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Abstract: In this work, a systematic of the automation in the result of the re-obtained small signal parameters based on
SPICE and CADENCE-SPECTRE is presented for MOS-Only circuits. Accuracy of the re-obtained parameters was
improved by re-formulating in the basis of SPICE and CADENCE-SPECTRE. Moreover, piece-wise polynomial

regressive models are presented for g, , 0,

and |, . Also, performance of the models is compared with

conventional expressions. Success of the given MOS-Only design automation based on re-obtained small signal

parameters is verified with an exemplary new agile filter.
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1. Introduction

MOS-Only circuit design has been gaining big
importance due to the fact that it doesn’t necessitate
large chip area. The most important requirement of the
MOS-Only design is to understand physical properties
and operating mechanisms of the basic components in
electronics. Furthermore, in Very Large Scale
Integrated (VLSI) circuit design, a great deals of
circuits have been sized by hand-calculations and
iteratively chain of computations. In this point of view,
there is a wide gap for design automation proposals,
which incorporates knowledge and experience of
designer and re-formulation of the conventional
equations in this area. As a result, different algorithms
or methods are arisen from this urgent demand and
rapidly growing of VLSI technology. In the literature,
analog design automation is an active research area, so
that a couple of studies, which are convex optimization
based [1]-[3] and utilized from genetic algorithm [4]
were developed. Especially, convex optimization based
methods bring much more efficient computations than
others due to the fact that they present globally
optimum solution and robust technique for a wide
range of applications. However, this requires cost
functions and basic equations to be posynomial and/or
monomial format [5]-[9]. Therefore, it reduces
computational accuracy. On the other hand, convex
optimization based algorithms generally include a
chain of computations, which bring long computational
time. It can be said that this aspect is another
significant drawback of these methods.
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Gain and speed of the circuit were included in main
design parameters in [10]-[12] by using convex
optimization. Furthermore, these studies bring new design
equations, which are independent of technological
parameters. Although they present much more powerful
solutions than others with regard to Monte-Carlo
simulations, these spend much more computational time
and effort than other primitive methods. So, they are
inefficient proposals for small and compact circuits such as
MOS-Only schemes. In this point of view, we are unaware
of any design automation method for MOS-only circuits
except for [13]. As a result, this work is improved version
of [13] with regulated design equations. Also, this paper is
significantly extended version of [14] presented in ELECO-
2016 with a large number of simulations such as Monte-
Carlo and Total Harmonic Distortions (THD) of the
circuits. In addition to that, design constraints of the
exemplary circuit in [14] are changed and their
performances are proved with those simulations.

2. Proposed Automation Method

When Figure.1 is considered, conventional analog circuit
design lacks of efficient formulations of C, and C, ,

which only incorporate simulation results and effect of the
design parameters in the saturation region. Conventional
approach of these capacitances is as follows:

2
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Figure 1. MOSFET small circuit

(Vgs =0)

signal equivalent

However, this approach does not include V_, and
Vv

GS
ng are modelled by using SPICE and CADENCE-
SPECTRE simulations with approximately 350 and
400 points respectively. Moreover, CdS and other bulk

capacitances are not taken into account in this work
due to the fact that they are 50-100 times smaller than

Cgs and ng in high frequency applications. In this

respect, polynomial regression and linear interpolation
techniques are applied to the simulation based data in

order to model C,, and C; as shown in Figure.2 and

effects on these parameters. In this view, Cgs and

Figure.3. They can be evaluated as follows:

C, 2 0.66*W (K, +k,L+kV +kV L+kVe)  (2)
C, ~0.66*W (M +mL+mVy +mV, L+mV, ) (3

47 DS 5°DS
Cya = 0.312*W (1 +n,L+ 1V 4+, LV +neVpe® +1LV s
Vs + MLV g™+ V) (4)
L e[0.18,1.2], W [2,600] in ym

In here, (3) is used for constant V_ cases. These
cases occur in the design automation cycle when
designer wants to keep V_ constant while V

voltages of the transistors change. It affects automation
flow but keeps computational simplicity. Moreover,
‘k’, ‘m’ and ‘n’ are regression constants with different
units and they have different values for pmos and nmos
devices.

Other disadvantage of the conventional design

approach comes from ¢, and Q. calculation as

shown in (5) and (6). They explicitly lack of
fundamental design parameters’ effects and also brings
strongly dependence on technological parameters’
information, which are not known exactly.

W
O, = zzucox (Tj ID (5)
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Figure 2. Relaxation of the simulation based data, which is
obtained from polynomial fitting to the SPICE and CADENCE-
SPECTRE [13].

gy = Aly (6)

In this regard, (5) and (6) are re-formulated based on
SPICE simulations by considering V¢ and V effects as
they can be observed in (7) and (8):

n=2 m=2 . . n=1 . '
[Z z pk,i,jl‘lveslj_l_{z Py 3i.3-3i L3IVGSSBIJ
zW i=0

i=0  j=0

n=1 n=1 (7)
"‘[Z Py i 4-4i Ve j"‘ [Z Py 2is13-2i LZH]VGSHIJ
iz i

I

a = linspace(0.1,1.8,5) , a(k) < V. (K) <a(k+1)
L e[0.18,1.2], W €[2,600] pm k e[1,4]

In these calculations, V effect is taken into

consideration by splitting rail to rail V; voltage to the 4

regions. It can be shown that this type of piece-wise model
improves computational accuracy as observed in [8].

Furthermore, ¢, can be re-obtained in the same way as
follows:

-~ 2
9gs ®W (€ +CiVps +CiaVis +CiaVps” +CigVisVps + ®)
3 2 4 3
Cis Vs +Ci7 Vs VastCig Vs +Cig Vs~ Vs)

b =linspace(0.18,1.2,11) , b(i) < L(i) <b(i+1)
L [0.18,1.2], W €[2,600] pm i e [1,10]

In here, simulation based data between 400-500 samples
are used to re-formulate ¢, and g, to construct new
equations directly dependent on design parameters as
shown in Figure.4. Under these approaches, calculated
values and simulation results are compared by taking into
account [8] and [9] for 300 samples in Table.1. In the table,

conventional approach, which is used in hand-calculations
contains (1), (5) and (6) equations.
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Figure 3. Cgs variaton vesus L (channel length) and

V- (Dots are linear interpolation of the SPICE and
CADENCE results, whereas colored scheme is
polynomial fitted surface. In here, device is pmos, Cgs
in fF and W=2um) [13].

As for Figure.5 and MOS-Only automation flow, it
starts to design the circuit with random generation of
the NETLIST. NETLIST describes connections of the
devices in which designer is interested. The generated
NETLIST is given to the input of DC and AC analyzer.
DC characteristics of the circuit define conditions and
equations such as saturation conditions, branch currents
and node voltages. AC analyses are realized by
extracting transfer function, center frequency, quality
factor and different additional parameters of the circuit.
Resulting circuit is sent out to the next block. It is sized
by automation flow with aforementioned polynomial
regressive small signal parameters. If that dimensioned
circuit outperforms the constraints

(Q., T, A ,Z,,, Z,, etc.), it goes into the next step

to construct its bias circuitry. Unless, final performance
metrics of the circuit pass the cost function and
constraints’ test, dimensioning will be repeated.

3. Simulation Results

MOS-Only design automation flow is realized in
MATLAB using Intel i5, 2.4GHz PC. Automation
parameters are constructed with BSIM3v3 and BSIM4
models based on 0.18um TSMC CMOS technology. In

Table 1. Mean Error Comparison in Small Signal
Parameters’ Calculation

Mean Mean
Small Error in . | Mean | Mean
. Error in
Signal Conven- Thi Error | Error
. is . .
Parameters tional Work | M [8] | in[9]
(Unit) Approa- %) (%) (%)
ch(%) 0
g, (uS) 33 3 35 1.2
C, (fF) 46 2.1 - -
Cyo (FF) . 13 : -
0, (uS) 40.6 3.15 245 | 10.1

o gdvs VDS, VGS|

Figure 4. g, variaton vesus V¢ and V. (Dots are linear

interpolation of the SPICE and CADENCE results, whereas
colored scheme is polynomial fitted surface. In here, device

is nmos, ¢, in um, L=0.3 pm W=2um) [13].

this respect, an exemplary agile filter structure, which is
illustrated in Figure.6 is produced by using aforementioned
automation cycle. Meanwhile, synthesis time of this kind of
circuit in the end of automation is typically measured as a
couple of minutes after netlist generation containing
specific functionality.

Agile filter methodology is given in Figure.7. This
structure is proposed in [15] and investigated in detail. In
the literature, a great deals of agile filter structures are
presented based on [15]. [16]-[20] present different agile
schemes based on VDTA and CDTA or different
topologies. In this work, a novel MOS-Only agile filter is
proposed as exemplary structure for our automation
algorithm. This circuit differs from others in many regards
such as it can be safely tuned up to 500 MHz and it consists
of only MOSFET devices without any external
components. Furthermore, ‘M ext’ is used as MOS-
capacitor and connecting different sized MOS-capacitors
with any switching system can safely change quality factor
of the

Netlist Generation

k.

AC and DC Analyzer
To Extract Circuit
Characteristics

A

Dimensioned Core
Circuit Based on
Polynomial Regression

Design
Constraints

Designer Dependent
Cost Function

inal Design with
Bias Circuitry

Figure 5. Proposed design automation flow for MOS-Only circuit
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Figure 6. A novel agile filter with BP/LP outputs as an
examplary circuit produced by proposed MOS-Only
design automation flow

filter. In the end, to diversify our automation synthesis
outputs, different designs from [14] are presented in
this work and tabulated in Table 2. and 3. In addition to
BP/LP outputs of the filter, channel length of the M2
can be changed in order to realize agility as illustrated
in Figure.7.

|ﬁ __ Cgslgmzs 9
IIN gngml"’Cgslgmzs"'cgslcgszSz
Ii — gmlgmz (10)

2
IIN gm29ml+cgslgm23_*_CgslcgszS

_ ’gmlgmz _ ’CgSZle
w,= |~ | Q= | =—— 11

0 Cglegsz Q Cgslgmz ( )
Above equations enumerated between (9)-(11) are
extracted from AC equivalent circuit in Figure 8.
Overall bandpass function is given in (12) by
considering all of parasitics of the core devices (M1
and M2) in Figure 6. Proposed MOS-Only circuit

design flow is realized by considering all of these
parasitics.

2
ng 1ng ZrdslrdszS - (Cgslrdsl +
Iﬂ __ nglgmzrdslrdsz + Cgslgmzrdslrdsz)s (12)
Iy c+bs+as’
a= rdslrdsz (nglcgdz + nglcgsz + nglcgsl (13)

+C .C .+C_C

gd2™~gs2 gsl gsz)

lsp,
Input
E . lin 2. Order Band Pass Output
Filter lip
Low Pass Output
Alp
A

Figure 7. A second order current mode agile filter whose
center frequency can be controlled by lowpass to input
feedback [15]

b = nglrdsz + ng Zrdsl + ng 2rd32 + Cgslrdsl (14)
+Cgslrd52 + CgsZrdsl + nglgmlrdslrdsz

+ ng 2 gm2 rdslrdsz + Cgslgmlrdslrdsz

c=1+ Omlos1 T I Imalusa Fas2 (15)

Table.2 and Table.3 tabulates performance of the proposed
design flow in comparison with CADENCE-SPECTRE and
SPICE simulations. Small difference between simulators
and proposed method comes from ignorable parasitcs of the
bias circuit. Meanwhile, bias circuit of the designed filter at
the output of design automation flow is dimensioned by
obtaining bias currents. Bias currents are re-formulated by
using aforementioned polynomial regressive context in
order to catch high accuracy. In conventional formulation
of the square law in |ds brings high calculation error in
comparison with simulations over 40%. Owing to the fact,

|ds is re-obtained based on design parameters as follows:
oAV (d +d Voo +dVo2+d Vo2+d, V. 4) (16)
DS ~ L il i2°GS i3"GS i47GS i5 VGS

a = linspace(0.1,1.8,5) , a(k) < V. (k) <a(k+1)
L €[0.18,1.2], W €[2,600] pum k [, 4]

Tds2

vy

lsp

Cor Cor T “GmaVb

Va I I Cmos_ hp +Cg52

LP

Figure 8. AC equivalent circuit of the core structure in
Figure.7
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Frequency
Figure 9. Proposed agile filter’s frequency responses
(dashed green—CADENCE, blue and thin—SPICE,
black and thick—automation result)

In Figure.9, automation result is compared with SPICE
and CADENCE results. In frequency domain, it can be
seen that LP and BP results are in a good agreement.
Moreover, Figure.10 shows frequency responses of the
design 1 and 2 whereas filters have good agility as
shown in ¢ of Figure.10. To prove performances of the
design 1 and 2 THD and Monte-Carlo simulations are
given as well.

Table 1. Comparison Between Proposed MOS-Only Design
Automation Algorithm and Simulations

. Cadence- :
Device Specs . This
(DESIGN 1) | -T-Spice SPEETR Work
fo > 200MHz 256MHz | 257MHz | 288MHz

Q>0..8 0,83 0,8 0.9
Power < 500uW | 460uW | 450uW | 485.W
Area < 400 pm? - 145um? | 336pm?

M1 W=35p, L=0.18p
M2 W=6p, L=0.72u
MB1 W=2y, L=0.18y
_ MB2 W=18, L=0.18y
;ﬁgzgfgs MIC W=35y, L=0.18y
M2C W=48, L=0.72u
M_ext W=100y, L=1.2p
VB1=1.15V, VB2=0.58V,
VB3=0.8V

a)

=20

25

=30 —

-35[

-40
102 104 108 108 10'°
c)
Figure 10. Proposed examplary agile filter’s frequency
response (blue one-BP, red one LP) a) Design 1, b) Design
2, c¢) Agility of the filter by changing M2’s channel length

Figure.11 depicts THD performance of the examplary
designs. THD result is very acceptable up to 60 pA peak to
peak input current bound for the proposed circuits.

Table 2. Comparison Between Proposed MOS-Only Design
Automation Algorithm and Simulations

Device Specs Cadence-

(DESIGN 2) LT-Spice SPEé:TR This Work
fo > 100MHz 145MHz | 125MHz 152MHz
Q>08 0.9 0.9 0.95
Power < 400uW | 255uW | 268uW 2354W
Area < 200 pm? - 165 um? 201 um?

Transistor
Dimensions

M1 W=21p, L=0.18p
M2 W=2p, L=1.5p

MBI1 W=2p, L=I1p

MB2 W=13.5u, L=0.18u
MIC W=21y, L=0.18u
M2C W=20u, L=1.5p
M _ext W=35u, L=1.2pn
VB1=1.15V, VB2=0.58V,

VB3=0.8V
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Figure 11. THD result of the examplary designs: a)
Design 1, b) Design 2.

In addition to the THD, Monte-Carlo simulations are
given to test robustness of the exemplary designs
against variability. In this respect, for 100 random
samples are used to simulate process and mismatch
variations for design 1 and 2. In the first part of the
Figure.12, BP response variation can be observed.
Although attenuation variate against Monte-Carlo
points, it is confined in band of 10dB approximately. In
addition, second part promises consistency of the
design 1 due to the fact that center frequency of the
filter changes up to 10%. Furthermore, Figure 13
shows the Monte-Carlo performance the other design.
Its center frequency changes within 10% as well.

T Cany

50
r

25 T T
- std-30MEG
mean-251MEG

201

#Samples
o

=)
T

15 2 25 3 35 4
Frequency x108

b)
Figure 12. Monte-Carlo simulation of the design 1. a)
Frequency response of the BP output, b) Center frequency
variation.

4. Conclusions

Proposed MOS-Only automation flow can be used to
design novel structures, which contain small chip area and
have promising performance metrics as shown in this paper.
Moreover, this methodology produces not only filter
structures but also a wide range of different circuits such as
oscillators, phase shifters, amplifiers and so on. In the end,
by adding new small signal parameters into the automation
flow, accuracy of the automation will be increased.

a)

std—-13Meg
mean-125Meg | |

#Samples

07 08 09 1 11 12 13 14 15 16
Frequency %108

b)
Figure 13. Monte-Carlo simulation of the design 2: a)
Frequency response of the BP output, b) Center frequency
variation.



3367

Deniz OZENLI and Hakan KUNTMAN / IU-JEEE Vol. 17(2), (2017), 3361-3367

5. References

[1] P. Mandal, and V. Visvanathan, “CMOS Op-AMP Sizing
Using a Geometric Programming Formulation”, IEEE
Trans. CAD, vol. 20, pp. 22-38 Jan, 2001.

[2] M. Hershenson, S. Boyd, and T. H. Lee, “Optimal
Design of a CMOS Op-amp via Geometric
Programming”, IEEE Trans. CAD, vol. 20, pp.1-21, Jan,
2001.

[3] S. Maji, and P. Mandal, “A Fast Equation Free Iterative
Approach to Analog Circuit Sizing”, VLSID, 2012.

[4] B. Antao, G. Gielen, and R. Rutenbar, “DARWIN:
CMOS opamp synthesis by means of a genetic
algorithm”, DAC, 1995.

[5] V. Aggarwal, and U. -M. O’Reilly, “Simulation-based
Reusable posynomial models for MOS transistor
parameters”, DATE, 2007.

[6] A. Magnani, and S. Boyd, “Convex piecewise-linear
fitting”, J. Optimization and Engineering, 2006.

[7] J. Kim, J. Lee, L. Vandenberghe, and C. -K. K. Yang,
“Techniques for improving the accuracy of geometric-
programming based analog circuit design optimization”,
ICCAD, 2004.

[8] S. DasGupta, and P. Mandal, “An Improvised MOS
Transistor Model Suitable for Geometric Program Based
Analog Circuit Sizing in Submicron Technology”,
VLSID, 2010.

[91 Maji, Supriyo, and Pradip Mandal. “Effcient approaches
to overcome non-convexity issues in analog design
automation.” Quality Electronic Design (ISQED), 2012
13th International Symposium on. IEEE, 2012.

[10] W. Daems, G. Gielen, and W. Sansen, “Simulation-
Based Generation of Posynomial Performance Models
for the Sizing of Analog Integrated Circuits”, IEEE
Trans. CAD, vol. 22, pp. 517-534, May, 2003.

[11] T. Eeckelaert, W. Daems, G. Gielen, and W. Sansen,
“Generalized Posynomial Performance Modeling”,
DATE, 2003.

[12] W. Daems, G. Gielen, and W. Sansen, “Simulation-
based Automatic Generation of Signomial and
Posynomial Performance Models for Analog Integrated
Circuit Sizing”, ICCAD, 2001.

[13] Ozenli, D. and Kuntman, H. H. “MOS-only circuit
design automation”, IEEE 7th Latin American
Symposium on Circuits & Systems (LASCAS) , pp. 203-
206. IEEE, 2016.

[14] Ozenli, Deniz, and Hakan Kuntman. "MOS-only design
automation and a simple agile MOS-only BP/LP filter
design."”  Electrical, Electronics and Biomedical
Engineering (ELECO), 2016 National Conference on.
IEEE, 2016.

[15] Y. Lakys and A. Fabre, “Multistandard transceivers:
state of the art and a new versatile implementation for
fully active frequency agile filters”, Analog Integrated
Circuits and Signal Processing, Volume 74, Issue 1, pp
63-78, January 2013.

[16] Alaybeyoglu, E. and Kuntman, H, "A new VDTA based
frequency agile filter," in Electrical and Electronics
Engineering (ELECO), 2015 9th International
Conference on, vol., no., pp.42-45, 26-28 Nov. 2015.

[17]Alaybeyoglu, Ersin, and Hakan Kuntman. "CMOS
implementations of VDTA based frequency agile filters
for encrypted communications." Analog Integrated
Circuits and Signal Processing 89.3, pp. 675-684, 2016.

[18] Pandey, N.; Pandey, R.; Choudhary, R.; Sayal, A,;
Tripathi, M., "Realization of CDTA based frequency
agile filter," Signal Processing, Computing and Control
(ISPCC), 2013 IEEE International Conference on , vol.,
no., pp.1,6, 26-28 Sept. 2013.

[19] Alaybeyoglu, E, Atasoyu M and Kuntman H. "Frequency
agile filter structure improved by MOS-only technique."
Telecommunications and Signal Processing (TSP), 38th
International Conference on. IEEE, 2015.

[20] Arslan, Emre, et al. "MOS-only second order current-mode
LP/BP filter." Analog Integrated Circuits and Signal
Processing 74.1, pp. 105-109, 2013.

Deniz Ozenli received B.Sc. degree
from Istanbul University in Electrical
and Electronics Engineering in 2009
and M.Sc. degree from Istanbul
Technical ~ University in 2011,
respectively. He is now a Ph.D. student
in Istanbul Technical University also a
research and teaching assistant in
Marmara University. His main research
interests are Video and Image
! S Processing, VLSI design and low
voltage current mode circuits.

H. Hakan Kuntman received his
B.Sc., M.Sc. and Ph.D. degrees from
Istanbul  Technical University in
1974, 1977 and 1982, respectively.
In 1974 he joined the Electronics and
Communication Engineering
Department of Istanbul Technical
University. Since 1993 he is a
professor of electronics in the same
department. His research interest
includes design of electronic circuits, modeling of electron devices
and electronic systems, active filters, design of analog IC
topologies. Dr. Kuntman has authored many publications on
modelling and simulation of electron devices and electronic
circuits for computer-aided design, analog VLSI design and active
circuit design. He is the author or the co-author of 126 journal
papers published or accepted for publishing in international
journals, 179 conference papers presented or accepted for
presentation in international conferences, 161 Turkish conference
papers presented in national conferences and 10 books related to
the above mentioned areas. Furthermore he advised and completed
the work of 14 Ph.D. students and 44 M.Sc students. Dr. Kuntman
is a member of the Chamber of Turkish Electrical Engineers
(EMO).



