vinb nYdv16b vphil vphilb vdd ves switch wideXe\n’,n,n,switetart(2!));
0 nXdviGa vphi2 vphi2b vdd vss switch wid=Xe\n’,n,n,switstart(22));
0 nXdvi6b vphi2 vphi2b vdd vss switch wid=YXe\n’,n,n,switstart(22));

nXdvida nXdvi7a vphi2 vphi2b vdd vss switck wid=Xe\n’,n,n,n,svitstart(23));
a%dvi4b nXdvi7b vphi2 vphi2b vdd vss swvitch wid=Xe\n’,n,n,n,svitstart(23));
O nXdvi4a vphil vphilb vdd ves switch vid=Xe\n’,n,n,suitstart(24));
0 oXdvi4b vphil vphiib vdd vos switch wid=Xe\n',n,n,switstart(24));

n¥dv4a n¥dvSa Xe\n',n,n,n,cvalstart(1)):

nXdv4b n¥dv6b Xe\n’',n,n,n,cvalstart(1));
nXdvi¥c n¥dv3a %e\n’,n,n,cvalstartsgna(2),n,cvalstart(2));
n¥dviXe nXdv3b Xe\r’,n,n,cvalstartsgnb(2),n,cvalstart(2));
o¥dv2Xc nXdv3a %e\n’,n,n,cvalstartsgna(3),n,cvalstart(3));
n%dv2Xc n¥dv3b Xe\n’,n,n,cvalstartsgnb(3),n,cvalstart(3));
nXdviOa nXdv7b Xe\n’,n,n,n,cvalstart(4));

n¥{dv10b nXdv7a ¥e\n',n,n,n,cvalstart(4));

n¥dvila nXdvi2a Xe\n’,n,n,n,cvaletart(6));

n%¥dviidb n¥dvi2b Xe\n’,n,n,n,cvalstart(5));

nY.d76a n%dv7b Xe\n’,n,n,n,cvalstart(6));

n¥dv6b nXdv7a ¥e\n’,n,n,n,cvalstart(6));

nXdv8Xc nXdv7b Xe\n'’,n,n,cvalstartsgna(7),n,cvalstart(7));
nXdv8Xc n¥dv7a Xe\n',n,n,cvalstartsgnb(7),n,cvalstart(7));
oXdvdXc nXdv7b Xe\n’,n,n,cvalstartsgna(8),n,cvalstart(8));
nidv8¥%c nXdv7a Xe\n’,n,n,cvalstartsgnb(8),n,cvaletart(8));
n%dviTa n¥dvoa ¥%e\n’,n,n,n,cvalstart(9));

nXdvi7b nXdvob Xe\n’,n,n,n,cvalstart(9));

n¥%dvida nXdvi4a Ye\n’,n,n,n,cvalstart(10));

n¥dvi3b nXdvi4b Xe\n’,n,n,n,cvalstart(10));

nXdv1sXc nXdvida Xe\n’,n,n,cvalstartsgna(il),n,cvalstart(i1));
aXdvib¥e nXdviadb Xe\n’,n,n,cvalstartsgnd(11),n,cvalstart(11));
nXdvi6¥%c nXdvida Xe\n’,n,n,cvalstartsgna(12),n,cvalotart(12));
nXdviéXc nXdvid4b Xe\n’,n,n,cvalstartsgnb(12),n,cvalatart(12));

n¥dvdb nXdv4a nXdvSa nldv6b vdd vas vcmfbinXd vphil vphiib vphi2 vphi2b dopamp¥Xd\n’,n,n,n,n,n,n,n-2);

nXdvbb nXdvba vcvs nXdv4a nXdv4b 16 max=2.5 min=-2.6\n’,n,n,n,n,n);

nXdviib nXdvila nYdvi2a nXdvi2b vdd ves vcmfb2nXd vphil vphilb vphi2 vphi2b dopamp¥d\n’,n,n,n,n,n,n,n-1);

nXdvi2b n¥dvi2a vcve nXdvila nXdviilb 1e6 max=2.5 min=-2.6\n’,n,n,a,n,n);

nXdvi7b nXdvi7a nXdvoa nXdvob vdd ves vcmfb3n¥d vphil vphilb vphi2 vpbi2b dopampXd\n’,n,n,n,n,n,n,n);
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fprintf(£1d2,’= e3n%d nldved nidvoa vcvs nXdvi7a n¥dvi7b 1e6 maz*2.5 min=-2.5\n’,n,n,n,n,n);

else
n = n¢2;
'even order vrite’

fprintf(£1d2, 'zXdsla vdaca nXdvia vphil vphilb vdd vea switch wideXe\n’,n,n,svitstart(1));
fprintf(£142, x%dalb vdacb n¥dvib vphil vpbilb vdd vss svitch wid=¥e\n’,n,n,svitstart(1));
fprintf(£id2,’z%ds2a O nXdvia vphi2 vphi2b vdd vss switch vid=Xe\n’,n,n,svitstart(2));
fprintf(£1d2, 'xXds2b O nXdvib vphi2 vphiZb vdd vas switch wid=Xe\n’,n,n,svitstart(2));

fprintf(£1d2,'xXds3a vica nldv2a vphil vphilb vdd ves svitch wid=Xe\n’,n,n,svitstart(3));
fprintf(£1d2, 'zXds3b vinb nXdv2b vphil vphilb vdd vws switch wide=Xe\n’,n,n,svitstart(3));
fprintf(£1d2,'z¥dsd4a O nYdv2a vphi2 vphi2b vdd vss switch wid=Xe\n’,n,n,suitstart(4));
tprintf(£id2, 'xXds4b O nldv2b vphi2 vphi2b vid ves svitch wid=Xe\n’,n,n,svitstart(4));

tprintf(£id2, 'xXds5a nXdvob nXdvda vphil vphiib vdd ves svitch wvid=Xe\n’,n,n,n,switstart(h));
fprintf(£id2, 'xXds5b nXdvos n¥dv3db vphil vphilb vdd vss svitch videXe\n’,n,n,n,svitstart(6));
fprintf(£1d2,'xXds6a O n¥dvda vphi2 vphi2b vdd ves svitch widuXe\n’,n,n,svitotart(6));
fprintf(£1d2,'x1ds6b 0 nXdv3b vphi2 vphi2b vdd vas switch vid=Xe\n’,n,n,suvitstart(6));

tprintf(£id2, 'xXde7a nXdv4a nXdvSa vphil vphilb vdd vss switch wid=Ye\n’,n,n,n,svitstart(7));
tprintf(fid2, xXds7b nYdv4b nXdvbb vphil vphilb vdd ves suitch vid=Xe\n’,n,n,n,svitstars(7));
tprintf{£id2,'xXde8a O nXdvd4a vphi2 vphi2b vdd ves svitch wid=Xe\n’,n,n,svitstart(8));
fprintf(£1d2, 'xXde8b 0 nYdv4b vphi2 vphiZb vdd vss svitch wid=Xe\n’,n,n,svitstart(8));

tprintf(£1d2, 'xXds9a nXdvéa n¥dv7a vphil vphilb vdd vss svitch vid=Xe\n’,n,n,n,suitstart(9));
tprintf(£id2,'xXdsSb n¥dvéd nXdv7b vphil vphilb vdd vss svitch wid=Xe\n’,n,n,n,svitstart(9));
fprintf(£1d2,°xXds10a 0 n¥%dv7a vphi2 vphi2b vdd vas suitch videXe\n',n,n,svitstart(10));
tprintf(£id2, 'xXds10b O n¥dv7b vphi2 vphi2b vdd vss svitch vid=Xe\n’,n,n.switatart(10));

tprintf(fid2,'xXds1ia vdaca nXdv9a vphil vphilb vdd ves svitch vid=Xe\n’,n,n,suitstart(11));
fprintf(£id2, xXds11b vdacb nXdvdb vphii vphilb vdd ves switch vid=Ye\n’,n,n,svitstart(11));
fprintf(£id2,’x%ds12a 0 nXdv@a vphi2 vphi2b vdd vss switch wid=Xe\n’,n,n,svitstart(12));
tprintf(£1d42,'x%ds12b O n¥Xdv@b vphi2 vphi2b vdd ves switch wideXe\n’,n,n,svitstart(12));

tprintf(£id2, 'xXds13a vina nXdviOa vphil vphiib vdd ves svitch vid=Ye\n’,n,n,svitstart(13));
fprintf (£1d2, *xXds13b vinb nXdv1Ob vphil vphilb vdd vss svitch wid=YXe\n',n,n,svitstart(13));
fprintf(f1d2,'xXds14a O n¥%dv10a vpbi2 vphi2b vdd vss switch wid=Ye\n’,n,n,svitstart(14));
fprin-f(£1d2,’xXds14b O nXdviOb vphi2 vphi2b vdd vas switch vid=Xe\n’,n,n,switstart(14));

fprintf(f1d2, 'zXds16a n%dv8a nXdvila vphi2 vphi2b vdd vas switch wideXe\n’,n,n,n,evitstart(16));
fprintf(£1d2, 'xXds16b nXdv8db nXdvilb vphi2 vphi2b vddé vss svitch wideXe\n’,n,n,n,svitstart(15));
fprintf(fid2, 'xXds16a O nXdvBa vphil vphilb vdd vss switch vid=Xe\n’,n,n,svitstart(16));
fprintf(£id2,'xXds1€b O nXdv8b vphil vphiib vdd vss switch wid=fe\n’,n,n,switstart(16)};

fprintf(£id2, 'cinXda nXdv5a nldvéa Xe\n’,n,n,.n,cvalstart(1));
tprintf(£id2,’cinXdb nXdv5b nXdvéb Xe\n’,n,n,n,cvalstart(1));
fprintf(£142,'c2nXda nXdvific nXdv4b Xe\n’,n,n,cvalstartsgna(2),n,cvalstart(2));
fprintf(£1d2,’c2nXdb nXdviXc nXdvda Xo\n’,n,n,cvalotartsgnb(2),n,cvalstart(2));
fprintf(£id2,’'cinXda n¥dv2ic n¥dvdb Xe\n’,n,n,cvalstartsgna(3),n,cvalstart(3));
fprintf (142, 'c4nXdb nXdv2ic nXdv4a Xe\u’,n,n,cvalstartsgab(3) ,n,cvalatart(3));
fprintf(£id2,'cbnlda nldv3a nXdv4b Xe\n’,n,n,n,cvalstart(4));
tprintf(£142,'c6nXdb nXdv3b nXdvéa Xe\n’,n,n,n,cvalstart(4));
fprintf(£id2, 'c6aXda nldviia nXdvoa Xe\n’,n,n,n,cvalstari(6));
fprintf(£id2,'c6aXdb oXdviib nXdvub Xe\n’,n,n,n,cvalstart(6));
fprintf(£1d2,'c7nXda nXdv7a nXdv8a Xe\n’,n,n,n,cvalstart(6));
fprintf(£id2,’c7nXdb =Xdv7b nXdv8b Xe\n’,n,n,n,cvalstart(6));
fprintf(£id2,'cBnXda nY¥dvdXc nXdvBa Xe\n’,n,n,cvalstartsgna(7),n,cvalstart(?));
fprintf(£1d2, 'cBo¥%db nXdvd¥%c nXdv8b Xe\n’,n,n,cvalstartsgnb(7),n,cvelstart(?));
fprintf(£id2,'c9nXda nXdviOXc nXdvBa Xe\n’,n,n,cvalstartegna(8),n,cvalstart(8));
tprintf(£id2,’cOnXdb nXdviOXc n¥dv8b Xe\n’,n,n,cvalstartsgnb(8),n,cvalstart(8));

fprintf(£1d2, 'zopinXd nXdvéb nXdvSa nXdvOa nXdv8b vdd vss veafbinXd vphil vphiilb vphi2 vphi2b dopampXd\n’,n,n,n,n,n,n,n-1);
fprintf(£id2,'s einXd nidvéb nYdv6a vcvs nXdvba nXdvbb 1e6 max=2.5 min=-2.6\n’,n,n,n,n,n);

fprintf (£1d2, 'xop2nXd nXdvilb nXdvila nfdvoa nXdvob vdd ves vcmfb2n¥d vphil vphilb vphi2 vphi2b dopampid\n’,n,n,n,n,n,n,n);
fprintf(£1d2,’e e2n%d nXdvob nXdvoa vcvs nXdviia nXdvilb 1e6 max=2.6 min=-2.6\n’,n,n,n,n,n);

end;

% Write each cascaded section
vhile ((n+2) ¢ (order+1))

n = n¢2

'even casc write’

fprintf(£1d2, 'x%dsla vdaca nXdvia vphil vphilb vdd ves svitch vid=Xe\n’,n,n,switcasc(n,1));
fprintf(£1d2, 'x%dslb vdacb nXdvib vpkil vphilb vdd ves svitch wid=Xe\n’,n,n,svitcasc(n,1));
fprintf(£id2, 'xXds2a O nXdvia vphi2 vphi2b vdd ves svitch vid=Xe\n’,n,n,svitcasc(n,2));
fprintf(£1d2, 'z¥%ds2b O nXdvib vphi2 vphi2b vdd vss switch wid=Xe\n'’,n,n,svitcasc(n,2));

fprintf(£1d2,'x%ds3a vina n%dv2a vphil vpkilb vdd vss evitch wideXe\n’,n,n,svitcasc(n,3));
fprintf(£1d2, 'xXds3b vinb nXdv2b vphil vphilb vdd vss switch vid=Xe\n’,n,n,svitcasc(n,3));
tprintf(£1d2, 'zXdsda O n¥dv2a vphi2 vphi2b vdd ves switch wid=Xe\n’,n,n,svitcasc(n,4));
tprintf(£id2, 'x%de4b O nXdv2b vphi2 vphi2b vdd ves switch wid=Xe\n’,n,n,suitcasc(n,q));

fprintf(£1d2,'s1ds5a nXdvob n%dv3a vphil vphilb vdd vss svitch wideXe\n’,n,n,n,switcasc(n,b));
tprintf(£id2, 'x%Xde6b nXdvoa nXdv3b vphil vphilb vdd vss suitch vid=Xe\n’,n,n,n,switcasc(n,b));
fprintf(f1d2,'x%ds6a O n¥Xdv3a vphi2 vphiZb vdd ves svitch vid=Xe\n’,n,n,svitcasc(n,8));
fprintf(fid2,’'xXds6b 0 nXcv3b vphi2 vphi2b vdd ves switch wid=Xe\n’,n,n,svitcasc(n,6));

tprintf(£1d2, 'x%ds7a nldvoa nXdv4a vphil vphilb vdd ves svitch vid=Xe\n'’,n,n-2,n,svitcasc(n,7));

tprintf(fid2,’x%ds7b nXdvob nldv4b vphil vphilb vdd ves switch vid=le\n’,n,n-2,n,svitcasc(n,?));
fprintf(£id2, 'xXdsBa O nXdv4a vphi2 vphidb vdd ves svitch vidsXe\n’,n,n,svitcasc(n,8));
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tprintf(£id2, 'x1de8b

fprinte(£1d2, 'xXdeba
fprintf(£1d2, 'xXds8b
fprint£(£1d2, 'xXds10a
tprintf(£1d2,'xXds10b

fprintf (£1d2, zXdslla
tprintf(£id2, 'xXds11db
fprintf(£id2, 'xXdoi2a
tprintf(£id2,'x1dsl2d

tprintf(£1d2, 'zxXds13a
fprintf(£4d2, *x¥Xds13b
fprintf(£1d2, 'x%dslda
fprintf(£142, 'xXds14b

tprintf (2142, 'xXds16a
tprintf(£1d2, 'xXds16b
tprintf(£1d2, 'xXds16a
2printf(£1d2, 'xXds16b

fprintf(£1d2,'x1de17a
fprintf(£1d2, 'xXdsi?d
fprintf(£1d2, 'xXds18a
tprintf(£1d2, 'xXds18b

fprintf(£1d2,'cinXda
fprintf (2142, 'cinXdb
tprintf(£1d2, 'c2nXda
fprintf(£id2, 'c2nldb
fprintf(£1d2,'c3nida
fprintf(£id2, 'c3n%db
fprintf(fid2, 'c4n¥da
fprintf(fid2, 'c4n’db
fprintf(£1d2, 'cbnXda
fprintf (£id2,’cSn¥db
fprintf(£id2, 'cénXda
tprintf(£1d2, 'c6nXdb
tprintf(fid2, ’c7nXda
fprintf(£1d2,'c7n¥dd
fprintf(£id2, 'cBnida
fprintf(£id2, c8aXdd
fprintf(£id2, 'cOnlda
tprince(£id2, 'cOnXdb

0 nXdv4b vphi2 vphi2b vdd vss suwitch wid=¥e\n’,n,n,svitcasc(a,B));

0 nXdv6a vphi2 vphi2b vdd vss svitch wid=Xe\n’,n,n,switcasc(a,9));
0 nXdvSb vphi2 vphi2b vdd ves svitch widsXe\n'’,n,n,svitcasc(n,9));
nXdvEa nXdv6a vphil vphilb vdd vss switch v.d=Xe\n’,n,n,n,svitcasc(n,10));
nXdv5h nXdvéb vphil vphilb vdd vss switch vidcXe\n’,n,n,n,svitcasc(n,10));

nXdv7a nXdvBa vphil vphilb vdd vas svitch wid=Xe\n’,n,n,n,svitcasc(n,11));
0Xdv7b nXdv8b vphil vphilb vdd vss switch wid=Xe\n’,n,n,n,svitcasc(n,11));
0 oXdvBa vphi2 vphi2b vdd vss switch vid=Xe\n’,n,n,svitcasc(n,12));
0 nXdvBb vphi2 vphi2b vdd ves suitch wid=Xe\n’,n,n,svitcesc(n,12));

vdaca n{dviOa vphil vphilb vdd vse owitch videXe\n’,n,n,evitcasc(n,13));
vdecb nYdviOb vphil vphilb vdd vss switch videXe\n’,n,n,suitcasc(n,13));
0 nXdviOa vphi2 vphi2b vdd vss switch wid=Xe\n’,n,n,switcasc(n,id));
0 nXdviOb vphi2 vphi2b vdd ves suitch wid+Xe\n’,n,n,switcasc(n,14));

vina nXdvila vphii vphilb vdd ves switch vid=Xe\n’,n,n,svitcasc(n,16));
vinb nXdviib vphil vphilb vdd ves switch vid=Xe\n’,n,n,svitcasc(n,16));
0 n¥Xdvila vphi2 vphi2b vdd ves suitch wid<Xe\n’,n,n,svitcasc(n,16));
0 nXdvilb vphi2 vphi2b vdd ves switch wid=Xe\n’,n,n,svitcasc(a,18));

0 nXdvBa vphil vphiilb vdd vess switch wideXe\n’,n,n,owitcasc(n,17));
0 nXdvOb vphil vphilb vdd vas switch wid=Xe\n’,n,n,svitcasc(n,17));
nXdvOa nXdvi2a vphi2 vphi2b vdd vss svitch wid=Xe\n’,n,n,n,svitcasc(n,18));
nXdvob nXdvi2b vphi2 vphi2b vdd vss switch wid=Ye\n'’,n,n,n,svitcasc(n,18));

nXdv6a nXdv7a Xe\n’,n,n,n,cvalcasc(n,1));
nldvéb nYdv?b Ye\n’,n,n,n,cvalcascin,l));
uXdviXc oXdvsb Xe\n’,n,n,cvalcascsgna(n,2),n,cvalcasc(n,2));
oXdviXc nXdv5a Xe\n’,n,n,cvalcascegnb(n,2),n,cvalcasc(n,2));
nXdv4a nXdv5b Xe\n’,n,n,n,cvalcasc(n,3d));
nYdv4b nXdv6a Ye\n’,n,n,n,cvalcasc(n,3));
oXdv2Xc nXdv5b Xe\n’,n,n,cvalcascsgna(n,4),n,cvalcasc(n,d));
n¥dv2Xc n¥dv6a Xe\n’,n,n,cvalcascagnb(n,4),n,cvalcasc(n,4));
n¥dv3a nXdv6b Xe\n’,n,n,n,cvalcasc(n,b));
n¥dv3b nYdv6a Xe\n’,n,n,n,cvalcasc(n,b));
nXdvi2a n¥dvoa Xe\n’,n,n,n,cvalcasc(n,6));
nXdvi2b nYdvob Xe\n’,n,n,p,cvalcasc(n,8));
nXdv8a nXdv@a Xe\n’,n,n,n,cvalcasc(n,7));
nXdv8b nXdvéb Ye\n’,n,n,n,cvalcasc(n,7));
nXdv10¥c n¥dvPa Xe\n',n,n,cvalcascsgna(n,8),n,cvalcasc(n,8));
nXdv10Xc nXdvb Xe\n’,n,n,cvalcascagnb(n,8),n,cvalcasc(n,B));
nXdvil¥c n¥Xdvoa Xe\n',n,n,cvalcascagnu(n,9),n,cvalcasc(n,9));
o¥dviiXc nXdveb Xe\n’,n,n,cvalcascsgnb(n,9),n,cvalcasc(n,9));

fprintf(£4d2, 'xopinXd n¥dvéb nXdv6a nXdv7a nXdv7b vdd vas vemfbinXd vphil vphilb vphi2 vphi2b dopamp¥d\n’,n,n,n,n,n,n,n-1);

fprintf(tid2,’'s einid

nXdv7b nXdv7a vcvs nXdv6a nXdvSb 1e6 mex=2.5 min=-2.6\n',n,n,n,n,n);

fprintf(£id2, 'zop2nXd nXdvi2b nXdvi2a nXdvoa nXdvob vdd ves vcmfb2nXd vphil vphiib vphi2 vphi2b dopamp¥d\n’,n,n,n,n,n,n,n);

fprintf(£id2,’'s e2nXd
end;

X Write the extra cap
‘end vrite’
tprintf(£1d2, 'xcomp n!

nYdvob n¥dvoa vcvs nYdvi2a nXdv12b 1e6 max=2.5 min=-2.6\n’,n,n,n,n,n);

and DACs

Idvoa nXdvob vouta voutb vdd vss vphil coep\n’,n,n);

fprintf(£1d42,’mdacla vdaca vouta vdd vdd pfet weXe
fprintf(£id2, 'mdaclb vdaca vouta vss ves nfet v=Xe
fprintf(£1d2, 'mdaclc vdacb voutb vss vss nfet v=Ye
fprintf(£1d2,'adacld vdacb voutb vdd vdd pfet weYe

if (order == 2)
fprinte(£1d2, 'xends100a
tprintf(£1d2, 'zende100b
tprintf(£1d2, ’zends101a
fprintf(£i42, ’xends101b
tprintf(£1d2, 'cinXdenda
fprintf(£id2, *cinXdendb
elueif (order == 3)
tprintf(£id2, xends100a
fprintf(£id2, 'xends100b
fprintf(f1d2, 'zends101a
tprintf(£1d2, 'xends101b
tprint2(£1d2, 'cin¥dends
tprintf(£1d2, 'claldendd
else

tprint£(£1d2, 'xendsi00a
fprintf(£id2, 'xends100b
tprintf(f1d2, 'zends10la
fprintf(£4d2, 'zends101b
fprintf(£1d2, ‘cinXdenda
fprintf(£1d2, ’cinXdendd
end;

0 nendvia vphi2 vphi2b vdd

1=
1=
1=
1=

.6u as=Xe ade¥e pssXe pd=du\n’,dacsize,4e-6%dacsize,2e-6¢dacsize,Ba-6+dacsize);
.5u as=Xe ade=Xe pse¥e pdedu\n’,dacsize,4e-0¢dacsize,2e-6*dacsize,Be-0+dacsize);
.6u susXe ad=¥e ps=Xe pd=4u\n’,dacsize,de-6edacaize,2e-6+dacsize,Be-6¢dacsize);
.5u as*Xeo ad=%e ps=Xe pd=4u\n’,dacsize,de-6+daceize,20-6¢dacsize,Be-6+dacsize);

s svitch vid=YXe\n'’, svitend);

0 nendvib vphi2 vphilb vdd vas asvitch wid=Xe\n’,switend);
vioa nendvia vphil vpbilb vdd vss switch vid=Xo\n',svitend);
vizb nendvib vphil vphilb vdd vss svitch vid=Xe\n’,switend);
nendvib nXdviia Xe\n'’,n,n,cvalend);

nendvia n¥dviib Ye\a’,n,n,

valend);

0 nendvia vphi2 vphiZb vdd ves switch wid=Xe\n’,suitend);

0 nendvib vphi2 vphi2b vdd vas switch wid=Xe\n’,switond);
vina nendvia vphil vphilb vdd vas switch wid=Xe\n’,switend);
vinb nendvid vphil vphilb vdd vss switch wid=Xe\u’,svitend);
nendvib nYdvi7a Ye\a’,n,n,cvalend);

nendvia nXdvi7b Ye\n'’,n,n,cvalend);

0 nendvia vphi2 vphi2b vdd vss switch wideXe\n’,switend);

0 nendvib vphi2 vphi2b vdd ves switch videYe\n’,svitend);
vina pendvia vphil vphilb vdd ves switch wid=Xe\n',svitend);
vinb nendvib vphii vphilb vdd vss svitch vid=Xe\n’, svitend);
nendvib nYdvi2a %e\n'’,n,n,c/:'end);

nendvia n¥dvi2d ¥e\n’,n,n,cvalend);

% Add some helpful information
% strin = sprintf(’.ends ¥s\n’,name2);

X fprinte(fid2, strin);

fprintf(£id2,’s umar = %e\n’,umax);
tprintf(£id2,’s order = Xd OSR = Xd £0 = Xe\n’,order,0SR,£0);

status = fclose(£1d2);
if status == -1

'Closing vas not Successful’;
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Voile!’
cputime-timetoc X Shov Tims it took

A.2 Operational Amplifier Synthesis Script
opsyn.m

% Matlab Tool for MicroSensor Operational Amplifier Synthesis
% Mark Shane Peng, Started 10/24/97

% Last Updated 01/02/98

¥ Nov implements Fully Differential Opamp

X vith higher gain (let Stage Cascode)

X Program creates a subcircuit file for SPICE - a subcircuit for each stage.
% things that need to be met: vcmfb, cload_user, filenmame, X. name

X Default Values

it (exist(’vcafb’,’'var’));
else veathb = 0, x = 1,

end;

it (exist(’cload_user’,’'var’));
else cload_user = 1,

eond;

if (exist(’filename’,’'var’));
else filenaze = ’opamp.sp’,
end;
if(exist('cktname’,’var’));
else cktname = ’opamp’,

end;

% Transistor Vector

% m<xtr nams> = [<3tr name> <drain> <(gate> Csource> Cbody> <N/PHOS> <width> <length>)
% Default units are um

Xname = 1;

Yuids = 2;

Xlens = 3;

X CHMOS Transisiors
Ip = 0;
%n = 1;

% Later Can Change

diffxtrs = [1 4e-6 .5e-6; % 1st Stage
2 4e-6 .5e-6;

3 5e-6 1e-6;
4 60-6 le-6;
5 500-6 1e-6;
6 50e-6 1e-6;
7 50e-6 1e-8;
8 50e-6 1e-6;
9 160-6 10-6; X Cascode xtrs

10 160-6 1e-6;

11 Ge-6 1e-6;

12 Be-8 1e-6;]);

biasztrs = [1 10e-6 le-6; % Curr Source Itr
2 Be-3 1e-6; X 1st Stage load bias

3 10e-6 1e-6;

4 Ga-8 le-6;

6 20-6 1e-6; % CM Curr Mirr

0 20-6 1le-6;

7 2¢-8 1¢-6;

B8 3e-6 1e-6;

9 80-6 1e-6; % Tall curreat ln first stage
10 2¢-6 1e-6;

11 Ge-6 1e-6; X Cascode Bias

12 10e-6 le-6;

13 1e-6 2¢-6;];

camfbztrs = [1 1e-6 .6e-6; % SC CMFB
1e-8 .Be-8;

l1e-6 .b6e-6;

le-6 .5e-6;

1e-6 .6e-6;

le-6 .6a-6;

10-6 .Ge-6;

1e-6 .6e-8;];

ceafb = 60e-16; %L F

rcomp = 3e3; X Units aro Oha
ccomp = 70e-15; % Units are F
cload = 100e-15; X Units are F
curr = 16e-6; X Units are in amp

O~NOOCsEWLL

X Start program
'Operational Amplifier Synthesis - constant scaling factors - Differential’
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1 Optional runtime stuff
¥ cload_user = input(’Please Input the Load Capacitor (in pP):
X filename = imput(’Cutput file: °*,’s’)

% Scale by capacitor load: 100f <= cload_user <= 10p
k = cload_userele-12/cload;
diffxtrs(;,vide) = diffxtrs(:,vids)ek;
biasxtrs(:,wids) = biasxtrs(:,wids)ek;
cmfbrtrs(:,wids) = cafbxtrs(:,vids)ek;
rconp = rcomp/k;

ccomp = ccompek;

ccufb = ceafbek;

cload = cloadek;

curr = currek;

% end;

% Tack on geometry info. as=4.0usw ad=2.0ew ps8.Ou+v pd=4.0u
for pe=1:lengtb(diffxtrs(:,1))

pvid = diffxtrs(p,vids);

odiffxtrs(p,:) = [diffxtre(p,:) 4e-Gepuid 2e-8epvid Be-O+puid
end;

for p=1:length(biasxtra(:,1))

pvid = biasxtra(p,wids);

obiasxtrs(p,:) =~ [bilasxtrs(p,:) 4e-8epuid 2e-8spuid Be-6+pwid
end;

for pe=1:length(catbxtrs(:,1))

pvid = cafbxtre(p,vids);

ocafbxtrs(p,:) = [cmfbxtrs(p,:) 4e-6epvid 2e-6epvid Be-G64puvid
ond;

== 0.5um process

4e-6];

40-0];

4e-6];

% Open File

£id = fopen(filename,'v’);

if 21d == -}

filename = input('File write unsuccessful, Other Output file:
end;

)

X Write it to a SPICE FILE with subckt parameter,

%X can then just .include it in analysis one

atrin = sprintf(’.subckt %s vi+ vi- vo+ vo- vdd vss veatb vphil vphilb vphi2 vphi2b\n’,cktnase);
fprintf(fid, strin);

% Current Source

fprinte(fid, 'i1

tprintf(fid, ’ambXd
fprintf(fid, 'mbid
fprintf(fid, ’'=mbXd
fprintf(fid, 'mb%d
fprintf(fid, ‘ab¥%d
fprintf(fid, ’'mbYd
fprinte(fid, ’ambid
fprintf(fid, 'mbXd
tprintf(tid, ‘'abXd

vbl ves Xe\n',curr);
vbl vbl vdd vdd pfet
vil vbl vdd vdd pfet
vb7 0 vil vdd pfet
vb7 vb7 ves vas nfet
vi2 7bl vdd vdd pfet
vb8 0 vi2 vdd pfet v=le l=le as=Xe ad=Xe ps=Xe pd=Ye\n’, obiasztrs(12,:));

vb8 vb8 vsa vss nfet w=Xe leXe as=Xe ad=Xo ps=Xe pd=YXe\n’, obiasxtrs(13,:));

vfb2 vfb2 vdd vdd pfet wele 1=Xe as=Xe ad=Ye ps=Xe pdeXe\n', obiasxtrs(5,:));
vIb2 vcafb ves ves nfet v=Xe l=¥e as=Xe ad=Ye ps=Xe pd=Xe\n’, obiasxtrs(6,:));

ad=YXe
ad=fe
adeXe
ad=Ye
ad=Ye

pa=%e pd=¥e\n’,
pa=Xe pd=Xe\n’,
ps=%e pa=Ye\n’,
ps=%e pd=Ye\n’,
ps=Xe pd=Xe\n’,

objasxtrs(1,:));
obiasxtrs(2,:));
obiasxtrs(3,:));
oblasxtra(4,:));
obiasxtrs(11,:));

1=%e as=Xe
1=Xe as=Xe
1=%e as=Xe
1=%e assle
1=Xe as=Xe

veie
v=%e
v=le
v=eo
v=Xe

vb8 vbl vdd

tprintf(fid,
tprinte(fid,
fprintf(fid,
fprintf(fid,

'mbXd
'mbXd
rebXd
» nu

vdd pfet
vss nfet
vdd pfet
vdd pfet

vb8 vb6 ves
vs vbl wvdd
vs v£b2 vdd

vale l=Xe assXe
vele l=Xe ascie
wele l=Xe as=Xe
urYe 1=Xe as=Ye

ad=%e
ad=%e
ad=Ye
ad=%e

ps=Xe pd=Xe\n’,
ps=Xe pd=Xe\n’,
pseXe pd=Xe\n’,
ps=%e pd=Xe\n’,

obiasxtrs(7,:));
oblasxtrs(8,:));
obiasxtrs(9,:));
oblasxtrs(10,:));

% Differential Pair Transistors

tprintf(fid, ’'mld vdl vi- vs vdd pfet u=Xe 1l=Xe as=Xe ad=Ye pss=Xe pd=Xe\n’, odiffxtrs(1,:));
fprintf(fid, ’aXd vd2 vis vs vdd pfet w=le 1l=Xe as=Xe ad=Xe ps=Xe pdeXe\n’, odiffxtrs(2,:));
tprintf(fid, ’'mYd vdia vb8 vdl vdd pfet w=Xe l=Xe as=Xe ad=Xe ps=Ye pdeYe\n’, odiffxtrs(9,:));
tprintf(fid, ’mYd vd2e vb8 vd2 vdd pfet w=Xe 1=Xe aseXe ad=Xe ps=Xe pd=Xe\n’, odiffxtrs(10,:));
tprintf(fid, 'nXd vd3 vb7 vas ves nfet w=Xe 1l=Xe as=Xe adeXe ps=Xe pd=Ye\n', odiffxtrs(3,:));
fprintf(fid, 'mXd vd4 vb7 vss ves nfet u=Xe l=Xe as=Xe ad=Xe ps=Xe pd=¥e\n’, odiffxtrs(4,:));
tprintf(fid, 'mYd vdla vb8 vd3 vas nfet v=Xe le=Xe as=Xe ad=Ye ps=Ye pd=Xe\n’, odiffxtre(11,:));
fprintf(fid, °'ald vd2a vb8 vd4 vas nfet v=Xe 1=Xe as=Xe ad=Xe ps=Xe pd+Xe\n’, odiffxtrs(12,:));
fprintf(fid, 'mYd vo+ vd2a ves vss nfet v=Xe l=Ye as=Ye ad=Xe psele pd=Xe\n’, odiffxtrs(8,:));
fprintf(fid, ’mXd vot vbl vdd vdd pfet w=Xe l=Xe as=Xe ad=Xe ps=Xe pd=Xe\n', odiffxtra(8,:));
tprintf(fid, ’'mXd vo- vdia vss ves nfet weXe 1Xe as=Xe ad=Xe ps=Xe pd=Xe\n'’, odiffxtrs(B,:));
fprintf(fid, ’'mXd vo- vbl vdd vdd pfet v=Xe 1l=Xe as=Xe ad=Xe ps=Xe pde=Xe\n’, odiffx:rs(7,:));

% Compensation

fprintf(fid, ’ccomp2
tprintf(fid, 'rcomp2
fprintf(£id, ’ccompl
fprintf(fid, ’rcompl

% Cosmon Mode Switch

vr2 vo+ Y%e\n’, ccomp);
vd2a vr2 Xe\n’, rcomp);
vrl vo- %e\n', ccomp);
vdla vrl %e\n’, rcomp);

Cap Feedback Network

fprintf(fid, ’wsXd vomi vphil O vss nfet w=Xe 1=Xe as=%e ad=Ye ps=Xe pd=Xe\n’, ocmfbxtrs{i,:));
fprintf(£id, ’'msXd vocm vphil vb8 vss nfet weXe l=Xe as=Xe ad=Xe ps=Xe pd=Xe\n’, ocmfbxtrs(2,:));
fprintf(fid, ’asld vopl vphil O vss nfet w=Xe l=Xe as=Xe ad=Xe preXe pdeXe\n’', ocmfbxtrs(3,:));
fprint?(fid, 'msXd voml vphiZb vo- vdd pfet w=Xe 1=Xe as=Xe adeXe ps=Xe pd=Xe\n’, ocmfbxtrs(4,:));
fprintf(fid, ’'ms%d voml vphi2 vo- vss nfet v=Xe 1eXe aseXe ad=Xe ps=¥e pd=¥Xe\n’, ocmtbxtrs(5,:
tprinte(fid, ’'moXd vocm vphi2 vcafb ves nfet weXe 1« ad=Xe ps=Xe pd=Xe\n’, ocafbrtrs(6,:));
fprintf(fid, 'msld vopl vphi2b vo+ vdd pfet v=Ye 1=Y%e as=Ye adele pe=Ye pd=Xe\n’, ocafbxtre(7,:));
tprint£(fid, ’'meXd vopl vphi2 vo+ vss nfet w=Xe 1=Xe as=Xe ad+Xe ps~Xe pd=Xe\n’, ocmfbxtrs(8,:));
fprintf(fid, ’'cal voml vocm Xe\n', ccmfb);

tprintf(fid, ’cm2 vo- vemfb Xe\n’, cecmtb);

tpriate(fid, ’'cpl vopl voca Ye\n’, cemfd);

fprintf(fid, ’'cp2 vo+ vcafh Xe\n’, ccmfd);

62



strin = spriatf(’.ends Xe\n’,cktosme);
fprintt(fid, strin);

% 4dd in vemfd value for ac,dc analysis if needed
%if(veatb(z) = 0)

L fprintf(fid, 'vemfb vafd O DCaXe\n'’,vemfb(x));
Yend;

fclose(fid);

A.3 Comparator Synthesis Script
compsyn.m

% Matlab Tool for MicroSensor Comparator Synthesis

% Mark Shane Peng, Started 02/14/98

X Last Updated 02/14/88

% Version 2 - Now retains the scaling factor info in k_comp

% Program creates a subcircuit file for SPICE - a subcircuit for each stage.
% Paraneters that need to be set: cload_coop, filename, name

X Default Values

if (exist(’cload_comp’,’ver’));

eles cload_comp = 100, X In FPemtoParads
ond;

if (exist(’'filenams’,’'var’));

olse filepame = 'comp.ckt’,

end;

if (exint(’cktname’,’var’));

else cktnase = 'comp’,

ond;

% Transistor Vector

% mcxtr name> = [<xtr name> <drain> <gate> <source> <body> <N/PN0S> <width> <length>]
% Defaalt units are um

nase » 1;

wids = 2;

lens = 3;

%X CM0S Transistors
1p = 0;
In = 1;

X Default Farameters

% Later Can Change

compxtrs = [1 10-6 .6e-6; X Regenerative Feedback Comparator
2 1e-6 .6e-6;

3 2.60-6 .Be-6;

4 2.50-6 .Ge-6;

5 1.6e-0 .50-6;

6 2.6e-86 .5e-0;

7 2.60-6 .50-6;];

roxtrs = [1 1e-6 .5¢-6; X AS Latch
2 .6e-6 .5¢-6;

3 1.5e-6 .5e-6;]1;

cload = 100e-16; X 100 fF

1 Start program

'Comparator Synthesis - constant scaling factoru - Differential’

% Optional ruatime stuff

% Scale by capacitor load: 100f <= cload_user <= 10p
k_comp = cload_compe®le-16/cload;

it (k_comp < 1) k_comp = 1; end;

compatrs(:,vids) = compxtre(:,vids)ek_comp;
rextra(:,vids) = rextre(:,wids)ek_comp;

% cload = cloadek_cosp;

% end;

¥ Tack on geometry info. as=4.0uev ad=2.0sv ps8.0utv pd=4.0u -- 0.5um process
tor pe1;length(compxtrs(:,1))
puid = compxtrs(p,vids);
mpxtrs(p,:) = [compxtra(p,:) 4e-6epvid 2e-8epuid Be-6+pvid 4e-6];
eond;
tor p=1:length(rsxtrs(:,1))
pvid = rextrs(p,vids);
orsztrs(p,:) = [rextrs(p,:) 4e-8epvid 2e-6epvid Be-Otpuid 4e-6];
ond;

% Open File and Write to it.

fid » fopen(filename,’'v’);

if tid == -1

filename = input(’File vrite unsuccesaful, Othor Output file: *)
end;

X Urite it to a SPICE FILE wvith subckt parameter,
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% can then just .include it in analysis one
strin = sprintf(’.subckt Xs vina vinb voa vob vdd ves vphil\n’,cktname);

tprintf(fid, strin);

% Regenerative Fesdback Comparator from Delta Sigma Converters

‘nlda vcl
‘mfdb vc2
'‘n¥da vel
‘aldd ve2

fprintf(fid,
fprinte(£id,
fprinte(fid,
fprinte(fid,

fprintf(£id,
tprintt(fid,
fprinte(fid,
tprintf(fid,
fprintf(£3d,
fprintf(£id,

13 lzd.
‘mldd
'alda
‘aldb
‘mXda
'aXdb

ved
vcd
veld
ved
ved
vcé

'aXda
'alda
‘aXdb
'nYdb

vos
vos
vor
vor

fprintf(fid,
fprintf(fid,
tprints(fid,
fprintt(fid,

fprintt(fid,
printf(fid,
fprintt(fid,
tprintt(fid,
fprintf(fid,
fprintf(fid,

‘msrilda
‘mar¥dd
'asrida
'msr¥dd
'mer¥da
*asridb

strin = sprintf(’.ends
tprintf(fid, strin);

fclose(fid);

vob vos vsas
voa vor ves
vob voa vas
voa vob

voa vob vdd

vina ves vss nfet v=Ye l=Xs as=Ye ad=Ye ps=Xe pd=fe\n’, ocompztre(1,:));
vinb ves ves nfet v=Xe 1=Xe as=Xe ad=Xe ps=Xe pd=Xe\n'’, ocomprtrs(1,:));
s nfet v=Xe 1=Xe ar=Xe ad=Xe ps=Xe pd=Xe\n'’, ocompxtrs(2,:));
vss nfet v=Xe 1=Xe as~Xe adele pasXe pdeXe\n’, ocempxtrs(2,:));

vc4d vdd vdd pfet veXe 1=Xe as=Xe ad=Xe pa=YXe pd=Xe\n', ocompxtrs(3,:));
vc3d vdd vdd pfet v=Xe 1=Xe ase=Xa ad«Xe pa=Ye pd=Xo\n', ocompxtra(3,:));
vphil vcl ves nfet weYe 1=Xe as=Xe ad=Ye ps=Xe pd=Ye\n’,
vphil vc2 ves nfet wv=Xe 1=Xe as=Xe ad=Xe psc=Xe pd=¥e\n’,
vphil vdd vdd pfet v=Xe 1=Xe as=Xe ad=ile pa=Xe pd=Xe\n’,
vphil vdd vdd pfet v=Xs l=Xe aseXe ad=Xe p2eXe pd=Xe\n’,

oc-pxerl(s:;));
ocoupxtrs(5,:));

)
)
)i
));

1=%e as=Xe ad=Xe po=%e pd=Xe\n’,
1=Xe as=Xe ad=Ye pssXe pdeYe\n’,
1=Xe as=Xe ad<le ps=Xe pd=Xe\n’,
1=Xe as=Xe ad=Xe ps=Xe pd=Xe\n’,

ocaompxtre(6,
ocompxtrs(?,
ocompztrs(6,
ocompxtes(7,

w=Xe
u=Ye
v=le
w=Xe

ve3d vdd vdd pfet
ve3 ves vas nfet
vcd vdd vdd pfet
vchd ves vss nfet

usYe l=Ye
ve)e 1=Xe
w=le 1=%e
ve=le 1l=Xe
unle
v=le

1))
)
)
:));
$));
));

orsxtra(l,
orsxtrs(1,
oraxtrs(2,
orsxtrs(2,
orsxtrs(3,
orsstre(3,

ves nfet
vss nfet
ves nfet

as=Xe ad=Xe ps=¥e pd=Ye\n’,
as=Xe ad=Xe ps=Xe pd=Xe\n’,
as=Xe ad=¥e ps=Xe pd=Ye\n’,
as=Xe ad=Xe pa=Xe pd=Xe\n’,
=Xe adeXe ps=Xe pdeXe\n’,
as=Ye ad=Xe pusle pd=¥e\n’,

vdd pfet

Xs\n’,cktnase);
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