Analog Design Tool based on the ACM model

C. Galup-Montoro, M. C. Schneider and Cétia dos Reis Machado
Integrated Circuits Laboratory , Departament of Electrical Engineering
University of Santa Catarina, Floriandpolis, SC, Brazil
carlos@esl.ufsc.br, marcio@edl.ufsc.br, catia@eel.ufsc.br

ABSTRACT

This paper presents MOSVIEW, a CAD tool for
transistor-level analog design, which is based on the
Advanced Compact MOSFET (ACM) model, derived from
physics. MOSVIEW allows designers to size and hias the
MOS transistor for a given set of specifications. A friendly
graphical interface provides MOSVIEW users with a
distinctive set of curves from which the design space is
readily identified. MOSVIEW allows the designer to easily
visualize solutions to higher design and also optimize
circuit performance. Design examples demonstrate the
applicability of MOSVIEW as a powerful learning toal.

I INTRODUCTION

To comply with the increasing complexity of chips and
the trend to include sensors and communication interfaces
inside them, most integrated circuits will have analog
components in the near future [1]. The multiplicity of
performance specifications, the dependence of circuit
behavior on technology variations, the diversity of element
sizes and shapes make the analog design problem difficult.
The natural difficulties of analog design are worsened by
the lack of good device models implemented in circuit
simulators and by the fact that most modern electrical
engineering curricula do not provide adequate preparation
for analog design.

Circuit topology and transistor bias current and
dimensions are basic factorsthat determine the performance
of an analog circuit. Frequency response, voltage gain,
output voltage swing, power dissipation, dew rate, and
silicon area are some of the performance metrics of analog
circuits. The transistor-level design problem that we deal
with in this paper consists of determining bias currents,
channel widths and channel lengths such that the
specifications are met. The sizing method presented here,
like those in [3], [4], is based on the transconductance
efficiency gn/lp.

To assist designers with the use of our methodol ogy, we
developed MOSVIEW. The current version of MOSVIEW is
based on the ACM model, which is fully derived from
physics and can be applied to any CMOS process. Using the
ACM model, the performance of MOS circuits can bewritten
in terms of bias currents and channel width and length. A
valuable characteristic of MOSVIEW s its graphical
interface, described by a plane that exhibits the channel
length asthe abscissaand theintrinsic low-frequency gain as

the ordinate. Families of curves of constant performance
(transition frequency, saturation voltage, noise corner
frequency, etc) can be plotted and the region denominated
design space is identified as that which meets the input
specifications. With  MOSVIEW, designers can easly
analyze design tradeoffs and develop an intuition about
transistor sizing for analog circuits. In addition, MOSVIEW
can guide the designer to the solution to the problem thus
reducing time-consuming simulations.

Section 11 presentstheinterpretation of thedrain current
as the combination of forward and reverse currents. In
Section 1ll, we revisit the design of common-source
amplifiers. Section IV describes MOSVIEW and illustrates
its use for some design examples. Finaly, Section V
summarizes the contribution of this work.

. THE DRAIN CURRENT OF
MOSFETS

In along-channel transistor, the drain current, resulting
from both the drift and diffusion transport mechanisms, is
givenin[6], [8], [9] as
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where W is the carrier mobility, ¢ is the thermal voltage,
C' o isthe gate oxide per unit area, W is the channel width
and L is the channel length. n is the sope factor. For the
remaining part of the paper, n will be taken as a constant.
IR is the forward (reverse) saturation current evaluated at
the source (drain) end; if, is the normalized forward
(reverse) current or inversion level while Is is the specific
current or normalization current [5], [6]. Equation (1a)
emphasizes the source-drain symmetry of the MOSFET [5]-
[8], i.e. if the drain and source ends of an integrated
transistor are interchanged, the drain current changes
direction but its value remains the same.

Fig. 1 illustrates the definitions of the forward and
reverse components of thedrain current. Note that thereisa
region, usually called the saturation region, where the drain
current isamost independent of V. Thismeansthat, in the
saturation region, 1(Vg, Vs) >> |(Vg, Vp). Therefore, 1(Vg,
Vs) can be interpreted as the drain current in forward
saturation.

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-3-0 WCM, 2005 131



132

Fig. 1. Output characteristic of along-channd NMOS
transistor for constant Vs and V.

The expression relating the normalized components of
the current and applied voltagesisgivenin [6], [8] as
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The voltages in expression (2) are referred to the
substrate. It is worthwhile noting the asymptotic cases of
expression (2). In strong inversion at both drain and source
ends, the inversion levels are much greater than one and
expression (2) reduces to the conventional dependence of
the current on the squared voltage. On the other hand, in the
so-called weak inversion region, the inversion level is less
than one and the current varies exponentialy with the
applied voltages.

(1.  THE COMMON-SOURCE
AMPLIFIER

In this section, we present a design methodology for
integrated MOS amplifiers using the ACM model. The
design procedure accounts for the specifications of capacitive
load (C.), gain-bandwidth product (GB), DC voltage gain
(Avo) and voltage swing. This methodology allows the
designer to choose the bias current and transistor dimensions
from closed expressions. The design approach proposed here,
which has been applied to the design of common-source
amplifiers, can be extended to more complex topol ogiessuch
as differential and operational amplifiers.

A.Voltage gain and bandwidth

In order to providethereaderswith someinsight into the
design of a smple analog circuit, let us consider the
common-source amplifier depicted in Fig. 2. The maximum
voltage gain achievable with asingletransistor islimited by
its source-to-drain conductance ggs, which is approximately
proportional to the ratio of the drain current to the channel
length, i. e, gus=Ip/VeL. Here, Ve is the Early voltage per
unit length, which in thiswork is supposed to be dependent
on technology and independent of both current and L. Thus,
Ao, the absolute value of the low-frequency voltage gain of

the common source amplifier shown in Fig. 2 can bewritten

Vel ©)
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Fig. 2. Common-source amplifier and simplified small-
signal model.

In the ideal common-source amplifier shown in Fig. 2,
the transconductance required for a gain-bandwidth equal to
GBis

g,=2rGBC_ (4

In the derivation that follows, we assume that the
transconductance is fixed and given by (4). The effect of the
drain parasitic capacitance can be absorbed by the load
capacitance.

For the purpose of developing our CAD tool, we have
assumed that the MOSFET intrinsic cutoff frequency fr must
be greater than four times the value of the gain-bandwidth
product to avoid non-quasi-static effects [9].

According to the ACM modéel [6], [8] one can calculate
the transconductance of MOSFETs operating in the
saturation regime from

nq)tgm _ 2 (5)
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In (5), i=lp/ls. Thetransconductance-to-current ratio of
the MOSFET given by (5) is a universal relationship, valid
for any technology, dimensions and temperature. The
transconductance g, depends on both thedrain current I and
the normalized drain current [5], [6] or inversion leve i; at
source. The voltage gain Ayo as a function of the channel
length isreadily calculated from (3) and (5)

VL
Avo = . 2

no Ji+i; +1 ©

Using the results of [12], the dependence of the voltage
gain on both channel-length and cutoff frequency is written
as

_ Vel 1 %
ve no, 14 L2
210,

B. Design space

fr

Let us now plot the normalized voltage gain in terms of
the normalized channel-length. We have chosen the
minimal channe-length (Ly,) of the technology as the
normalization length and the DC voltage gain
(VgL in/no, ) of a minimal-length transistor operating

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-3-0 WCM, 2005



deep in weak inversion (ii<<1) asthenormalization gain, as
in[12].
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Fig. 3. Voltage gain versus channel length, with either
theinversion level or transition frequency as parameter.

Now we use Fig. 3 to discuss the design of asingle-stage
amplifier. Assumethe specificationsfor the voltage gain and
gain-bandwidth product to be Ayo and GB. The MOSFET
transition frequency is chosen, at least, four times greater
than GB. Therefore, a single-stage amplifier that meets the
specsisrealizableif the curvefr=4GB in Fig. 3 intersectsthe
horizontal line corresponding to the desired gain Ay for
L>Lpn. Obvioudly, if we choose simultaneously high gain
(horizontal linesin the uppermost part of the plane) and high
GB (constant fr curves in the bottom part of the plane) the
single-stage solution may not exist.

V. MOSVIEW

MOSVIEW [10], [11] is a graphical tool for transistor-
level design that allowsrapid exploration of the design space.
With MOSVIEW, designers can analyze design tradeoffsand
develop an intuition about transistor sizing for analog
integrated circuits.

A. Specifications for transistor-level design

In MOSVIEW, the normalized channel length is the
abscissa while the intrinsic gain is the ordinate. We will
illustrate the use of MOSVIEW as a design tool for two sets
of input specifications. In some traditional design
approaches, the design space is not fully explored because
the channel length and the inversion level arefixed (e. g.:
channel length L = 2 L, or 3 Ly, gate voltage overdrive
VesVr= ZOOmV)

In order to determine the design space, a set of
technological parameters and a set of specifications for
each case must be provided. The relevant technological
parameters that should be given are the minimum channel
length (L), the oxide capacitance per unit area (C o), the

slope factor (n), the threshold voltage (Vy), the carrier
mohility (o), and the Early voltage per unit length (V).

B. Design space for elementary building blocks

The current version of MOSVIEW handles a common-
source amplifier, classified in four cases according to the
input specifications. In this paper, two elementary circuit
designs will be shown, namely:

B.1 Amplifier |: The specifications are a fixed
transconductance (gm), a range of intrinsic cutoff
frequencies (frmin, frmax) @nd a minimum value for the
voltage gain (Avmin). In Fig. 4, gm = 4uA/V, frmin = IMHz,
frmax = 10MHz, and Aymin = 1000. The ascending straight
line represents the maximum allowable gain versus channel
length for the specified technological parameters. The
bottommost curve shows the variation of the gain in terms
of the channel length for fr= frn While the uppermost
curve corresponds to fr= frin. The white region represents
the design space, i. e, the region for which the specs are
met.
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Fig. 4. Design space for amplifier 1.
B.2 Amplifier Il: The specifications given are a fixed
transconductance (gr), a range of intrinsic cutoff
frequencies (frmin, frmax) @d @ minimum DC currrent. In
Fig. 5, gm = 4UANV, frmin = IMHZ, frme = 10MHz, and
I pmin=200nA.
All graphs were plotted using the same technological
parameters - Lyin = 1um, Co = 2fF/um? n = 1.25, o =
500-10°%um?/V's, Vg = 5V/um, and ¢ = 25.9 mV.
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Fig. 5. Design space for amplifier I1.

C. Design example

Assume the common-source amplifier shown in Fig. 2.
If the gain-bandwidth product GB = 25MHz and the load
capacitance C_ = 1pF, then gy, = 157uA/V.
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Using as specifications gm = 157uA/V, frmin = 100MHz,
frmax = 1000MHz and Ayo = 100 and considering as
technological parameters Ly, = 1um, C o = 2fF/um?, n =
1.25, uo = 500cm?/Vs, Ve = 5V/um, and ¢ = 25.9 mV, the
design space is shown in Fig. 6. Some designs within (1, 2,
and 4) and outside of (3 and 5) the design space were
selected. Table | shows the characteristics of the transistors
for each selected marker. It can be observed that marker 3
does not meet the gain spec, while marker 5 meets neither
the gain spec nor the frequency spec. The maximum
intrinsic gain is for the transistor with the lowest transition
frequency fr. On the other hand, the minimum area is
associated with the maximum cutoff frequency. Finally, the
minimum current consumption is achieved with the lowest
inversion level.

10000

1,000

Fig. 6. Design space exploration

Tablel
Calculated parameters for the amplifier of the design
example.

Spec /Marker 1 2 3 4 5
L [um] 285 | 115 | 1.25 | 825 | 250
Avo 197 121 77 113 28
i 10.7 | 2.75 14 430 | 550
W [um] 72 76 27 26 75
WL [um?] 2052 | 87.4 | 337 | 2145 | 187
fr[MHz] 120 | 280 | 730 | 115 | 1330
Vst [MV] 165 130 | 180 | 620 | 690
gn/lp [UV] 139 | 208 | 124 | 2.74 | 2.25
I [HA] 113 | 753 | 127 | 57.3 | 69.7

V. SUMMARY

We introduced MOSVIEW, a CAD tool for transistor-
level design that featuresthefollowing characterigtics. (i) itis
built-up from a physics-based moddl; (ii) it allows users to
visualize the design space for single-stage amplifiers; (iii)
users are able to visualize the “sensitivity” of specifications
to design parameters; (iv) the friendly graphical interface
alows designersto make quick decisions based on an overall
picture of the possible tradeoffs; (v) the velocity saturation
effect through the modification of the transconductance in
accordance with [13]; (vi) specifications of noise corner
frequency and matching; (vii) the four cases of input
specifications of amplifiers described in MOSVIEW [10],

[11] include most of the usual specifications of elementary
analog building blocks. Finally, analog designersareinvited
to visit the web site of MOSVIEW [11] and try out some
design specs for common-source amplifiers.

ACKNOWLEDGMENTS

The authors would like to thank CNPg, research agency
of the Brazilian Ministry of Science and Technology for the
partial financial support of thiswork.

REFERENCES

[1] B. Martin, IEEE Spectrum, vol. 39, no. 6, pp.70-75,
June 2001.

[2] G.G.E.GidenandR. Rutenbar, Proc. |[EEE, vol. 88,
no. 12, pp. 1825-1852, Dec. 2000.

[3] D. M. Binkley, C. E. Hooper, S. D. Tucker, B. C.
Moss, J. M. Rochelle, and D. P. Foty, IEEE Trans. on
Computer-Aided Design, vol. 22, no. 2, pp. 225-237,
Feb. 2003.

[4] F. Silveira, D. Flandre, and P. G. A. Jespers, |IEEE J.
Solid-Sate Circuits, vol.31, no. 9, pp. 1314-1319,
Sep. 1996.

[5] C. Enz, F. Krummenacher, and E. A. Vittoz, Analog
Integrated Circuits and Signal Processing Journal,
val. 8, pp. 83-114, July 1995.

[6] A. 1. A. Cunha, M. C. Schneider, and C. Galup-
Montoro, |EEE J. Solid-Sate Circuits, vol. 33, no 10,
pp. 1510-1519, Oct. 1998.

[7] O. C. Gouveia Filho, A. I. A. Cunha, M. C.
Schneider, and C. Gaup-Montoro. (1997, Sep.).
Doalphin Integration, Meylan, FR. [Online] Available:
http://www.dol phin.fr/medal/smash/notes/acm_report

.pdf
[8] C. Galup-Montoro, M. C. Schneider, and A. I. A.
Cunha, in Low-Voltage/Low-Power Integrated

Circuits and Systems, E. Sanchez-Sinencio and A.
Andreou, Eds. Piscataway, NJ: |EEE Press, 1999, pp
7-55.

[9] Y. Tsividis, Operation and modeling of the MOS
transistor, 2™ edition, New York: McGraw-Hill,
1999.

[10] P. Giacomdlli, M. C. Schneider, and C. Galup-
Montoro, International Conference on
Microelectronic Systems Education, Anaheim, CA,
USA, pp. 43-44, May 2003.

[11] P. Giacomelli, M. C. Schneider, and C. Galup-
Montoro, MOSVIEW: a graphical tool for MOS
analog design. [Onling].
Availablehttp://www.edl.ufsc.br/l ci/mosview

[12]R. L. O. Pinto, M. C. Schneider and C. Galup-
Montoro, Proc. of ISCAS 2000, val. 4, pp. 185-188.

[13] J. P. Vaderhaegen and R. W. Brodersen, Proc. of
DAC 2004, pp. 133 — 138.

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-3-0 WCM, 2005



	Book4.1.pdf
	1243.pdf
	1243.pdf
	Two-/three-dimensional GICCR for Si/SiGe bipolar transistors
	1 Introduction
	2 Investigated Device Structure
	3 Master Equation
	4 Model Equations
	5 Conclusion




	Book4.3.pdf
	1410.pdf
	1410.pdf
	Modeling of charge and collector field in Si-based bipolar transistors
	1 Introduction
	2 Investigated technology
	3 Modeling the electric field
	4 Base-collector depletion capacitance
	5 Transit time
	6 Modeling velocity overshoot
	7 Conclusion







