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Abstract

This paper presents a redesign procedure for ana-
log circuits based on a scalable model of the MOSFET. A
set of very simple expressions allows the calculation of
transistor dimensions and bias for a given circuit in a
new generation technology, starting from the circuit
designed in an earlier technology.

Introduction

The advent of deep submicron processes has en-
abled the system-on-chip (SOC) design and enlarged the
gap between design complexity and designers productiv-
ity. Time-to-market pressure makes this gap more chal-
lenging, and consequently, a more efficient design meth-
odology is mandatory. Systematic design reuse is ex-
pected to be a practical solution for the design of SOC [1-
2], and various forms of the reusable functional blocks
also called cores or intellectual property (IP) are avail-
able. IP providers offer soft, firm and hard cores for
digital circuits [1-2]. The first are delivered in a hardware
description language and the last are mask layouts de-
signed for a specific technology. For analog functions,
potentially reusable blocks are available only as hard
cores [3-4]. A basic difference between digital and analog
circuits is that, for conventional digital circuits, transistor
geometry is usually the only degree of freedom for de-
sign, while for analog circuits, bias is an additional and
fundamental variable [5]. In one of the most common
analog blocks, the amplifier, transistors can operate in the
strong, moderate or weak inversion regions, depending on
the design specifications [5-6]. For digital circuits the
primary tradeoff is between speed and power dissipation,
but analog circuits are designed considering other specifi-
cations such as signal-to-noise ratio (SNR) and gain.
Since CMOS technology is scaled to improve the inte-
gration of digital circuits, the migration of an analog
design to a new technology is not obvious and usually
involves a complete redesign [4, 7]. In this paper we use a
physics-based MOSFET model {8] to develop a method-
ology for the technology migration of analog circuits. We
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derive simple formulas that allow us to calculate transis-
tor dimensions and bias for a given circuit in a new gen-
eration technology, starting from the circuit designed in
an earlier technology. The MOSFET model employed
here is particularly suited for the (re) sizing of transistors
because it has one equation for all the operation regions,
uses normalized variables and few physical parameters.

MOSFET model

The model in [8] was developed considering the
needs of analog designers: it uses the current as the main
variable and has accurate expressions for the small-signal
parameters in all the operation regions. The following set
of equations developed in [8] can be readily used for
MOSFETsS operating in saturation:
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The transconductance-to-current ratio of MOSFETs
given by (1.a) is a universal relationship for MOSFETs,
being independent of technology, dimensions and tem-
perature. Is, the normalization current, depends on the
aspect ratio (W/L) and technological parameters: mobility
1, and oxide capacitance per unit area C’,. ¢, is the ther-
mal voltage and n is the slope factor, which is slightly
greater than one and almost bias-independent [8]. i4 is the
normalized drain current [8] or inversion level [9]. As a
rule of thumb, values of iy greater than 100 characterize
strong inversion, the transistor operates in weak inversion
up to ig=1 and intermediate values of iy from 1 to 100
indicate moderate inversion.

The intrinsic cutoff frequency of a MOSFET [11] in
saturation

fr=gm/2T(Cg+Cp) (2a)

is approximated in [8] by
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The simple result in (2b) states that, for a constant
gm, fr and area are inversely proportional to each other.
Therefore, an important figure of merit of transistors is
the ratio of the transconductance to the gate area
(g./WL), which can be denominated area efficiency and
is equivalent to the unit gain frequency. This definition is
complementary to the definition of current efficiency
(gn/In) [6].

Finally, an approximate formula for the source-to-
drain saturation voltage as function of the inversion level
is given by

fr= (2b)
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The very simple set of equations (1-3) models relevant
aspects of analog circuits.

Even though the ratio g,,/I given by (1.a) has been
demonstrated to be valid for long-channel devices where
the transversal field dependence of mobility has been
neglected, it still holds if degradation of mobility due to
vertical field is taken into account. Also, velocity satura-
tion is not relevant in most of the cases because operation
of the MOSFET deep in strong inversion is very unlikely
in analog circuits, particularly for those operating at low
supply voltage.

The maximum voltage gain attainable with a single
transistor is limited by the source-to-drain conductance,
which is approximately proportional to the ratio of the
drain current to the channel length [5, 9]. Thus, G,, the
absolute value of the attainable voltage gain of the com-
mon-source amplifier can be written as
G = &m
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where Vg is the Early voltage per unit length[S, 9]. From
(1a) and (4b) it follows that
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Vg tends to increase somewhat in strong inversion ([9],
Chap. 2 in [10]) and is also slightly dependent of L (Fig.
1). However, as shown in Fig. (1), a constant Vg is a good
approximation if the use of short-channel transistors in
weak inversion is avoided, a usual practice in analog
design [5, 6].
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Fig. 1 Early voltage per unit length Vg vs. inversion
level ig for nMOS transistors from a 1.2um technology

Effects of scaling on analog circuits

In digital circuits, MOS transistors are usually
minimum channel length and the channel width W is the
only design parameter. On the other hand, in analog cir-
cuits each transistor is usually designed considering three
independent parameters: the channel width W, the chan-
nel length L and the bias current I, [5]. For analog cir-
cuits, the gain-bandwidth product (GB) and the signal-to-
noise ratio SNR are two of the most basic specifications.
Thus, to analyze the scaling of analog circuits we will
consider that GB and SNR are specs to be maintained and
that the power-supply is reduced by the scaling factor K
[12]. '

Considering only thermal noise for a purely capaci-
tive load C, the signal-to-noise ratio (7) is

SNR=V?,,C/8kT 5
where V|, is the peak-to-peak signal swing, T the abso-
lute temperature and k is the Boltzmann constant.

In a single stage amplifier GB is proportional to the
ratio of the transconductance to the load capacitance [12]

GB=g,/2rC (6)
For simplicity, we will first assume V,,=Vpp and contant-
field scaling of the technology (Table I), but these re-
strictions will be removed in the next section.

From (5) and (6) it follows that to keep the same
SNR and bandwidth if the supply voltage is reduced by
the scaling factor K, C and g,, must be multiplied by K>

To a first order approximation, Vg scales with the
square root of the substrate doping concentration VN
[11]. Values of Vg for 3um bulk [5] and silicon-on-
insulator technologies [6], as well as for a 1.2um process
(Fig. 1) are in the range 5-10V/um, supporting the fact
that Vg is insensitive to technology. Therefore, we will
consider Vg constant in this section. The analyses that
follow are concerned with three strategies that can be
used to keep the same GB and SNR.



Table I Constant-field scaling (11)

inversion designs are power efficient [6, 9], this is not a

Quantity Scallr(lig( ialc)tor K severe drawback.
Power supply voltage K Table II Effects of scaling on analog circuits (K>1)
(Vop) Constant
Device lateral dimensions . . Full Constant inversion
(L, W) K’ Quantity scaling area scaling | level scal-
Capacitances per unit K , . ing
area (C”) L K K 1
' Doping concentration K W K' K K
(Nsub) ID (SI) K3 K Kz
Early voltage per unit KW Ip (WI) K’ K’ K
length (Vg) ig (SI) K’ K’ 1
ig (WI) K K’ 1
A. Full scaling: L-L/K, W>W/K fr K’ K 1
Gy (SD K’ 1 1
In conventional full scaling the lateral dimensions of Gy (WD) K’ K' 1

the transistor are reduced by the scaling factor K (Table
II). From (2b) it follows that the transition frequency
increases by K. Comparing (2b) with (2¢) it follows that

(Jl+id—l)—>K( 1+ia-1) @)
Thus, inversion level increases for full scaling at constant
SNR, and the gain is not preserved as can be verified
from (4b). The first column of Table II condenses the
well-known fact that analog circuit performance is de-
graded by full scaling [7, 12].

B. Constant-area scaling: L-L/K, WKW

From (2b) it follows that the transition frequency in-
creases by K. Comparing (2b) with (2¢) it follows that

(«/1+id —1)—) (,/1 +ig -1)/K (3)
In opposition to full scaling, the inversion level decreases
for constant area scaling. The drain current is multiplied
by K in strong inversion (SI) and by K* in weak inversion
(WI), as can be easily verified from (1.a). Thus, constant-
area scaling at constant SNR and bandwidth keep the
power consumption unaltered in strong inversion [7]

As it follows from (4a) gain is kept constant in
strong inversion but is reduced by K in weak inversion.
Consequently, constant-area scaling is not adequate for
weak and for the lower end of moderate inversion, but in
these cases the transistors can be resized maintaining the
inversion level constant as shown in the following para-
graph.

C. Constant-inversion level scaling

To maintain the gain, it follows from (4b) that the
channel length must be kept constant. The current must
be multiplied by K?and W by K as can be easily deduced
from (4a) and (1b-c). Consequently, power consumption
and active area augment by K. Since weak and moderate
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Resizing rules

The resizing rules include non-scaling factors, the
effect of the circuit topology on the signal swing and low
frequency noise. To keep the transistors operating in
saturation, the signal swing must be limited. The maxi-
mum voltage swing is obtained subtracting from Vpp as
many Vg, and V, voltage drops as required by the to-
pology of the circuit [13].

Table III. Resizing rules for MOS transistors consid-
ering a generalized scaling
Vo= Kyv'Vp, € KoxCloxy LKL 'L, , Ve—Kg Ve

Constant inver-
Quantity Constant area (SI) sion
level (WI)

Vep Ky' Ky’
Vg Kg Kg
L K.’ Ke'

W K. Ky Kg 'K, "
Ip Ky KeK, ! Ky
fr KvK," Kg~

Consequently, the signal swing scales in practice by
a factor Ky>K when the supply voltage scales by K. To
preserve the dynamic range, the capacitances must by
scaled by Ky 2 and, to maintain the bandwidth, the
transconductances must also be scaled by Ky*. To keep
the gain constant, the scaling of the Early voltages can
also be included in the resizing factors as shown in table
I

Full scaling will not be considered here because it
degrades the analog performance. The choice between
constant area and constant inversion level scaling de-
pends on the operating point of the transistor. Transistors




operating in the weak inversion or lower moderate inver-
sion region must be scaled at constant inversion level,
while transistors operating in strong inversion are more

tion.

Table 1IV. Simulated performance for the Miller
CMOS OTA

ETEraTen

e

conveniently scaled at constant area and power consump- Origi- | Constant Constant  in-
nal area scal- | version level
design | ing scaling
e z e Supply volt- | 5V 2V 2V
- ages
et - Open-loop 74dB 73dB 63dB
\\ ol gain
i . Unity gain | IMHz | 830kH 745kH
B - frequency
- Phase mar- | 66° 69° 68°
- gin
- Total current | 30uA 39uA 190uA

Fig. 2 Bode diagram of Miller OTA in a 31 CMOS
technology

TR T N7 T T

H

Fig. 3 Bode diagram of M iller OTA scaled at constant
area in a .8t CMOS technology

Example

The Miller OTA described on page 490 of ref.[5]
has been designed for a 3um technology and 5V power
supply. We present here the resizing of this OTA for a
.8um technology and 2V power supply. Because the
transistors operate in the higher end of moderate inver-
sion, both constant area scaling and constant inversion
levels can be applied.

The scaling factors are: Ky=2.7; K =3.75; K,=2.7
and Kg=1. The comparison of Fig. (2) and Fig. (3), shows
that the open gain characteristics are almost the same for
both amplifiers.
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Table V. Dimensions of the transistors of the Miller
OTA of Fig. 6.4 of ref. [5]

Original de- | Constant Constant  in-
sign area scaling version level
scaling

T1 | 26/16 98/4 70/16

T2 | 26/16 98/4 70/16

T3 | 10/10 38/2.4 26/10.4

T4 | 10/10 38/2.4 26/10.4

TS | 85/5 206/1.6 147/4.8

T6 | 115/5 431/1.6 308/4.8

T7 | 13/10 49/2.4 35/10.4

T8 | 13/10 49/2.4 35/10.4

Mismatch and low frequency 1/f noise are inversely
proportional to the area of the devices [7, 14]. Because in
the proposed resizing rules area is preserved or aug-
mented, matching and 1/f noise are maintained in first
approximation. If the parameters characterizing low fre-
quency noise and/or matching are different in the new
technology, it is always possible to increase the area to
satisfy the specs related to random fluctuations [15]. In
the W-scaling proposed in [15], C, W and I, are scaled by
the same factor, keeping constant both frequency re-
sponse and gain. In fact, the W-scaling proposed in [15]
is a particular case of the constant inversion level scaling
proposed in this paper.

Effects of scaling on switch and sample and
hold

The conduction gap of analog switches is one of the
most significant obstacles for low-voltage operated ana-
log circuits [9]. Among the techniques to deal with this
problem, constant voltage operated switches [16] is par-
ticularly suited for reuse. Using the bias circuit proposed
in [16], the on-conductance of the switches is given by:




W .
goN =EHCQX(VDD"VT0) (9)

To scale a sample and hold circuit while maintain-
ing speed, the time constant C,/g,,, where Cp is the
holding capacitance, must be kept constant.

The channel length is scaled (L—L/K) and the as-
pect ratio W/L of the switches is easily determined from
(9). As demonstrated in [7], if the operating speed is
maintained in the scaled circuit, the error due to charge
injection is reduced by the scaling factor K.

Conclusions

A methodology to reuse analog MOS circuits has
been developed. It is supported by a current-based
MOSFET model, which has accurate single-piece equa-
tions and uses normalized variables and few physical
parameters. Simple formulas allow the calculation of
transistor dimensions and bias for a given circuit in a
current technology, starting from the circuit designed in a
previous technology. The proposed methodology has
been applied to the redesign of an operational amplifier
and corroborated by simulations.
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