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SECTION 1

REPORT SYNOPSIS
A, INTRODUCTION

We report here the results of a study on implementing a low
power filter using state-of-the-art CMOS technology. The basic
goal is to design a 1024 tap filter with programmable weights,
that has linear phase, operates at a sample rate of 8KHz, and
consumes a maximum of 2.0 mA at 3.6 V (7.2 mW power). Input
data word length has been specified as between 8 and 12 bits.
The work performed here is based in part on an earlier study!
on a low power filter done at HRL for NOSC.

In Section 1.B we present a summary of the results of the
study, with conclusions in Section 1.C. Section 2 contains the
technical supporting details of the report. The study is
divided into two main parts — Technology Issues (Section 2.B)
and Architectural Issues (Section 2.C). Under Technology Issues
we will review the latest developments in CMOS technology and
compare the performance of CMOS/SOS and CMOS/bulk technologies.
We will look at the voltage requirements of these technologies
to see if 3,6 V is an acceptable power source level. 1In
particular, the Hughes VHSIC CMOS/SOS process will be examined.
In the Architectural Issues section we will analyze each
component of the low power filter in terms of power consumption,
speed, and gate count when implemented with the Hughes CMOS/SQS
process. We will also review state-of-the-art memory chips to
see if one could be suitably used for the low power filter.
Lastly, in Section 2.BE, we provide a preliminary estimate of the
cost of fabricating the low power filter chip using Hughes
CMOS /SOS technology.




B. SUMMARY OF RESULTS

1. Technology

Since an important consideration of this filter chip is
extremely low power, CMOS technology is a natural candidate for
implementation. CMOS circuitry dissipates mainly dynamic
switching power (CVZ2f power) and negligible quiescent power. Of
the two CMOS technologies to choose from — CMOS/SOS and
CMOS /bulk — CMOS/SOS clearly provides better speed/power
performance above 1.5 um channel length, but below 1.0 um there
is evidence that CMOS/bulk performance becomes comparable with
CMOS5/S0S. As channel lengths approach 1 um_gnd below, the lower
line-to-substrate capacitance advantage held by CMOS/S0S is lost
as line-to-line interconnect capacitance becomes significant.
Progress is still being made to improve the speed/puwer
performance of both SOS and bulk technologies, and it is unclear
if CMOS/SOS would still be significantly better than CMOS/bulk
at submicron feature sizes.

As to supply voltage requirements for state-of-the-art
CMOS devices, we have reviewed the relevant literature and
conclude that the current Hughes VHSIC CMOS/SOS technology will
be able to operate from a 3.6 V power source.

We have also investigated using CCD technology for meeting
the data storage requirements of the filter. We used a schenme
that partitions the data for storage into 4 CCD registers and
runs each register at 8 MHz, but only for one-fourth of the
time, so that the effective operational rate is 2 MHz. When the
1500b bits (b is the word size) of data and coefficient storage
is implemented using current CCD technology, we calculated that
power dissipation would be 3.6b mW. This assumes that the
lowest acceptable clocking voltage - 6V, is used. From this
analysis, we see that both power consumption and required
operating voltage would exceed filter specifications. Hence, we
do not recommend the use of CCD technology for data storage.




2. Architectural Issues and Power Consumption

Assuming a single tap implementation for the low power
filter operating at 8 MHz, the major components of the filter,
along with power dissipation and device count for each component
are listed in Table 1. The power calculations are based in part
on a low-power Toshiba 256K CMOS static RAM chip announced at
the ISSCC conference in February, 1984. The power consumption
for this chip was scaled down to meet the data and coefficient
storage requirements of the filter. The Hughes VHSIC CMOS/SO0OS
process parameters were used to calculate power dissgipation in
the processor section. CV2f dynamic power (s assumed to be the
primary source of power dissipation in this section. C is the
total capacitance of each component in the processor section, V
is taken as 3.6 V, and f is 8 MHz. 1In Table 1 the parameter b
is the word size, specified as between 8 and 12 bits. The total
power dissipation for the filter can be obtained by adding the
power dissipated within each component, resulting in

2

P 1.74b" + 246b + 18.3 uW.

total
Similarly, the total device count is obtained by adding the
devices for each component, resulting in

2

D a 32b" + 9265b + 340.

total

The device count and power dissipation broken down by major
components for a 10-bit filter is shown in Table 2. Data and
coefficient storage requirements contribute to 89% of the total
power consumption and 96% of device count. The total power
consumption, device count and projected chip size for an B, 10
and 12-bit filter are shown in Table 3. The projected chip size
for the filter is obtained by estimating the area occupied by
RAM and by random logic, and is given by

S = 51.6b2 + 949b + 548 milZ.




Table 1. Device Count and Power for Single Tap Filter
Device Count Power (W)
Storage 22Q0b 241Db
Adder/Acc. 42b + 340 2.26b + 18.3
Multr. b(32b + 19) - 1.74b2 + 2.16b
Output Driver 4b 0.53b

Total

32b2 + 9265b +

340

1.74b2 + 246b + 18.3

Table 2. Device Count and Power Breakdown for 10-bit Filter

Storage
Adder/Acc.
Multr.

Oﬁtput Driver

Total

Device Count
(8 of total)

Power (.W)
(8 of total)

92 K (961%)
760 (0.8%)
3.4 K (3.5%)
40 (0.04%)

96.2 K (100%)

2.4 (89%)
0.041 (1.5%)
0.20 (7.3%)
0.005 (0.19%)
2.7 (100%)

Table 3. Total Power Consumption and Device Count
for an 8, 10 and 12 bit Filter
Power Consumpticn Device Projected Chip Size
b bits/word (uW) Count (mil2)/(% memory)
8 2.1 76.5 K 11.4 K (5%%)
10 2.7 96 .2 K 15.2 K /S6%)
12 3.2 116 K 19.4 K (52%)




There is a trade-off in terms of power consumption between
a single tap approach and a multi-tap approach. A multi-tap
approach operates at lower speed but requires more gates for
implementation, whereas a single tap approach would have to
operate at higher speed, but requires fewer gates. By
analyzing the computational requirements of a multi-tap
approach we find that the power consumption as a function of the
number of taps, N, is

P(b,N) = 243b/N + 1.73b2

+ 2.43b + 14 uw.
Here we see that only the power associated with data and coeffi-
cient storage (the first term of the equation) decreases with N.
The power consumed in the processor section (the remainder of
the terms) remains constant because even though the processor
gection is operating at lower speeds as N increases, the number
of processors operating simultaneously increases with N.

The total power consumption, device count and projected
chip size for a 10-bit filter is shown for 1 through 4 taps in
Table 4. The device count for an N-tap filter is given by

2

D(b,N) = 9229b + 80 + N(32b" + 45b +260) ,

and the projected chip size is

2 , 72.6b + 419) mil2,

S(b,N) = 876b + 129 + N(51.6b
The first term in D(b,N) ~nd S(b,N) arises primarily from the
data and coefficient storage 3ection, and the bracketed term in
both equations represents contributions from the processor
section.

When using a multi-tap approach, chip yield must be
considered. Prom Table 4, one sees that going from a single to
a two-tap implementation reduces the power consumption by 46%,
but also increases chip size by 41%. This increase in chip size




Table 4. Power Consumption, Device Count and Chip Size
for a 10-bit Filter Implemented with N Taps

Number of tap,|Power Consumption Device Count Chip Size
N (uW) (% dec) ] (% inc.)|mil? (8 inc.)
1 2.6 96.2 K 15.2 K
2 1.4 46 100 K 4.3 21.5 K 41
3 1.0 62 104 K 8.4 27.8 K 83
4 0.82 68 108 K 12.8 34.1 K 124

may translate into a sizable reduction in fabrication yields.
To improve chip yields, the filter implementation may be parti-
tioned into two or more chips. This approach, however, would
require communications between chips at processor speeds. The
power consumed by chip drivers for handling inter-chip communi-
cations would in all likelihood not be compensated for by
operating the filter at lower speeds.

cC. CONCLUSION

The choice of a CMOS process for implementing the filter is
important. The two components of the filter having special
processing requirements are the RAM for data and coefficient
storage and the A/D converter (if it is placed on the same
chip). Choice of a technology for developing a low-power inte-
grated RAM design is important because tne RAM portion of the
filter consumes most of the power on the chip. Also, the large
size of the RAM makes it desirable to use a high device density
technology. Our power and device density calculations for data
storage were based on a 256K static RAM from Toshiba. The tech-
nology used is a two-level polysilicon, two-level metal, p-well
CMOS process, with channel lengths comparable to the Hughes
VHSIC SUS process. 1In order to meet the low power specification
for the filter, a similar CMOS process may have to be used to
develop a low power RAM for data storage in the filter,




In the area of A/D converter designs, significant leakage
currents in SOS devices can make it difficult to achieve milli-
volt precision in CMOS/SOS A/D converters. However, recent work
at RCA has reduced the leakage currents of SOS devices signifi-
cantly. Hence it may now be possible to develop high precision
A/D converters using this improved CMOS/SOS technology.

We have also examined the trade-offs between a single tap
and a multi-tap approach for the filter. A single tap approach
requires a higher operational speed but fewer gates to imple-
ment, whereas a multi-tap approach requires a lower operational
speed but more gates to implement. A muiti-tap approach would
result in power savings if all the components could be inte-
grated on one chip, but would require much higher power if two
or more chips were needed for the implementation. The yield of
fabricated chips becomes an important consideration when chip
size is increased for multi-tap implementations. We estimate
that going from a single tap to two taps for a 10-bit filter
would increase chip size by 41%, but also decrease power
consumption by 46%.

Given the state-of-the-art of current CMOS technology, the
development of the low power filter chip must be viewed as a
research effort. The low power requirement for the filter makes
it desirable to implement the filter on a single chip. However,
the large number of devices necessary for implementing the
filter makes chip yield a primary concern. Also, to
successfully meet the low power requirements of the filter, it
will be necessary to integrate a high density, low power RAM
technology with logic circuitry. This RAM technology, requiring
advanced processing techniques, is not widely available at this
time,




SECTION 2

TECHNICAL ISSUES

A. INTRODUCTION

In the preliminary report we assumed that CMOS/SOS would be
the technology for implementing the low power filter. 1In this
report we will consider the trade-offs between CMOS/SOS and
CMOS/bulk more critically. We will also examine the operating
voltage requirements of CMOS technologies to see if 3.6 V is an
acceptable operating voltage. The Hughes VHSIC CMOS/SOS process
is a good example of what is possible in state-of-the-art CMOS
technologies, 30 we will present the performance parameters of
this process as being representative of what can be achieved in
CMO0S/SOS technologies today. We will also analyze power
consumption requirements if CCD technology is used for data
storagde on the filter chip.

Using the performance parameters for the Hughes VHSIC
CMOS/SOS process, we will obtain speed, power consumption and
device count estimates for the adder/accumulator, multiplier and
output drivers on the filter chip. Hughes does not have a
current effort to develop a 1.25 um static RAM chip, so to
obtain power and device count estimates for data and coefficient
storage on the filter chip, we will examine CMOS static RAM
chips currently available in the market. We will also look at
the trade-offs between using a single tap and a multi-tap
implementation for the filter chip.

B. TECHNOLOGY ISSUES

In the following sections we will review state-of-the-art
CMOS technologies and compare CMOS/SQOS and CMOS/bulk in terms of
power consumption, speed and device technology. We will also

examine operating voltage requirements for these technologies,




and interconnect parasitic capacitances as feature sizes shrink
to submicron dimensions to see how significant they are in
comparison to gate capacitances. Specifically, we will present
the performance characteristics for the Hughes VHSIC CMOS/SOS
process., Pinally, we will investigate the use of CCD technology
for data storage,

1. CMOS Technology

In the preliminary study it was assumed that CMOS/SOS would
be used for fabricating the low—-power filter., It is generally
acknowledged that CMOS/SOS is lower power and faster than
CMOS/bulk technology at channel lengths greater than about
1.0 ym. Below 1.0 uym, however, there is evidence that (M0OS/bulk
becomes competitive with CMOS/S0S. Traditionally CMOS/S0S is
used for radiation-hard applications, whereas CMOS/bulk is
usually used where chip yield and cost effectiveness is a
factor. In choosing a technology for implementing the low power
filter, some consideration should be given to developing a low-
power, high-density staticRAM and an A/D converter (if it is to
be on the same chip) using that technology. These are two
crucial components of the filter, and the successful
implementation of these components coulddepend on the choice of
atechnology.

As is well known, CMOS/S0S technology derives its superior-
ity from the fact that there is virtually no capacitance from
interconnects to the non-conducting sapphire substrate
(Pigure 1), This low capacitance translates into higher
switching speeds and lower dynamic power dissipation - two
important considerations in choosing a technology. CMOS/bulk,
on the other hand, does exhibit considerable interconnect capac-
itance to the substrate (Fiqure 2). Pirst, line-to-substrate
capacitance arigses from metal and poly~-silicon wiring over field
oxide. This capacitance is usuvally about an order of magnitude
less than gate oxide capacitance. Second, there is diffused

10
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line capacitance, primarily at the sidewall adjoining the field
oxide, with a typical value of about 4x10™“ pF/um. The presence
of greater capacitance in CMOS/bulk circuits results in lower
performance of bulk circuits at device dimensions greater than
1.5 um. This is evident in Pigure 3 which compares the
switching speed of a CMOS/SOS and a CMOS/bulk inverter as a
function of minimum feature size.?

As feature sizes are decreased to less than 1.5 um, the
performance of CMOS/bulk circuits become comparable to that of
CMOS/S0S circuits. Pirst, the mobility of carriers in bulk
devices are greater than those of SOS devices. Because silicon
grown on sapphire contains many more defects than bulk silicon,
the scattering of carriers reduces their mobilities in SOS
devices to less than that of bulk devices. The effect of this
is a higher drive current for bulk devices than SOS devices at
equal channel lengths. Second, interconnect line-to-line
capacitance becomes significant as feature sizes decrease below
12 (see Section 2.,B.). Since line-to-line capacitance is
present in both SOS and bulk technologies, the advantage of
lower line-to-substrate capacitance enjoyed by S0OS circuits is
lost at submicron dimensions. As shown in Pigure 3, the
switching speed of a CMOS/bulk inverter is comparable to that of
an equivalent SOS inverter at less than 1.5 ym. Moreover, the
study at Hewlett-Packard? comparing the performance of ring
oscillators on SOS and bulk technclogies at a channel length of
1.3 um concluded that both speed and power dissipation were
about the same.

Improvements are still being made in both CMOS/SOS and
CMOS/bulk technologies. New crystal growth techniques have
redyced the defects in silicon grown on sapphire, thereby
increasing the mobilities of SOS devices.’ The latchup problem,
particularly severe in CMOS/bulk circuits as feature sizes
approach 1 .m, is also being gsolved., Recent studies at
Toshiba indicate that CMOS/SOS circuits may stil. enjoy a
speed/power advantage over CMOS/bulk circuits at submicron
dimensions.? How much of a performance advantage CMOS/SOS

13




1400310
60 T T T T T
S0 |- -
40 —
§
1
-
9
T 30— -
'_&
*
'_-
20 - —
10 |~ -
0 ] | | | 1
0 1 2 3 4 5 8
F = L. MICRON
Voo
P wp - WN
b = Ly
Ll Wy 4 CINTERCONNECT
Cy Cr
Tr + Tf o +
| (PMOS) | (NMOS)

€S.BA.,CC.GH
Ci1CO, 5/80
CSWKR 1M BB
HPL, 5/80

Pigure 3. Total rise and fall time for interconnect
vs minimum feature,.

14




circuits will still have at submicron dimensions is unclear at
this time. The Rughes VHSIC program has interest in both
CMOS/S0S and CMOS/bulk technologies, although current CMOS/SOS
development at 1.2 um channel lengths is at a more advanced
stage.

2. Power Supply Voltage for CMOS Filter Chip

One of the specifications for the low-power filter was that
it operate from a 3.6V power supply. Current VHSIC CMOS
technology is targeted at 5.0V operation. This may be partly
because of a desire to maintain voltage compatibility with other
digital logic families (particularly TTL), most of which operate
at 5.0V. 1In this section we will consider whether it is
possible to operate current and future VHSIC CMOS technologies
at 3.6V,

Some work has been done within the Hughes VHSIC program in
studying the operating voltage range of CMOS circuits as device
dimensions are scaled down. The result of this work is shown in
Pigure 4. As device dimensions are scaled down, there are
several phenomena that limit the operating voltage range of CMOS
circuits. Among these are device punchthrough, oxide breakdown,
junction breakdown, device turn-on threshold, and excess thermal
generation. From the VHSIC study, the two factors that limited
MOSPET operation when device dimersions were optimally scaled
were identified.

At the high end, junction breakdown occured when drain-to-
substrate potentials exceeded the breakdown voltage. This
phenomenon is well understood as avalanche breakdown in reverse
biased pn junctions. When electric fields within the junction
reach a critical value (around 3 x 105 V/cm), carrier impact
ionization will cause a rapid increase in current flow through
the junction. Because substrate doping tends to increase as
device dimensions are scaled down (for threshold compensation
and to decrease depletion widths), critical breakdown fields are

15
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reached at lower drain potentials. Hence, operating voltages
will have to be decreased as device dimensions are scaled down
to prevent junction breakdown.

At the low end, device operation is limited by the turn-on
voltage of devices. This parameter can be controlled to some
extent by changing the substrate doping »y ion implantation and
gate oxide thickness. To maintain a satisfactory noise margin,
however, it is desirable to use an operating voltage above the
turn-on voltage by several times the thermal voltage, kT/q.

In Pigure 4 the limits of operating voltage for CMOS/SOS
technology is plotted against the gate length of devices. The
shaded area represents the acceptable operating voltage range
for circuits. As can be seen from the figure, current VHSIC
technology at 1.25 um can be operated safely at 3,.,6V. Moreover,
we believe that future VHSIC submicron technologies down to
0.5 um feature sizes can be operated at 3.6V without any problem,

3. Interconnect Parasitic Capacitances as a Function
of Peature S1ize

In the preliminary study on the low power filter, it was
assumed that the parasitic capacitances arising from intercon-
nects were negligible compared to gate capacitances. We will
examine this issue in greater detail in this section.

In a study performed for NOSC in 1980 entitled "Develop
Submicron Devices,”3 the parasitic capacitance arising from
wiring interconnects as device feature sizes were scaled down
was considered. 1In this study it was assumed that all
dimensions scale linearly with x, the field oxide thickness was
12.5 times the gate oxide thickness (tg), and the width and
spacing of wiring was 1.5 times the gate length, L ,. Under

ch
these conditions the gate capacitance, given by,

-» ] »
Cq “ox Lch wch/tq

decreases directly with Lch'




Figure 5 shows the interconnect parasitic capacitances
relative to gate capacitances as device dimensions are scaled
down. There are two primary sources of wiring capacitances -
line-to-substrate (Cs) and line-to-line capacitances (Cm). Let
us first consider the case of short wiring interconnects within
cells, assuming they have an average length of aLch‘ A8 seen
from the figure, the ratio of CS(BLch)/Cg would be constant,
since the lengths of these wires would scale directly with gate
lengths. This ratio is found to be almost unity. Therefore,
line-to-substrate capacitance is significant in CMOS/bulk
technology. This capacitance, however, is negligible 1in
CMOS/S0OS technology because there is no conducting substrate.
From the figure, the ratio Cm(aLch)/cg for short wires is seen
to be an order of magnitude less than | for gate lengths above
1 um, and increase to exceed 1 below ' um. Prom this we can
conclude that for CMOS/SOS technology gate capacitance would be
dominant at a VHSIC gate length of 1.2 um, but below 1 . m line-
to-line capacitance becomes significant.

Now let us congsider the case of wiring interconnects with
dimensions comparable to chip size, Lo. These long
interconnects are evident in reqular chip designs such as memory
chips and programmable logic arrays. As can be seen in
Pigure 5, long wiring capacitances tend to dominate over other
capacitances. In the line-to-substrate case, the ratio
Cs(Lc)/cg is about 100 at 5 um gate lengths and increases
rapidly to exceed 10“ at submicron dimensions. 1In the line-to-
line case, Cm(Lc)/Cg is about ' at S ym and increases to be
comparable to CS(LC)/Cg at submicron dimensions. At 1.2 i m
g and C (L) is about 10¢
greater than Cq. The contribution to total chip capacitance

Cq(L,) is about 103 greater than C

from long wires will be significant in reqularized structures

where there are many long wires spaced closely together, such as
in memory chips. 1In random logic chips, howvever, the collective
contribution from gate capacitances usually dominates total chip

18




72171

W, Wm

t——t i

1 Cp ! ! __ METAL INTERCONNECT
} ATE

—Ly — G
« Ly o=y
s £ P4

< ‘ A - 14 Y

ot \ T T T T
\ C, (L)

—

10

3 10

107!

1072
0

GATE LENGTH, um

Pigure S. Scaling relationships of various parasitic
capacitance ratios to gate oxide capacitance.

19



capacitance. Figure 5 shows the total line-to-substrate
(Cg(chip)) and line-to-line (Cp(chip)) wiring capacitance
for a chip dominated by short wiring interconnects.

In the above analysis it was assumed that 5l1 feature sizes
scaled linearly with x. In practice, however, this would not be
desirable; technology limitations would prevent the scaling down
of certain feature sizes before others. For example, as the
gate oxide is scaled below 150 A, breakdown mechanisms begin to
occur, causing leakage currents across the oxide, and reducing
the reliability of devices. Below 50 A, direct quantum
mechanical tunneling of electrons across the oxide occurs.
Hence, for MOS devices to be useful at submicron dimensions, the
gate and field oxide thickness would have to be scaled down less
than linearly. Effectively, gate and wiring capacitances would
decrease more than linearly with x. As wire widths are scaled
down, however, the resistance of these wires increases
(Pigure 6). At submicron dimensions, the resistance of these
wires would be great enough to introduce considerable RC time
delay in the propagation of signals. Also, as wire widths are
scaled down, electromigration failure becomes more prominent.
These two phenomena dictate that wire widths (and spacing) would
have to be scaled down less than linearly. This would result in
greater line-to-substrate capacitance (in CMOS/bulk circuits)
and less line-to-line capacitance than if scaling were done
linearly.

Another source of interconnect capacitance in CMOS/bulk is
diffusion line capacitance. The contribution from diffusion
line capacitance tends to increase as feature sizes decrease.
This is because as feature sizes decrease, substrate doping is
increased for threshold compensation, resulting in smaller
depletion regions at diffusion junctions, and hence, greater
capacitance. The exact relationship between diffusion
capacitance and the gscaling down of feature sizes is left for
further study.
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This section has summarized the results of a study on
wiring capacitances as feature sizes are scaled down linearly.
Although feature sizes do not scale linearly in practice, we
will use the results of this study in our report and assume that
gate capacitance is dominant in CMOS/SOS circuits at the VHSIC
gate length of 1.2 um.

4. VHSIC Technology

The current emphasis of the VHSIC program at Hughes is on
1.2 uym CMOS/S0OS technology. This technology has been demon-
strated with fabrication of a 72,000 device correlator chip for
the VHSIC program. Research is alsc underway to develop a sub-
micron SOS process at either 0.75 ym or 0.5 ,m feature size.

The projections are that a submicron technology will be availa-
ble in 1987. There is also interest at Hughes Newport Beach in
CMOS/bulk technology where a 3.0 um process is available at this
time. Also, a 1.2 um CMOS/bulk process is currently being
developed. In this section we will summarize the performance
characteristics of current VHSIC 1.2 um :echnology as applied to
the low-power filter design.

Table 5 summarizes the feature sizes and electrical
parameters of the Hughes 1.2 um CMOS/SOS process.“ The minimum
drawn gate length is 1.4 um, resulting in a channel length of
1.2 um after lateral diffusion at socurce and drain are taken
into account. The threshold voltages of the p and n-channel
devices are nearly identical at 1.2V. With gate oxide thickness
at 400 A, the gate oxide capacitance is 8.6 x 10" pF/ul. From
Section 2.B.3, we can assume that gate capacitance will be the
primary source of power dissipation in CMOS/SOS circuits. For a
minimum geometry device of 2 ym x 1.2 um, the capacitance per

gate is

4 2

Cy = 8.6 x 10~ (pF/uz) 2 x 1.2 (%) = 2.1 x 1073 pF/gate.
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Hughes VHSIC CMOS/SOS Process Parameters

-
=

1.2)

for 2u x 2u contact area %

Table 5.
Minimum Dimensions (u)
Transistor Length 1.4 (Leff
Transistor Width 2.0
Metal Width 2.4
Metal Spacing 2.6
Polysilicon Width 1.4
Polysilicon Spacing 2.2
Nominal Thickness (&)
Silicon 5000
Poly Silicide 5500
Field Oxide 5000
Metal 7500
Gate Oxide 400
Electrical Parameters
Contact Resistances (ohms)
Max Typical
Metal/N* 100 50
Metal/pPt 30 10
Metal/Poly 5 2
N /Metal/p”t 250 100
Sheet Resistances
N: Si 100 40-60
P Si 200 100-115
Poly Silicide 5 2.5-4.5
Metal 0.05 0.04
Electrical Parameters
VTN 1.2 V. » , VTP
Cox 8.6 x 10~ pF/y
2
My 300 em“/V-sec Hp
gN 62 umhos Ip
Rch,n 16 Kohms/s~. Rch

{2u x 4u contact area)

-1.2 V.

170 cmz/V-sec
35 umhos
28.6 Kohms,sqg.
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The corresponding dynamic power dissipation for a minimum geome-

try device operating with a supply voltage of 3.6V at 8MHz is

-3 2 6

Pg = 2.1 x 10 (pF/gate) (3.6V)” gx1o0 (MHz) S0% / 2
= 0,054 uWw/gate.

The 508 factor arises from assuming that the device changes
state every other cycle. We will use these values for Cq and Pg
in Secticn 2.C for calculating the power consumption of
components for the low power filter.

From Table S5, the channel resistance in the linear region
is 16 K@/sq for an n-channel device and 28.6 Ku/sq for a p~-chan-
nel device. These values are much greater than the interconnect
and contact resistances shown in the same table. Therefore, in
estimating the speed of circuit components for the filter in
Section 2.C, we will assume that channel resistance and gate
capaclitance contribute the most to propagation delay in the

circuits,

5. CCDs for Data Storage

In the preliminary study of the low-power filter chip, it
was discovered that the memory for storade of data and filter
coefficients (about 1.5b Kbits total) consumed a significant
amount of power. In this section we will consider the use of
CCD shift registers to see if power for data storage can be
minimized.

Since most of the power digsipated in a CCD shift register
is CV2f dynamic power, we will try to minimize this power by
assuming a design based on four 256-word shift registers
connected as shown in FPigure 7. Every 1/(8KHz) second the B
switches connect the four shift registers into one long 1024-
word shift register, and a new datum is ingserted at INPUT into
the shift register, The B switches are then flipped the uther
way so that data within each of the four shift registers can
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circulate within themselves. However, only one of the

256-word shift register is circulating at one time, and as it
does 30, data is fed through switch A at 8MHz to the multiplier
for correlation. The shift rate for each shift register is
8MHz, although each shift register stops for

456

3 MHz X 3 ~ 96 ys

while data is being fed from the other three shift registers.
Effectively, each shift register is working at 2 MHz. The shift
register for coefficient storage would be treated in a similar
way.

Table 6 lists the parameters for CCD technology developed
at Hughes. Using a minimum line width of 2.5 ym and a cell size
of '0 uym x 10 uB results in an array area of 1.5 x 10° um¢ for
1500b bits of data storage. This translates to 50b pP of
electrode capacitance. The minimum operating voltage of these
CCD circuits is 6V. Hence, the power required to operate this
memory array is

P = 50b pfF . (6.0V)2 . 2MHz = 3.6b mw,

Por a minimum word size of 8 bits, the power consumed would be
approximately 29 mW, exceeding the low power filter reguirement.
Also, the need to run the CCD array at a minimum of 6V tends to
rule out the use of CCD technology for the low power filter.

C. ARCHITECTURAL ISSUES
In the preliminary report we advocated a single tap
approach for the low power filter (Figure 8). 1In the following

gections we will estimate the operational speed, power
dissipation, device count, and chip size of a single tap filter
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Table 6.

Hughes CCD Technology

Minimum Line Width

2.5 u

Cell Size

Oxide Thickness

Total Array Area (1500b bits)

10 y x 10
1000 A

1.5 2 105 b 2

Total Capacitance S0 b pP
Power Consumption (@ 6V, 2 MHz) 3.6 b mW
14003 -8
x (n)
COEFFICIENT
DATA STORAGE STORAGE
(1024 WORDS) | | (512 WORDS)
him)
MULTIPLIER
ADDER
417 ACCUMULATOR
REGISTER
1024

vin}

Pigure 8.

« 3 nimxin-m

m=0

Single-tap implementation

of low power
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when implemented using current Hughes VHSIC CMOS/SOS technology.
We will use the technology parameters presented i-r Section 2.B.4
of this report. 1In Section 2.C.6 we will examine the trade-offs
of a multi-tap implementation for the filter.

In estimating the power dissipation of the filter compo-
nents, we will make two simplifying assumg}ions. Pirst, we will
assume that parasitic capacitances for CMOS/SOS technology,
including line-to-line interconnect capacitances and intercon-
nect crossover capacitance, is small compared with gate capaci-
tances. Prom the data in Pigure 5, this is a reasonable
assumption. In this figure we see that line-to-line interconnect
capacitance at 1.2 ym is an order of magnitude less than gate
capacitance. Second, we will assume that in the case of RAMs,
power consumption is proporticnal to the size (number of bits
and chip area) of the RAM. This is not strictly true, since in
CMOS RAMs a considerable amount of power is dissipated in
driving the capacitances of long data and address lines. These
capacitances do not scale linearly with RAM size., However, we
will scale down power consumption for state-of-the-art CMOS
static RAM chips to obtain first order estimates of power dissi-
pation for data and coefficient storage in the filter. Making
these two assumptions for power dissipation will enable us to
estimate total power consumption for the filter without laying
out the components first.

In obtaining power consumption estimates for the filter,
we will assume that cell designs utilize minimum geometry
devices. Cells in the Hughes VHSIC library are usually designed
to drive large capacitive loads, and hence dissipate more power
and operate at higher speeds. 1In estimating the speed and power
for a filter design using minimum geometry devices, the VHSIC
values for power dissipation and operational speeds will be
scaled down accordingly. Also, in calculating the power dissi-
pation of cells i1n the filter, we wil! assume that only half the
electrical modes in the cell change state during any c.iock
cycle. This provides a /Eonservative estimate for power dissi-
pation, since probably fewer than 508 of the modes change state
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every cycle. For the purpose of estimating power dissipation
for the filter, however, we will use the conservtive value
calculated using 1/2 CV2f (50%).

1. Adder/Accumulator Configuration

In this section we will present the basic adder and accumu-
lator configqurations to be used in the low-power filter. The
adder is a crucial element used repeatedly in the accumulator
and multiplier sections of the filter. We will obtain estimates
for the power, speed, and silicon area of the adder and accumu-
lator in terms of current VHSIC 1.2 um CMOS/SOS technology.

The full adder cell being used in the Jughes VHSIC program
is shown in Pigure 9.° There are a total of 26 devices in the
cell, with channel widths ranging from S ym to 17 ym. For the
low power filter, however, we will assume a minimum geometry
device design with channel width of 2.0 ym. Using the para-
meters in Table 5 for the VHSIC 1.2 um CMOS/SOS process, the
total gate capacitance was calculated to be

C=28.6 x 10" (pP/u?) x 2u x 1.,2u x 26
= 0,.054pF.

Total power dissipation for the cell is given by

Power = 1 cv?e. (0% duty cycle), C=0.054pP, V=3.6V, f=8MHz

= 1,4uwW.

The 50% duty cycle arises from assuming that only half the nodes
in the cell change state every cycle.

The performance of this cell has been simulated as part of
the VHSIC effort. Prom the simulations it was found that the
propagation delay from input to the SUM output was approximately
8.Sns. Propagation delay from C.ln to COut for a cell was 3.6ns,
These propagation delay times would be longer if minimum

gJeometry devices were used in the cell.
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Accumulator

The output of the multiplier has to be summed for 1024
cycles to obtain one convolution point. To perform this summa-
tion, an accumulator with b+10 adders is provided, as shown in
Pigure 10. The outputs of these adders are captured in shift
registers and fed back to the adders every clock cycle to be
added to the next output from the multiplier. The maximum carry
propagation through the accumulator using VHSIC device geome-
tries for b=12 bits is

Tc = 22 x 3.6ns =» 79, 2ns,

much less than the cycle time for the filter, This propagation
delay would increase if minimum geometry devices are used to
implement the adders. 1If this delay becomes longer than the
filter cycle time, carry-lookahead techniques may be used to
decrease the delay. Table 7 lists the number of devices in the
accumulator and the power dissipation when minimum geometry
devices are used. The total power dissipated by the
adder/accumulator section 1is

pacc = 2,26b + 18.3 uw,

and the total device count is

D = 42b + 340
acc

2. Multiplier Configuration

In this section we will consider the multiplier for the
low-power filter in terms of the Hughes VHSIC 1.2 _.m technology.
There are several possible multiplier configurations itree,
array, ROM-based:!, b.t the configuration bagsed on a modified

Booth's algorithm seems to be best from the standpoint of power




Mb-‘ M1 MQ
SR SR SR
Ayseo ses @4 A, & Ab-""'_' tee @ A, Ag
sA SR SR SR SR |
Rpog nb Rb_| R, RQ
Pigure 10, Accumulator for adding 1024 b-bit words.
Table 7. Device Count and Power Dissipation for Accumulator
Devices Total #
Cell Type $ Cells per cell Devices Power ( uW)
Adder b +10 26 26 (b + 10) 1.4 (b + 10)
SR 2 (b + S) 8 16 (b ¢+ 5 0 86 (b + 5)
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dissipation, device count, speed, and layougwgeometry. This
algorithm uses a radix 4 method to examine the multiplier word 3
overlapping bits at a time. Partial products are accumulated in
half the number of steps as necessary in other schemes.
Moreover, negative numbers are handled as well, in 2's
complement form. Table 8 shows the method for accumulating
partial products based on examining 3 bits of the multiplier.

The Booth multiplier, implemented in pipeline fashion, is
shown in Pigure 11, The incoming multiplier words are stored in
shift registers at the right, and decoded 3 overlapping bits at
a time by the Booth Decoders (BD's). Depending on the value of
the 3 bits, the control lines to the Select circuits are
activated to add either 0, X, 2X, -X or -2X to the partial
product. The actual addition is performed in ripple carry form
using the full adder described in the previous section. Note
that only (b/2-1) rows of adders are needed to accumulate the
partial products.

The worst case propagation delay through cne stage of the
pipeline is the sum of set-up time for the Booth decoders,
select circuits, and carry propagation through the adders:

= T + T

»
Tstage bd sel ML

carry’

This propagation delay through one stage would be 63ns if VHSIC
geometry devices were used in the design, but would be longer if
minimum geometry devices were ugsed. We do not anticipate that
one pipeline stage delay will exceed the filter cycle time even
if minimum geometry devices are used in the design.

Table 9 lists the number of cells and devices used in the
pipelined Booth multiplier. The power dissipation shown for
each cell type is based on CVZf(50%)/2 dynamic power, where C is
the total gate capacitance in the cell, V is 3.6V, and f is
8MHz. The 50% factor is included assuming only half the nodes
in the cell change state each cycle. The total power consgsumed
by the multiplier is
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Table 8. Modified Booth's Algorithm for
Accumulating Partial Products

Yie1 Y Yi-1 Add to Partial Product
000 0
001 X
010 X
011 2X
100 -2X
101 -X
110 -X
111 0

X - Multiplicand

Table 9. Device Count and Power Consumption for
Components of Pipelined Booth Multiplier
Devices Total # Power
Per Cell # Cells of Devices (LW)

Shift Register 8 23 b-1) |43 b-1)
Select 18 b2/2 9p2
Booth's 98 b/2 49b
Full Adder 26 b -1 [2663 - 1)

0.22b(% b-1)
0.48b°2
3.8b

b
1.4b(5 - 1)
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P = b(1.74b + 2,16) uWw ,

mult

and the total device count for the multiplier is

D = b(32b + 19).

mult

3. Data and Coefficient Storage

In the preliminary study of the low-power filter it was
estimated that the data storage section would consume the most
power on chip. This estimate was based on a Hughes 16K static
RAM fabricated using 2.5 um CMOS/SOS technology about 3 years
ago. Por a more accurate estimate of speed and power
dissipation of current CMOS memory chips, we surveyed the papers
presented at the most recent ISSCC conference (held Pebruary
1984). These papers are representative of what can be achieved
in memory design today.

Table 10 shows in summarized form the characteristics of
the low power RAMs presented at the ISSCC conference.® Most of
these RAMs use CMOS technology, and the effective gate lengths
are comparable to current Hughes VHSIC gate lengths (1.2 um).
The access times of the static RAMs are in general better than
those for dynamic RAMs because charge sensing and refreshing of
dynamic memory cells regquire a longer cycle time. The access
times of the static RAMs would meet the requirements of the low
power filter easily, but the longer cycle times of the dynamic
RAMs would be a problem.

The lowest power RAM in Table 10 is a 256K CMOS static RAM
developed by Toshiba (Appendix A). The gate lengths are 1.2 um
for n-channel devices and 1.5 um for p-channel devices (current
Hughes VHSIC technology uses 1.2 um for both n and p-channel
devices). Access time for this chip is 46ns, much less than the
125ns required in the low power filter. Active power dissipa-
tion measured at 'MHz is 10mW, and standby power is 0.03mwWw. If
we scale the active power according to the requirements for the
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low power filter (data storage = 1.5b Kbits, voltage supply =
3.6V, speed = 8Mhz), we obtain

2
- LiS5b | [3.6)°. 8 -
P = 3¢ (5_0 T° 10 md = 0.243b mW.

From this calculation, we can see that a static RAM with
1500b bits of storage could be designed using state-of-the-art
CMOS technology that would meet the specifications of the low
power filter. Such a RAM would require approximately 9000b
devices to implement, assuming a design utilizing 6
devices/cell.

We should provide a note of caution here., The technology
used for fabricating the low power Toshiba RAM chip is a two-
level pelysilicon, two-level metal, p-well CMOS process. Each
memory cell utilizes 4 transistors and 2 polysilicon resistor
loads. These polysilicon resistors require tight processing
tolerances 30 that the resistances would be relatively
temperature invariant, and uniform resistances are maintained
across the wafer. This requires fairly advanced processing
techniques that may not be widely available yet. Without a CMOS
process similar to this, it may be difficult to develop a RAM
that would meet the low power specifications of the filter.

In comparison, the next lowesat power consuming RAM
presented at the ISSCC conference was a 64K CMOS static RAM from
Hitachi (Appendix B). The gate length for both n- and p-channel
devices in this chip was 1.3 uym. The power consumption measured
for this chip at 8MHz was about 150mW (Figure 5, Appendix B).
1f we scale this down for the low power filter's requirements,

we obtain

2
P = L—“’—b—-(g—'%)-wow
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Obviously, this would exceed the filter specification for power
consumption. We stress here again that developing a RAM that
would meet the low power specification for the filter is
critically dependent on the availability of a suitable CMOS
technology.

Another scheme for lowering the power consumption of the
data storage section further is to partition the memory into
segments and activate one segment at a time, when data is needed
from it. This scheme is illustrated in Figure 12. Since
dynamic power is proportional to capacitance, C, and assuming
that capacitance is proportional to area, A, then decreasing the
area of the memory activated at one time by 4 would result in
lowering the power consumption by a factor of 4 as well. Each
segment of the partitioned memory still operates at 8MHz when
that segment is activated, but as far as power consumption is
concerned, the effective operational rate is 2MHz.

4. Output Drivers

Output drivers can consume a significant amount of dynamic
power because of the relatively large off-chip capacitance they
have to drive. 1In this section we will consider the power
dissipated by output drivers in terms of current Hughes VHSIC
technology. This will determine whether it is possible to
divide the impliementation of the filter into two or more chips
and yet maintain low power consumption.

Pigure 13 shows a typical CMOS output driver handling an
off-chip capacitance of 20pF. The drive ratio of the output
devices have to be large enough to ensure that rise and fall
times of the off-chip signal is satisfactory. Here, they are
shown with 100:1 ratios, adequate to drive 20pF loads in less
than 30ns. Another beefed-up inverter is used to drive the
considerable capacitance at gates P! and N1 (calculated to be
about 0.25pF). The drive ratios of P2 and N2 are chosen to be
10:1, presenting a gate capacitance of about 0.025pF to the
previous stage,
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Dynamic powsr Jiagsipation 1t calculated gging oy 2, For
the cane whera the filter iq4 partitioned 1nto rtwo or more chips
(for example, 1f the RAM were on a chip deparate from the
molriplier aceamalatory, the outpat drivers handling 11gnasl
het ween theae hipa wonld have to operate ot procesiaor apeed,
t1.2«_, BMH7 for a asinqle tap 1mplement ion). The power conaomed

by a single auch driver would then he

P = 20.275pP . () 6VY{L . AMHZ - (508 duty cycle) /2

Twelve such drivers operating in parallel (actually more than 12
wouid be needed ro handle communications hetween data 4t orage
and pro-egaor for a 12-bit implementat ton) wonld conmagme more
than 6mW. Comparatavely, it the firlter were torally integrated
on one chip, the output drivers would operate ar HKHz, and the
power consumed by each would be 0.51uw. Alaso, considerably
fewer nutput drivers would he needed 1n an 1nteqrated chaip
approach, s3i1nce no 1nter-chip communicat ton world he necegaary.
From this analysi3, we 4ti1ongl, favor the aingle chip approach.

Tt ¢
). .v[}}"{uw-r qunltqmener

Nevice Count and Chap Sirze

[n thi4 seciton we will aammarize the (eunlts of preceding
et 1ons and obtain eatimates tor total power congampt 1on,
Aevice count and chap dize for the {ow power filtey The m]l

typea 1aed in the filter are liared 1n Tabhie 11, together with

the nower diasiparion and device coant for each el ], Tahle 1
thow=t the bhreakdown for the major component s of the fiiter 1p
terma oOf ce ]l tynea, The power conauampt {on and dev e cognt of
each major component im qummartzed in Table . Total power

conaumprion for the filter is obtained by adding up the ower

congumed by each  oanponent | resaalt tng Lo
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Table 11. Power Dissipation and Device Count for
Cells Used in Low Power Filter

Power @ 8 MHz
Cells (uw) Device Count
shift Register 0.43 8
Full Adder 1.4 26
Select Cell 0.96 18
Booth Decoder 7.5 98
RAM 0.16 )
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Similariy, tne total Jdevile Count 138 octained v oadding s ne

*otal number »f devices 1n each Tomponent:
D = 3207 o+ 3265D + 14D devices.

This device count does not include circultry for timing,
control, and memory address generation. To a..ow for tnese
extra components, an extra 5 tc 0% must be added to the toral
device count calculated above. The estimate for total power
consumption must be similarly increased to account for the extra
clrculitry.

The power consumption and device count for a 10-bit filter
broken down by major components i3 shown in Table 2. One should
note that data ¢nd coefficient storage make up about 90% cf the
device count and power consumed. Table 3 lists the total power
consumption and device count for an 8, 10 and '2 bit filter
181ng the equations for P and D

total total
To estimate the size of the filter chip we have to estimate

Just derived.

tne area taken up by RAM and the area taken up by random log:icC.
To estimate the device density for random logic, we note that
the Hughes VHSIC correlator chip contains 72,000 devices and
measures 315 x 368 milé. The resulting device density for this
chip is 0.62 device/mil?. We will assume that this 1s a
reoresentative density for random logic fabricated ising '.2 .m
~echnology. To estimate the device density for memory arrays,
we note that the Toshiba 256K RAM mentioned 1n Sectinn 2.7.4

contains approximately

256K cells . 4 devices/cell 3 10" devices,

m»n a chip measuring 6.68 x 8.86 mm< (263 x 349 mil<' . Thre
device density for this chip 13 0.9 devices mil+. The chip
size for the filter can be egstimated by adding *he area nccupled

5y RAM and the area occupied by the processor:




S = 9200b/10.9 + (32b<¢ + 65b + 340)-0.62 mil<
= 51 .6b¢ + 949b + S48 mi] ¢,

Te orotected chip si1ze for an 8, '3 and 12-bit filter 1s listed
1" Table 3. Approximately half the chip area 13 taken up by

Aata and coefficient storage.

6. Single Tap Versus Multiple Taps

In our preliminary study we chose a single tap
implementation (Pigure 8) for the low power filter., A single
rap 1mplementation involves buffering the incoming data samples
in memory and then multiplexing the data and filter coefficients
art "i1gh speed 1nto the muitiplier. ac. umulsetor portion of the
ftiiter. Whereas the “data sampies are acqulred at #3KHz, this
scheme requires the processor section to be run at 8MHz. A
multi~-tap approach could be run at lower speeds, but would
reqiire more Jates to implement. Since dynamic power
d1ss:0arton 1n CMOS technology is directly proportional to total
capaci*ance and speed of operation, there is a trade-off between
J81ng a multi-tap and a single tap approach.

We will now try to estimate the trade-off between using a
single tap and a Mmulti-tap approach in terms of power
cons mpt ton Pigure 4 ghows a3 four-tap 1mplementat ion for the
low power filter. Prom this figure we see that even though data
and coefficient storage become partitioned as the number of
taps, N, increases, total data and coefficient storage remains
tne same. Power consumed by the RAM can be estimated 1n the

same way as 1n Section 2.C.13:

o
4

p = Le2R | (%L%) . 5 - 10 mW = 0.243b/N mW.

Here £ igs the operational speed for the single tap approach,
3™MHz, and f/N 1s the operational speed for an N-tap tilter, The
number of multipliers and adders, would increase with the number

of taps, so the total capacitance for tl.ese components would be
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N(Cm + ca)’ where Cm and Ca are the total capacitances
associated with a multiplier and an adder, respectively. The
power digsipated by these components would be
P = N(C_ + C_)VZ (£/N)(508)/2 = 25.6 x 10° (c_ + )
m a : ™ a'’
Combining this with power dissipation for the RAM and results
from sectionsa 2.C.1 and 2.C.2, total power for an N-tap filter

is given by
P(b,N) = 243b/N + 1.73b2 + 2.43b + 14 uw.

Hence, total power for an N-tap filter shows a decrease only
with the data and coefficient storage component, This
component, however, consumes %08 of filter power, and any power
savings here would be significant.

Table 4 lists the power consumption, device count and chip
size for a 10-bit filter implemented with 1 through 4 taps.
Device count is obtained with the help of Table !¢,

D(b,N) = 9220b + 80 + N(32b? + 45b + 260) ,
and chip size obtained in a similar manner to section 2.C.5,

S({b,N) = 9200b/10.9 + (20b + 80 + N(32b2? + 4Sb +260)}/0.62
= 876b + 129 + N(51.6b< + 72.6b + 419) mil<,

The percent increase or decrease in power consumption, device
count and chip size over the single tap approach is also noted
in Table 4. Going from a single tap to a two-tap filter would
decrease power consumption by 46%, but would also increase chip
size by 418,

Chip yield must be considered when using a multi-tap

approach, The low power ¢ilter is a substantial sgize chip even
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when a single tap approach 18 used (Section 2.2.5). If extra
multipliers and adders are to be added for a multi-tap approacn,
tnen fabrication yields would decrease as chip size lncreases,

A multi-chip implementation may be used, but this approach
requires inter-chip communication, and as shown 1n Section
2.C.4, significant power 13 consumed by output drivers handling
off-chip capacitances. We pelleve that this power will not bpe
compensated for by operating at a lower speed.

O. OTHER DESIGN CONSIDERATIONS

So far thlis report has assumed that the inputs are provided
1in digital form, and the input signal does not contain aliasing.
This assumes that the original analog signal has been "condi-
tioned”; that i3, it has been sent through an automatic¢ gain
control (AGC) circuit and pre-filtered with a cut-off at about
4KHdz to prevent aliasing. PFurthermore, the conditioned signal
nas %o be digitized. Whether the analog-to-digital (A/D) con-
verter 13 to be included as part of the low power filter chip
has %o be considered. We have not examined the speed and power
regquirements of the A/D converter in this report, but it is an
1aportant part of the filter and needs further study. We
be.i.eve, however, that the device count and power dissipation in
an A/D converter would be small compared with the total device

2oJ4nt and power consumption for the filter.

E. COST OP PABRICATION

A preliminary estimate of the cost of fabricating the low
power filter chip using Hughes VHSIC CMOS/SOS technology has
been made by our Industrial Electronics Group (IEG) at Carlsbad.
This cost estimate 18 presented i1n Table 13, and 1includes
processing 2 lots of wafers — almost a necessity for a chip of
tne filter's complexity. Errors in the first design will be
eali1minated 1n the second lot. A tentative 3chedule for fabrica-
c10on of the filter chip over a 24 month period 13 ghown 1in

Pigure 15.
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Table 13. Cost of Fabrication for Filter Using the
Hughes VHSIC CMOS/SQS Power Process

Design $
Design and Layout 300K
Simulation 35K
Generate CALMA tape, PG tape, mask set 37K

Test (test hardware, test program, e

generate test vectors) 65K

Reiteration (redesign and new masks) 40K

Processing (2 lots, parametric measure

and probe) T0K
Assembly and Test 25K
Project Engineer 50K
Program Management and Administration 40K
Total 662K
G&A 73K
COM 10K

50




*dtyo 133113 Iamod moy bursssooad 103 9inpayos aatrieilua) g aanbry

1SIL/ONIOYNIVI

Z ON1OT

1 'ON1OY

INIWIHNSYIN/ONISSIDOHJ

JHVYMONHVYH 1531

WYHOOHd 1531

NIIHO/BV 4 ASYW

[l

L

M¥I3IHI/Idv] Od

= am

AD3IHD

e
o =

_— ANOAVT

il

NOILVYINNIS

il

LINDHID/S1130 WYY

il

NOILLVYINNWIS

-1-- aminsBEam

H

11NJHID/SITID Q-

NO1S3a

vzlezlzejtejoc|er(BrjLilon]siivijeijzijurjorj sl sjc|o|sjri{e]z|

SINOLSIUN

SHINOW

t €oov:

51




REFERENCES

J.G. Nash and G.R. Nudd, "Ultra-Low Power J.3.%a, Fi.ter”,
NOSC Contract No. N66001-82-C-0504, Oct. 19370,

E. Sun, "Performance Comparison of MJS Tranrs.:stors and
Circuits Fabricated Using Bulk and SOS Technology”,
Hewlett-Packard Technical Report, May 1980.

R.C. Henderson, et al. "Develop Submicron Devices®, HRL
Technical Report, NOSC Contract No. N00123-79-C-0271,
Oct. 1980.

D. Leong, "VHSIC Revision 7 Layout Rules"™, Hughes 1DC,
FPeb. 1984.

Hughes VHSIC Cell Library, 1984,

Digest of Technical Papers, ISSCC Conference,
Feb. 1984.

D.C. Mayer et al., "A short-channel CMOS/SOS Technology
in Recrystallized 0.3 um~-Thick Silicon-on-Sapphire Films,"
HRL Technical Report, to be published in Electron Device
Letters.

S. Taguchl et al., "Peasibility study of SOS VLSI:
Capacitance Analysis in Downward Scaling and Improvement of
Thin Pilms by a Solid-Phase Epitaxy,”™ 1981 Symposium on
7VLSI Technology, Sept. 1981, pp. 92-93.

53




APPENDIX A

TOSHIBA 256 K CMOS STATIC RAM

ISSCC 84 / THURSDAY, FEBRUARY 23, 1984 / CONTINENTAL BALLROOMS 5-9/ THPM 15.1

SESSION XV: STATIC RAMs

THPM 151 A 46ns 256K CMOS RAM
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DEMANCS FOR AP DENSITY hign wpeed and iow power
lisiDation are nerrasing with recent stane RAMs. Acrually
as storage capacity ona chup increases. reduction in dejay time
nd power consumprion within the core area. 1.e . word line,
Dit .02 anG RSN U CUl seiavs, becomes vitaily important to
wes e ~equgements Thie paper will decenibe an asynenro-
et 275 . MUS catic RAM. which utilizes a double word
e cecmriTuae” C automatic power down function. and inter.
St e sgruntry
e rip microphotograph and the rvpical charactenistics
e o ows s Fogare {and Tabie | The row decoder s placed
sn Fe #c yde of the memorv wrava. The celluze s 11 x
L Ter it re np measures 5 A8 ¢ 3 86mm. which fits
rrea etandarg 28pn DIP The R AM offers tvpicaily $6ns
o v e L% Gperanng Dower and DLW <tandby power
P ais eving ngh packing density and improved perfor.
~ar r = 'r hiy wb-micron channel jength Y 131 memory
S D4 P owe loased doudte poivsilion CMOS technology has
wem teveged’ whieh neiudes s natrow G, solation and
Do carusturs for 5V operation 4 1 2um ground rule
w3 e~ Ledcor ngmes density reguons Table 2 lists the
Les a1 1 e maramelers i companson with the pre

4 -
kPt v e Uouble level Al strurture s charac

cret a4 L TLR Gw temperature interlaver tormation and

ombined with a hitlock suppressed

~ea a-er lepowtion

. w fagtamr ot che M AM hown o Fogure 2
trtress rar e an derecrgr rmuits are emploved to generate

., Kohoas PG oas tovating pulees and an qutamate
~owmr 2w yue The cnip activating pulses are uwed to equal
e cevand 1ae nes and also 1o activate word line drivers

vt s e ey The automatic power down puise s
o erates atter ‘he read ut operation The pulse deseiects

- 1 re creccand sre urps Biers W that no de currem
a  crercrgr standby ousrent Theretore, the active power
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Address

Data

T reduce borth the ward ane de.40 an the active power
dissipation. 4 doubie word ne structure o« ntroduced  Row
Lines consist of alumunum main word iine. which select one of
512 rows. and polvsilicon section word iines which activate
one of 16 sections  The section word [ine 18 activated by the
main word line and a column setet gnar Since ondy 32
memury ceus connected to one section word hine are accessed
ina evele ~olumn current flows only \n g selected section In
addition, an RC time delav of cach section word imne 15 reduced
to ! 256 rompared with conventional arrangements Thereiore
the total word line delav s reduced to B 5ns from 30ns as s
the case of conventional 4 block word line configurations
The curcurt design s realized bv utilizing double aluminum
structure

A schematic diagram of a memorvy cell and peripherai frreunrs
1s dlustrated n Figure 4. A two-stage current muror type (Mus
sense amphifier 15 used to achieve hugh «peed rrad aperatinn
The furst stage amphifies a smali signai rrom one ot the tour bit
line pairs The second stage amplifies the furst stage output
signal to a large swing ievel

The bit lines and the furst sense amphier output are
rqualized by the chip activating pulse beiors the read operation

T() unprove fabnranon sirtd. a redundancy curcunt s
employed without anv peed degrader un

The oscillugraph of the address input and data output ugna:
waveforms at Vdd "5V with j00pF nad ~apacitance s shown
in Figure 5 which indicates a 36n< aaaress acors fume
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APPENDIX B

HITACHI 64 K CMOS STATIC RAM
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SESSION XV STATIC RAMs

THPM 155: A 20ns 64K CMOS SRAM

Csamu Minate Tosn.ax Masunara Tosho Sasax
~otach (td

Tokvo Japan

IN RECENT YEARS several curcuit techniques have been
combined with scaiing ‘o reaiize MOSN static RAMs having a

ipeed comparable ' Dipoiar RAMs' It has alsa been pos.

whie to reavize bipolar K AMe with densities romparabie

1o MON geviced”  This paper will report on a b4k 1 Ib CMOS
<tatir RAM with 2 20ns 1y pical address access ttme and “OmW
srhIve Dower dissipation.

The RAM performance has been achieved by the develup-
ment 2t g Lued oward line tPW1) technigue and doubie Powell
mpesar (M OS BUMOS crewitry . Also. gate length of MOX
rrancctar ras aeen seajed down to | 3um

I'ne puised . word-ine techaique 1s dlustrated n Figure |
The arhematic 0 the Dart of the RAM caontraiied by clocks s
dawn ntogurs 20 The K AM cucuitry s activated by the
nterrag o0k inrmed by deteeting all address. WE and (%
cratistans Tee sasr lock tor the R AM vircuitry operation
WD whien sontrois word lines through the \.decoder and
wrse ampuiw-s | or precharge and equiibration of data lines.
precharge ~iock PO generated by XD and ~quivaient to XD,
~ swed Whee cnre Hasic clack N becomes high. 3 selected word
Line peromes nigr Decause the .decoder 1s activated At the
«ame tume ke wne amplitier<are activated by ND A1 thie
mament wunce the PO clock s high. the precharge tranaistor
~orke as the Lsuas data ine toad Consequently . small ditfer.
srraytata o ore wected cellappear on the data ines Theee
Jata of the reij are rransterred to the «ense ampliifier which
onasts i twe stages of two ungle-ended active load differential
urphiiers and then to the output buffer. This operation s

mpretey g and all aperations begin after the data lines
are *quuibrated Then precharge clock PO goes low. cutting all
1ata ine inade From thia transition no de rurrent 18 coneumed
Aorre cpil After the agnal s transferred 1o the output buffer,
‘he 1ata .a arened to the output huifer by the DL clock
Foaether thas ricek pulls down all word lines to the [ow state

v mogment data hine<are ynmediateiy precharged by the PO

cowotoprepare for bheequent data read This currcuit teeh

P nner K J st al. A Sns 4K x 1 NMOS Static RAM '
RSO DIGEST 3F TFOHNIC AL PAPERS p 10410% Feh |
P43

;“Ll\llﬁ a3 ‘Hy-CMOSIE 4K Statir RAM™ ISSCC DIGEST

F IR MNTCOAL VAPFRS p 14 1% Fen (4R}

"Mwdmann 5 K et al A 2%as AK x Ak Statie MTD 14
RAM  'SSCC DIGEST OF TECHNICAL PAPERS p 110111
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Tarimote Ko et al A 4K 1 1h NMOS Statir RAMY
IRSO DIGESRT F TEOHNIC AL PAPFRS p HKRA&" Fah
Y K

«
K orghe 3 et oay A REKH C M5 RAM ISSOC DIGFST
P OTFc MY AT PAPFRS p YR 2%4 Fen TURY

[>ee page 343 for Figure 3./

Tetsuva mavash:da

nique differs from exsting data Line equiibration tfchmques‘
and fatched column ler‘hmquﬂ‘ tn that the word line s kept
high wien a speciiic address s read. The former suifers irom
large rurrent through memon cells. aithough tast access s
achieved The latter achieves iow power oy latcning the signai
at the rolumn by pulling aae aof the bit iines to a completeiv
low state resulting 1n slow arcoss ime and large bit line recovery
time  Pulsed-word-line (PWL ) techniques make it possible to
reduce current through the transmission gate of the cell by the
PC riock and to obtain fast access time by static operation
Auning which both XD and PC are high. Also the PWL technique
reduces the data line recovery time

The XD P€ clark generators and output buffer use a bipoiar
MO% (BCMOS) contiguration to assure fast risetime  The b
polar transistor 1s formed (1 a thin P weil ta cealize high 17
Thus, this technology utihzes doubie P wells one 7or NMOS
transistors and the other for high performance bipolar transis-
tors. Risetume capability of the bipoiar devier 1s
G 013ns,Y + pF This is three times greater than that of bipoias
desices formed in the uszal P owell

Thud generation CMOS (H-CMOSIT technoiogy has been
deveioped 1'sed are ™. and P rhanne! MOIN rrapastors having
I 3um tvpicai gate length and | dum deags ~ie Basicalls .
this terhnology s a2 TN pereent reduction in w70 bath horuzon
tallv and verticalls  of the ornginal Ho ¢ AOSTT e chnology which
utilzes a 2um dewgn rute

The memory cell s a crosecoupied four NMOs ipflop
with high resistance foads. The ceil s 1 2Bum< Aum « 16um

A phatomurograph of the chip < showr or Fogure 3 The
dir meagure« 3 1mm x 6 Omm  To achieve fast access ime the
RAM s argamized 50 that the arras s <pint in1o four planes of
H4 columns x 250 rowe  Camresponding to theee array s, tour
wne amphfiers are laid out and power switched according to
address Al4 and A0

A tvpical 2ine addresearreass time was achirsed with 3 “0mW
nominal power dissipation at 1MHz oveis time hop select
acress time 18 22ns The RAM nutput wavesormator a tvpieal
10pE load caparitance ar- dhnwnn Fogure 4 Supph curtent
versus operating frequencies are shown in Fagure 5 Active
power dissipation at low operating frequencies ¢ reduced by the
aid of the pulsed word line (PR technuues Typaral features
nf the RAM arr aummarized in Tahie 1 This RAM hasreajized
a speed comparabie to hipalar 16K and 1T ndk R AM rven
though 1t consumes much leas power
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