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Abstract architectural solution aimed at decreasing the activity rate.
These solutions include: reduction of clock frequency via

This paper discusses manufacturabilty of state-of-the-arparallelization; employment of low switching activity or
low power technologies. We report the results on two genernon-glitching circuit blocks, and standby (sleep mode)
ations of bulk CMOS technologies, tripIe-weII CMOS and power reduction Circuitry [l]
Thin Film Silicon on Insulator (TFSOI) technologies. We |n general, digital IC designers do not want to sacrifice cir-
present technology capabilities for several values of supplyuit performance (i.e., speed) while reducing power con-
voltage and address the issue of performance scaling witgumption. Although the decrease in gate oxide thickness in
the supply voltage reduction. Then we focus on the statistiscaled-down technologies helps in increasing the drive cur-
cal characterization of these technologies and discuss botfent, 1, the gate oxide thickness is limited to 40-45 A due

interchip and intrachip variations. Finally, we present the;, tunneling and reliability constraints [a},, can be also

?éggzzfzﬂ%r?namg designer perspectives on the low POWE| reased via effective channel length reduction but this

results in increased variability as will shown later. Lowering

. threshold voltagey,, can be an efficient method for reduc-
Introduction ing the delays in digital IC’s. However, it leads to the
Reduction of IC power consumption is typically synony- increase in leakage currenig;, and thus the increase in the
mous with the reduction of the dynamic power dissipation,Static power dissipatiorRjeay, Which is undesirable espe-
Pcharge in digital IC’s. In such a case, low power design cancially for the battery-operated equipment in the standby
be achieved by reducing the following parameters: supplymode. If this leakage power constraint is critié4), must
voltage, load capacitances and circuit activity rate. Theremain constant while scaling dowfyp. This will, how-
decrease in supply voltage is the most effective methodver, introduce a severe penalty in speed. Hence, to achieve
since the dynamic power dissipation is proportional to thean optimal trade-off between IC performance (speed) and
square of supply voltage. Reduction of load capacitances istal power dissipation (the sum Bfnarge Pieak @nd the

dominate which is the case for the scaled down technoloy

) . be al hieved b b Q?ctors ranging from architectural/circuit solutions, choice
gies. Power savings can be also achieved by a number f 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 250.0
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 compensateMgrfluctuations 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- 00,¢ o s 20 25 30 a5
tion must be ultimately based on manufacturability. This is Supply Voltage (V)

especially important for low voltage IC’'s where the process
fluctuations are relatively more important (e.g., variations in
Vi, Will cause significant variations in the worst case values
of thel,, currents). issues. We will demonstrate the capabilities of several tech-
nologies (0.5m and 0.3Em twin-tub CMOS, 0.gm triple-

well CMOS and 0.18m TFSOI technologies). We wiill
present the effects of scaling down supply voltage on device
parameters and IC performance. We will also report the

erations is a manufacturability concern. This variability is results of statistical characterization of these processes. We
caused by three main factors: critical dimension variations, . . i . P N
Will pay special attention to the matching of the device

channel doping fluctuations and oxide thickness nonunifor- ) .
mity. Their relative importance will increase further in the p_ar_ameters (both 9'°b"’." and local). F!nally we will present
0.25um technology which is now in the development/pilot digital and anal_og designer pe_rspectlves on the effects ,Of
production phase. The above factors contribute to the |Process fluctuations on the design of Io_vv—power analog IC's
performance variations and must be taken into account in 1¢ the state-of-the-art CMOS technologies.

design optimization. L

For digital IC’s, the interchip (within wafer) variations are Technology Capabilities

of key importance although we have already observed gra-. . .
dients in parameter mismatches with large chips that canno y.p!cal valges of k.ey dgwce pargmete‘r@h,( o Tof) .for

be neglected in IC performance evaluation/optimization.Mnimum size devices in four different technologies are
Analog IC designers are additionally concerned about locafnown in Table 1. . o
mismatch since many basic analog circuit blocks rely onThe values folVy, have been extracted with the device in
extremely precise matching between device parameters. triode region Yys = 0.1 V) by extrapolatiny/ys from the

In this paper, we will address these manufacturabilityregion of maximum slope of the |-V characteristic.
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Fig. 1 Propagation delay vs. supply voltage

At present, 0.am bulk CMOS technology is the workhorse
in volume production, while 0.3&n technology is in early
production stages. Variability in these two technology gen-

Technology 0.3Am bulk 0.5um bulk 0.6um triple-well 0.1§m TFSOI

L (um) 0.35 0.5 0.6 0.18

Vin (MV) 614 569 975 500

Vip (MV) 555 649 958 500

lon.n (MA/HM) 550 330 280 250

lon,p (HA/pM) 250 150 180 126

loff.n (PA/HM)) 1 1 N/A 10

loff,p (PA/UM) 1 1 N/A 2

Table 1: Typical device parameter values
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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:
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0.25um BULK wheref is the clock frequency and is the activity rate

1 [8]. As shown in equation (1) the most straightforward way

200 | 1 of minimizing the switching component of power is by

00 ‘ ‘ ‘ ‘ ‘ reducing the supply voltage value.

e Delay a0y 000 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 normaliBgghqe

Thel,n values are measured atZ5with Vys andVgs at the changes identically between (iré and 0.3fm technology
typical maximum supply voltages, i.e. 3.3V for the bulk since the ratio of power dissipation fordlﬁerent supply volt-
CMOS processes, 3V for the triple-well and 1.5V for the ages does not depend on load capacitance. If we are to com-

TFSOI technology. Please note that all the repdgigstal- pare the nominal values .Of power .dissipation between
Ues are normalizg::/d 0 transistor width pdde 0.5um and 0.3fm technologies, the ratio would be affected

. . by the typical load capacitance ratio (e.g., if we assume a
Although SOl is very attra.ctlve because of the lower thresh-fan out of 3 and 1Q8M of interconnect as the typical load-
old voltage and higher drive current for very low voltages,

) i I i f 156fF for O. hnol
scaled down CMOS bulk processes appear to be still ver)l/ng we would obtairCieq Of 156fF for 0.im technology

efficient for values of the power supply above 2V [6]. Fur- ahnd 135"_]": fori'PO.3|5m technology). I—_|en|ce, it is Clef’ir that
thermore, their capability to supply higher drive current will € SCaling 0Pcnarge (Or, more precisely, energy) is pre-
increase with future generations as the gate oxide thicknesgominantly a function of/3

is reduced. _ _ mum channel length. In addition to delay and power
Fig. 1 compares the propagation delay as a function of thgjissipation component values, we also present the inverse
power supply for an SOI technology and three CMOS bulksybthreshold slope which is defined as e required to
Iproce;ses. '.I'Elshcolmpgrljson.has geben ?ade fromFrlng OSC'fﬁcrease the drain current by a factor of ten. The reported
ator data with the load dominated by the gates. For POWe[,, o5 are normalized with respect to the value computed at

supply greater than 2V, the delay is almost the same for th%v for a fixed fan-out (which is assumed to be dominated
two families, but for supply voltage significantly lower than by interconnect)

2V, SOl delay is reduced by a factor of two [7]. Table 2 shows that, for the saWg, scaling the supply volt-

This fact is also confirmed by Fig. 2 in which the relation- — L o
ship between gate delay vs. power-delay product is plotte&‘ge leads to a very significant reduction in the power dissi-
pation components but also to a penalty in terms of speed.

from the ring oscillator data. For a given target delay, the

Fig. 2 Delay vs. powerdelay product

and not a function of mini-

Technology 0.5m bulk 0.3%um bulk

Supply voltage 5V 3.3V 25V 1.8V 5V 3.3V 25V 1.8V
Delay 1 1.25 1.6 24 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
Peharge 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.¢

Table 2: Performance of bulk CMOS technologies vs. power supply (normalized values)
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Fig. 3 Drain current mismatch Fig. 4 Threshold voltage mismatch
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Statistical characterization channel doping and oxide thickness fluctuations.

To extract these components, sensitivity analysis followed
Technology scaling for performance improvement has to bayy the analysis of variance (ANOVA) should be used.
traded off with process manufacturability, an operationGlobal variations (inter-die), which are significant across
which can be quantified as the amount of variability intro- the whole wafer, and local mismatches (intra-die), which
duced during the fabrication process. are relevant within the single die must be characterized and
Table 3 shows the spreads, at wafer level, for some of thengdeled.
key parameters of the four technologies under consideratiops pointed out in the introduction, a precise characteriza-
for the minimum size in each technology. The values arejon of global variations is critical to digital design, where
reported as a ratio of the standard deviatmrtp the mean  poth interconnect and gate variabilities are heavily affected
value, y, for each parameter. It is clear that scaled downpy these fluctuations. The presence of process gradients
technologies carry a higher percentage of variability. Atacross the wafer heavily affects inter-chip variations but can
present, the advantages of high performance provided bye accurately predicted because it is systematic in nature
TFSOI are reduced by the Significant variability of device [10] Furthermore, it has been reported [9] that inter-chip
parameters. variations account for at least 2/3 of the total wafer vari-
Improvements in technology can be achieved only by idenance. Similarly, the accuracy in the characterization of local
tifying the process parameters which contribute substanmismatches can be drastically improved by extracting, from
tlaIIy to the overall variability and the interactions between the total Variance, the Systema’[ic part []_1]

them. The increase in the parameter variability with theAs will be shown later, local device mismatches are, in gen-
reduction of the minimum device size is consistent with theeraL more critical in ana|og app"ca’[ions [12], and in low

results from literature [9] where the critical dimension vari- Vo|tage/|ow power design, the concern for this kind of vari-

ations are reported to be the most important contributor taapility is even more critical. Lower power supply voltages

the overall variability along with other factors, such asimply a reduction in the value 0¥ - Vi) Which resuilts in

o/u (%) 0.5um bulk 0.6um triple-well 0.3%um bulk 0.1&m TFSOI
Vin 0.45 1.3 2.0 13.48
Vip 0.526 0.96 2.1 22.48
Omax.n 1.5 0.3 N/A N/A
Imax.p 0.71 2.3 N/A N/A
lonn 0.551 2.0 2.9 N/A
lon,p 1.031 3.0 N/A N/A

Table 3: Device parameter comparison: wafer spreads
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increased variability as suggested by the following expres-dopants between adjacent high-energy implanted wells [16].

sion for the drain current variance [13] They will have a dominant effect on local mismatch and
2 should be considered in the standard characterization proce-
o 02 2
Ay _ 7B, 40 @) dure.
02 B (V= Vi) ? Due to the phenomena described above, the systematic con-

tribution to local mismatch increases significantly. It is nec-
The data from Fig. 3, for a 0.8 CMOS bulk process and essary to design special purpose test structures to isolate
extracted from a population of more than 400 dice, showghese effects and extract the systematic component of local
that, in case of minimum sized devices, the global curreninmismatch. A set of test structures should include structures
mismatch, given as the ratqlDAD , increases up to a facto measure sheet resistance, linewidth (with and without

tor of 35 when the input voltage is decreased from 3.SVdummy neighbors), doping and oxide thickness variations.

down to 0.2V and as the device is driven from strong inver- . . , .
sion down into deep subthreshold region. Clearly, the The d|g|tal de5|gners perSpeCtlve

reduced swing of the input signal typical of low voltage Process variability has been long considered an analog

applications, amplifies the effect of current mismatch. design problem only. However, as the minimum size of the

This result is significant because it provides the warning tOCMOS device decreases to deep submicron, the effect of

the designer that, although the mismatch in threshold volt- rocess variability has an increasing impact on the perfor-
age anq gain factor can appear to be very good, the eff_ect ance of digital IC’s. Below we present the effect of pro-
the drain current mlsmat_ch_ can be still very s}rong. Fig. 4cess variations on power consumption of digital circuits.
shows the standard deviation 4, versus the inverse of In standard static CMOS, for minimum feature size below
square root of effective channel area for NMOS and PMOSO.Spm, most of the power is consumed by switching the
devices for three different values of the bulk bias. For this|g5q capacitance. The capacitance and resistance of inter-
0.33um bulk technology, threshold voltage mismatch can beggnnection lines, however, can be controlled quite accu-
as good as 2.8% for NMOS and 2.5% for PMOS at mini-ately, (typically within +5%). Moreover the switching
mum size Vg = 0V) meanwhile, as shown in Fig. 5, gain component of the power consumption can be considered as
factor mismatch is smaller, by a factor of two, for the samethe “useful” part of the total power dissipated by a logic cir-
device size and bias condition. However, the difference incuit, as opposed to the short circuit and leakage compo-
these two parameters is reduced as the back bias isents, since it is the energy necessary to perform the actual
increased. computation for which the circuit has been designed.

The manufacturability is likely to become even worse with However, as we mentioned in the introduction, there exist
additional reduction of minimum size and device spacing.other circuit solutions to explore low voltage/low power
New sources of variability (negligible in previous technolo- trade-offs such as, for example, multiple threshold or quad-
gies) will increase the local component of the total variancerail circuits [17]. In these cases the combination of short cir-
and the following effects will become dominant: over/under cuit and leakage power may be more significant, therefore

etching of small geometries, proximity effects [14], doping we present below a brief discussion of the sensitivity of
fluctuations along the channel [15], lateral diffusion of



Although the direct impact of process variations on the
Vce leakage component of power consumption is typically low,
/l/ the process variability affects the subthreshold slope. How-
|_> L} ever, leakage is still a problem for the battery operated IC’s
1 M2 I M1 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 &, necessary to maintain a
R § sufficient worst-case noise margin.
, , , Recently digital designers have started to employ analog
To local bias circuits style differential architectures (e.g., CVSL [18]) to low
power design to minimize noise and cross-talk. These low
Q1 Q2 voltage swing technologies are extremely sensitive to the
Area = A Area =1 local mismatch which increases the importance of intra-die
variations.

Fig. 7 PTAT bias circuit The analog designer’s perspective

Most CMOS analog IC’s need accurate control of the tran-
: o Lo sistor bias currents. In fact, excessive variations of these
The impact of process variations on the short circuit COMpOT, rents due to manufacturing tend to sacrifice power dissi-
nent of the power consumptioRs, can be quite signifi- oo ot the high extreme of bias current, and speed at the
cant. In fact, this component is affected directly, through thegyer extreme, while dependence of bias currents on supply
shift of the logic threshold of the pull-up with respect to thevoltage result in poor power supply rejection. Accurate
pull-down stack of a CMOS cell, and indirectly, through the piasing can be achieved by a central (master) bias circuit
increase of the transition time of the switching events. Theyhich generates a multiplicity of currents and distributes
direct impact of the process variability on the short circuit them around the chip. These currents are used by local
component is usually quite moderate (&\Msc < 10%),  (slave) bias circuits which in turn produce the required bias
whereas the indirect component can be as large8@%  voltages or currents for the nearby analog circuits. Another
with respect to typical. We have characterized the effect olidvantage of this choice is that a complete chip power-
this indirect mechanism on the blocks of a standard celdown can be simply achieved by turning off the central bias
library in a 0.fum CMOS technology. In order to do so, we circuit.

have initially characterized the parameters of a linear equaThe “Proportional To Absolute Temperature” (PTAT), and

these power components to process variations.

tion that relate®g to the output transition time: the “Proportional To Square Root of Absolute Temperature”
(PTSRAT) are central bias circuits most commonly used.
_ One-u(ty O 3) These absolute temperature coefficients for reference cur-
Psc = KHWD‘“ Po rents are chosen by designers to compensate for similar but

opposite coefficients of the MOS device parameters, keep-
wheret,, is the actual value apdt ;) the mean value ofing the performance of the complete circuit almost indepen-
dent from the operating temperature. Therefore, the

either the rise or fall time.
reference currenty,, dependence from process parameters

In equation (3)Pq represents the short circuit component of i i
N . ) is unwelcome, especially in the case of low power IC’s,
the power dissipation for a typical process, and the first term : . )
. o ecause it forces analog designers to choose a typical value
accounts for the additional power dissipated because o

o . o or the central bias current much higher than the desired
variations in the output transition time. The amount of extra__. . . : .
. . minimum to assure a good yield during volume production
power is then weighted by a factor

; . of the chip
Then, for each cell in the Ilbra_lr_y, we have extracted theVery simplified schematics of PTAT and PTSRAT circuits
worst case (at30) output transition time from a Monte-

Carlo simulation. The distribution ¢¢ across the different ' & N-v_veII CMOS te_chnology are shown in Figs. 7 and 8,
cells in the library is shown in Fig. 6. It can be seen that’respectlv.ely, Wher% s the r,eference currer.It generated by
even if generally the value of this coefficient is approxi- central biask is Boltzmann’s constant, T is the. gbsolute
mately 50, it may assume values as large as several hufgmperaturep and Co, are MOS channel mobility and
dreds for a simple inverter. Thus the total variation in theoxide specific capacitance, W/L is the MOS width to length
short circuit power component foo¥ariation of the output ~ factor, R is a poly or diffused resistor, A is the emitter area
transition time can increase up to 30%. ratio between two vertical “parasitic’ BJT’s which are
always present in a CMOS process, B is the ratio between



Vcce ing a crucial factor in achieving this trade off due to both
global and local variations. Proper statistical characteriza-

Finally, we have shown that is not sufficient to examine

| variability in device parameter only, since variations (both

b 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

tion of process must be based on special purpose test struc-
M2 M1 . . i .
|_ - — _I II _II ”_ tures to identify main sources of device parameter
’_l variations.

To local bias circuits M4 j E M3 = BIM4 manufacturability of next generation low power circuits
must be developed before the circuit designers (especially
Q1 Q2 analog) can take full advantage of scaled down technology

Area = A Area=1 capabilities. It is especially important to zoom in on the sec-
ond order effects associated with local mismatches.
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