
Abstract
This paper discusses manufacturabilty of state-of-the-art
low power technologies. We report the results on two gener-
ations of bulk CMOS technologies, triple-well CMOS and
Thin Film Silicon on Insulator (TFSOI) technologies. We
present technology capabilities for several values of supply
voltage and address the issue of performance scaling with
the supply voltage reduction. Then we focus on the statisti-
cal characterization of these technologies and discuss both
interchip and intrachip variations. Finally, we present the
digital and analog designer perspectives on the low power
IC operation.

Introduction
Reduction of IC power consumption is typically synony-
mous with the reduction of the dynamic power dissipation,
Pcharge, in digital IC’s. In such a case, low power design can
be achieved by reducing the following parameters: supply
voltage, load capacitances and circuit activity rate. The
decrease in supply voltage is the most effective method
since the dynamic power dissipation is proportional to the
square of supply voltage. Reduction of load capacitances is
limited if we assume that the interconnect capacitances
dominate which is the case for the scaled down technolo-
gies. Power savings can be also achieved by a number of

architectural solution aimed at decreasing the activity rate.
These solutions include: reduction of clock frequency via
parallelization; employment of low switching activity or
non-glitching circuit blocks, and standby (sleep mode)
power reduction circuitry [1].
In general, digital IC designers do not want to sacrifice cir-
cuit performance (i.e., speed) while reducing power con-
sumption. Although the decrease in gate oxide thickness in
scaled-down technologies helps in increasing the drive cur-
rent, Ion, the gate oxide thickness is limited to 40-45 Å due
to tunneling and reliability constraints [2].Ion can be also
increased via effective channel length reduction but this
results in increased variability as will shown later. Lowering
threshold voltage,Vth, can be an efficient method for reduc-
ing the delays in digital IC’s. However, it leads to the
increase in leakage currents,Ioff, and thus the increase in the
static power dissipation,Pleak, which is undesirable espe-
cially for the battery-operated equipment in the standby
mode. If this leakage power constraint is critical,Vth must
remain constant while scaling downVDD. This will, how-
ever, introduce a severe penalty in speed. Hence, to achieve
an optimal trade-off between IC performance (speed) and
total power dissipation (the sum ofPcharge, Pleak and the
short circuit power dissipation componentPsc), a number of
factors ranging from architectural/circuit solutions, choice
of supply voltage, to the choice of technology and device
parameters must be taken into account.
The possible technologies for low power IC’s include:
scaled-down twin-tub bulk CMOS, triple-well bulk CMOS
and Thin Film Silicon-On-Insulator (TFSOI) technologies.
The key parameters in the twin-tub CMOS technology are
the substrate/channel doping and LDD resistance. With
additional threshold adjust implant there is also a possibility
of two devices per type with different threshold voltage val-
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ues (high and low). This has been very successfully
explored in the CMOS DSP chip for mobile communication
applications [3]. The triple-well technology is ideally suited
for the variable threshold voltage/multiple threshold voltage
schemes essential to reduce power consumption in the
standby/sleep mode of operation. Moreover, the substrate
bias can be used to compensate forVth fluctuations in the
manufacturing process. This is accomplished with negligi-
ble overhead in speed and area, and with less than 5%
increase in cost and turnaround time [4]. Finally, the TFSOI
technology, due to inherently low junction capacitances and
small body effect, can achieve 2x increase in performance
for identical layout and design rules as bulk CMOS [5].
The choice of technology and device parameter optimiza-
tion must be ultimately based on manufacturability. This is
especially important for low voltage IC’s where the process
fluctuations are relatively more important (e.g., variations in
Vth will cause significant variations in the worst case values
of theIon currents).
At present, 0.5µm bulk CMOS technology is the workhorse
in volume production, while 0.35µm technology is in early
production stages. Variability in these two technology gen-
erations is a manufacturability concern. This variability is
caused by three main factors: critical dimension variations,
channel doping fluctuations and oxide thickness nonunifor-
mity. Their relative importance will increase further in the
0.25µm technology which is now in the development/pilot
production phase. The above factors contribute to the IC
performance variations and must be taken into account in IC
design optimization.
For digital IC’s, the interchip (within wafer) variations are
of key importance although we have already observed  gra-
dients in parameter mismatches with large chips that cannot
be neglected in IC performance evaluation/optimization.
Analog IC designers are additionally concerned about local
mismatch since many basic analog circuit blocks rely on
extremely precise matching between device parameters.
In this paper, we will address these manufacturability

issues. We will demonstrate the capabilities of several tech-
nologies (0.5µm and 0.35µm twin-tub CMOS, 0.6µm triple-
well CMOS and 0.18µm TFSOI technologies). We will
present the effects of scaling down supply voltage on device
parameters and IC performance. We will also report the
results of statistical characterization of these processes. We
will pay special attention to the matching of the device
parameters (both global and local). Finally we will present
digital and analog designer perspectives on the effects of
process fluctuations on the design of low-power analog IC’s
in the state-of-the-art CMOS technologies.

Technology Capabilities
Typical values of key device parameters (Vth, Ion, Ioff) for
minimum size devices in four different technologies are
shown in Table 1.
The values forVth have been extracted with the device in
triode region (Vds = 0.1 V) by extrapolatingVgs from the
region of maximum slope of the I-V characteristic.
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Fig. 1 Propagation delay vs. supply voltage

Technology 0.35µm bulk 0.5µm bulk 0.6µm triple-well 0.18µm TFSOI

L (µm) 0.35 0.5 0.6 0.18

Vtn (mV) 614 569 975 500

Vtp (mV) 555 649 958 500

Ion,n (µA/µm) 550 330 280 250

Ion,p (µA/µm) 250 150 180 126

Ioff,n (pA/µm)) 1 1 N/A 10

Ioff,p (pA/µm) 1 1 N/A 2

 Table 1: Typical device parameter values



TheIon values are measured at 25oC with Vds andVgs at the
typical maximum supply voltages, i.e. 3.3V for the bulk
CMOS processes, 3V for the triple-well and 1.5V for the
TFSOI technology. Please note that all the reportedIon val-
ues are normalized to transistor width.
Although SOI is very attractive because of the lower thresh-
old voltage and higher drive current for very low voltages,
scaled down CMOS bulk processes appear to be still very
efficient for values of the power supply above 2V [6]. Fur-
thermore, their capability to supply higher drive current will
increase with future generations as the gate oxide thickness
is reduced.
Fig. 1 compares the propagation delay as a function of the
power supply for an SOI technology and three CMOS bulk
processes. This comparison has been made from ring oscil-
lator data with the load dominated by the gates. For power
supply greater than 2V, the delay is almost the same for the
two families, but for supply voltage significantly lower than
2V, SOI delay is reduced by a factor of two [7].
This fact is also confirmed by Fig. 2 in which the relation-
ship between gate delay vs. power-delay product is plotted
from the ring oscillator data. For a given target delay, the
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Fig. 2 Delay vs. powerdelay product

power consumption of SOI is lower than that of CMOS by
up to a factor of two. Nevertheless, as mentioned above,
bulk technology will still dominate the high volume produc-
tion in the near future.
The primary source of power consumption in digital blocks
is usually due to capacitance charging/discharging:

where fck is the clock frequency andα is the activity rate
[8]. As shown in equation (1) the most straightforward way
of minimizing the switching component of power is by
reducing the supply voltage value.
Unfortunately, this also decreases the speed of the cells, as
shown in Fig. 1 and Table 2 where the key performance
parameters of these technologies from the low power design
perspective are shown. Note that the normalizedPcharge

changes identically between 0.5µm and 0.35µm technology
since the ratio of power dissipation for different supply volt-
ages does not depend on load capacitance. If we are to com-
pare the nominal values of power dissipation between
0.5µm and 0.35µm technologies, the ratio would be affected
by the typical load capacitance ratio (e.g., if we assume a
fan out of 3 and 100µm of interconnect as the typical load-
ing we would obtainCload of 156fF for 0.5µm technology
and 135fF for 0.35µm technology). Hence, it is clear that
the scaling ofPcharge (or, more precisely, energy) is pre-

dominantly a function of  and not a function of mini-

mum channel length. In addition to delay and power
dissipation component values, we also present the inverse
subthreshold slope which is defined as theVgs required to
increase the drain current by a factor of ten. The reported
values are normalized with respect to the value computed at
5V for a fixed fan-out (which is assumed to be dominated
by interconnect).
Table 2 shows that, for the sameVth, scaling the supply volt-
age leads to a very significant reduction in the power dissi-
pation components but also to a penalty in terms of speed.

Pch earg
1
2
--- CVDD

2( ) fckα= (1)

VDD
2

Technology 0.5µm bulk 0.35µm bulk

Supply voltage 5 V 3.3 V 2.5 V 1.8 V 5 V 3.3 V 2.5 V 1.8 V

Delay 1 1.25 1.6 2.4 1 1.22 1.51 2.15

Psc 1 0.34 0.168 0.08 1 0.46 0.168 0.078

Pleak 1 0.55 0.41 0.28 1 0.6 0.47 0.35

Pcharge 1 0.44 0.25 0.1 1 0.44 0.25 0.1

Inverse Sub. slope 1 2.15 3.07 4.09 1 1.4 5.44 11.05

Table 2: Performance of bulk CMOS technologies vs. power supply (normalized values)



Statistical characterization
Technology scaling for performance improvement has to be
traded off with process manufacturability, an operation
which can be quantified as the amount of variability intro-
duced during the fabrication process.
Table 3 shows the spreads, at wafer level, for some of the
key parameters of the four technologies under consideration
for the minimum size in each technology. The values are
reported as a ratio of the standard deviation,σ, to the mean
value, µ, for each parameter. It is clear that scaled down
technologies carry a higher percentage of variability. At
present, the advantages of high performance provided by
TFSOI are reduced by the significant variability of device
parameters.
Improvements in technology can be achieved only by iden-
tifying the process parameters which contribute substan-
tially to the overall variability and the interactions between
them. The increase in the parameter variability with the
reduction of the minimum device size is consistent with the
results from literature [9] where the critical dimension vari-
ations are reported to be the most important contributor to
the overall variability along with other factors, such as

 Fig. 3 Drain current mismatch
      as a function of (Vgs-Vth)
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channel doping and oxide thickness fluctuations.
To extract these components, sensitivity analysis followed
by the analysis of variance (ANOVA) should be used.
Global variations (inter-die), which are significant across
the whole wafer, and local mismatches (intra-die), which
are relevant within the single die must be characterized and
modeled.
As pointed out in the introduction, a precise characteriza-
tion of global variations is critical to digital design, where
both interconnect and gate variabilities are heavily affected
by these fluctuations. The presence of process gradients
across the wafer heavily affects inter-chip variations but can
be accurately predicted because it is systematic in nature
[10]. Furthermore, it has been reported [9] that inter-chip
variations account for at least 2/3 of the total wafer vari-
ance. Similarly, the accuracy in the characterization of local
mismatches can be drastically improved by extracting, from
the total variance, the systematic part [11].
As will be shown later, local device mismatches are, in gen-
eral, more critical in analog applications [12], and in low
voltage/low power design, the concern for this kind of vari-
ability is even more critical. Lower power supply voltages
imply a reduction in the value of (Vgs - Vth) which results in
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 Fig. 4 Threshold voltage mismatch
vs. 1/(effective gate area)

σ/µ (%) 0.5µm bulk 0.6µm triple-well 0.35µm bulk 0.18µm TFSOI

Vtn 0.45 1.3 2.0 13.48

Vtp 0.526 0.96 2.1 22.48

gmax,n 1.5 0.3 N/A N/A

gmax,p 0.71 2.3 N/A N/A

Ion,n 0.551 2.0 2.9 N/A

Ion,p 1.031 3.0 N/A N/A

Table 3: Device parameter comparison: wafer spreads



increased variability as suggested by the following expres-
sion for the drain current variance [13]

The data from Fig. 3, for a 0.35µm CMOS bulk process and
extracted from a population of more than 400 dice, shows
that, in case of minimum sized devices, the global current
mismatch, given as the ratio , increases up to a fac-

tor of 35 when the input voltage is decreased from 3.3V
down to 0.2V and as the device is driven from strong inver-
sion down into deep subthreshold region. Clearly, the
reduced swing of the input signal typical of low voltage
applications, amplifies the effect of current mismatch.
This result is significant because it provides the warning to
the designer that, although the mismatch in threshold volt-
age and gain factor can appear to be very good, the effect on
the drain current mismatch can be still very strong. Fig. 4
shows the standard deviation ofVth versus the inverse of
square root of effective channel area for NMOS and PMOS
devices for three different values of the bulk bias. For this
0.35µm bulk technology, threshold voltage mismatch can be
as good as 2.8% for NMOS and 2.5% for PMOS at mini-
mum size (VB = 0V) meanwhile, as shown in Fig. 5, gain
factor mismatch is smaller, by a factor of two, for the same
device size and bias condition. However, the difference in
these two parameters is reduced as the back bias is
increased.
The manufacturability is likely to become even worse with
additional reduction of minimum size and device spacing.
New sources of variability (negligible in previous technolo-
gies) will increase the local component of the total variance
and the following effects will become dominant: over/under
etching of small geometries, proximity effects [14], doping
fluctuations along the channel [15], lateral diffusion of
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 Fig. 5 Gain factor mismatch
vs. 1/(effective gate area)

dopants between adjacent high-energy implanted wells [16].
They will have a dominant effect on local mismatch and
should be considered in the standard characterization proce-
dure.
Due to the phenomena described above, the systematic con-
tribution to local mismatch increases significantly. It is nec-
essary to design special purpose test structures to isolate
these effects and extract the systematic component of local
mismatch. A set of test structures should include structures
to measure sheet resistance, linewidth (with and without
dummy neighbors), doping and oxide thickness variations.

The digital designer’s perspective
Process variability has been long considered an analog
design problem only. However, as the minimum size of the
CMOS device decreases to deep submicron, the effect of
process variability has an increasing impact on the perfor-
mance of digital IC’s. Below we present the effect of pro-
cess variations on power consumption of digital circuits.
In standard static CMOS, for minimum feature size below
0.5µm, most of the power is consumed by switching the
load capacitance. The capacitance and resistance of inter-
connection lines, however, can be controlled quite accu-
rately, (typically within ±5%). Moreover the switching
component of the power consumption can be considered as
the “useful” part of the total power dissipated by a logic cir-
cuit, as opposed to the short circuit and leakage compo-
nents, since it is the energy necessary to perform the actual
computation for which the circuit has been designed.
However, as we mentioned in the introduction, there exist
other circuit solutions to explore low voltage/low power
trade-offs such as, for example, multiple threshold or quad-
rail circuits [17]. In these cases the combination of short cir-
cuit and leakage power may be more significant, therefore
we present below a brief discussion of the sensitivity of
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these power components to process variations.
The impact of process variations on the short circuit compo-
nent of the power consumption,Psc, can be quite signifi-
cant. In fact, this component is affected directly, through the
shift of the logic threshold of the pull-up with respect to the
pull-down stack of a CMOS cell, and indirectly, through the
increase of the transition time of the switching events. The
direct impact of the process variability on the short circuit
component is usually quite moderate (e.g.∆Psc < 10%),
whereas the indirect component can be as large as±30%
with respect to typical. We have characterized the effect of
this indirect mechanism on the blocks of a standard cell
library in a 0.5µm CMOS technology. In order to do so, we
have initially characterized the parameters of a linear equa-
tion that relatesPsc to the output transition time:

where  is the actual value and  the mean value of

either the rise or fall time.
In equation (3),P0 represents the short circuit component of
the power dissipation for a typical process, and the first term
accounts for the additional power dissipated because of
variations in the output transition time. The amount of extra
power is then weighted by a factorK.
Then, for each cell in the library, we have extracted the
worst case (at±3σ) output transition time from a Monte-
Carlo simulation. The distribution ofK across the different
cells in the library is shown in Fig. 6. It can be seen that,
even if generally the value of this coefficient is approxi-
mately 50, it may assume values as large as several hun-
dreds for a simple inverter. Thus the total variation in the
short circuit power component for 3σ variation of the output
transition time can increase up to 30%.
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Although the direct impact of process variations on the
leakage component of power consumption is typically low,
the process variability affects the subthreshold slope. How-
ever, leakage is still a problem for the battery operated IC’s
and it may be also quite significant in the solutions with
greatly reduced threshold voltage.
From the digital designer viewpoint, the process variability
limits the possible reduction ofVth necessary to maintain a
sufficient worst-case noise margin.
Recently digital designers have started to employ analog
style differential architectures (e.g., CVSL [18]) to low
power design to minimize noise and cross-talk. These low
voltage swing technologies are extremely sensitive to the
local mismatch which increases the importance of intra-die
variations.

The analog designer’s perspective
Most CMOS analog IC’s need accurate control of the tran-
sistor bias currents. In fact, excessive variations of these
currents due to manufacturing tend to sacrifice power dissi-
pation at the high extreme of bias current, and speed at the
lower extreme, while dependence of bias currents on supply
voltage result in poor power supply rejection. Accurate
biasing can be achieved by a central (master) bias circuit
which generates a multiplicity of currents and distributes
them around the chip. These currents are used by local
(slave) bias circuits which in turn produce the required bias
voltages or currents for the nearby analog circuits. Another
advantage of this choice is that a complete chip power-
down can be simply achieved by turning off the central bias
circuit.
The “Proportional To Absolute Temperature” (PTAT), and
the “Proportional To Square Root of Absolute Temperature”
(PTSRAT) are central bias circuits most commonly used.
These absolute temperature coefficients for reference cur-
rents are chosen by designers to compensate for similar but
opposite coefficients of the MOS device parameters, keep-
ing the performance of the complete circuit almost indepen-
dent from the operating temperature. Therefore, the
reference current,Ib, dependence from process parameters
is unwelcome, especially in the case of low power IC’s,
because it forces analog designers to choose a typical value
for the central bias current much higher than the desired
minimum to assure a good yield during volume production
of the chip
Very simplified schematics of PTAT and PTSRAT circuits
in a N-well CMOS technology are shown in Figs. 7 and 8,
respectively, whereIb is the reference current generated by
central bias,k is Boltzmann’s constant, T is the absolute
temperature,µ and Cox are MOS channel mobility and
oxide specific capacitance, W/L is the MOS width to length
factor, R is a poly or diffused resistor, A is the emitter area
ratio between two vertical “parasitic” BJT’s which are
always present in a CMOS process, B is the ratio between



the widths of M3 and M4, andVos is the amplifier offset
voltage in Fig.7 or the threshold mismatch between M3 and
M4 in Fig.8.
For the PTAT bias:

Thus, if the resistor temperature coefficient is negligible, the
bias current is linearly related to absolute temperature. Con-
sidering the tolerance on poly resistor (±3σ = ±15%) and
practicalVos values (±3σ = ±10mV) as independent random
variables, the±3σ bounds for bias current are -21% and
+24%.
For the PTSRAT bias:

Since the channel mobility has an approximateT -1.5 tem-
perature dependence, the bias current is proportional to the
square root of absolute temperature.
Again, assuming the tolerance on MOS channel mobility
and oxide thickness (±3σ = ±12%) and practical threshold
mismatch (e.g., for relatively large devices±3σ = ±8mV) as
unrelated processes, the±3σ bounds for bias current are
-28% and +31%.

Conclusions
In this paper we have examined the manufacturability of
four types of technology suitable for low voltage/low power
applications. We have argued that the proper trade-off to be
considered while lowering the supply voltage has to involve
speed of the gates and the total power dissipation.
We have demonstrated that the manufacturability is becom-
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ing a crucial factor in achieving this trade off due to both
global and local variations. Proper statistical characteriza-
tion of process must be based on special purpose test struc-
tures to identify main sources of device parameter
variations.
Finally, we have shown that is not sufficient to examine
variability in device parameter only, since variations (both
global and local) may be significantly amplified at the level
of device currents or IC block performances.
In summary, a new comprehensive approach to assess the
manufacturability of next generation low power circuits
must be developed before the circuit designers (especially
analog) can take full advantage of scaled down technology
capabilities. It is especially important to zoom in on the sec-
ond order effects associated with local mismatches.
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