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"' ABSTRACT
i .
' Metrics of energy, area, and time are defined for a graph-
theoretic model of VLSI computation. Different “constant factors'
are seen to.be appropriate for different logic families,. We examine
seven such families: NM0OS, CMos, CMos-s0s, I2L, GaAs HEMT,
Ji-CIL, and J1-CS. For each family, we sketch a construction for
an energy-eflicient, read/write, random-access memory circuit.

1. Introduction

Complexity theorists have traditionally focussed on two metrics of the qual-
ity of a circuit design: size (the number of gates involved) and speed (the number
of gates on the longest path from any input to any output). More recently,
notions of circuit area and wire delay have come into play [13], due to their grow-
ing importance in VLSI design.

Very little effort, by contrast, has been put into the study of the power and
energy requirements of computation. This theoretical oversight might seem
strange, in view of the practical importance of the subject. Energy is a eritical
resource in battery-powered systems, and heat (i.e., power) dissipation is an
important constraint on the physical design of almost every computational sys-

tem.

The theoretical difficulties of the area are easily described: there is no simple,
accepted, widely-applicable model of the energetics of computation. A literature
search yields scanty and contradictory results. It is hard to reconcile the assump-
tions in Chapter 9 of [11] (seemingly written by Chuck Seitz), with Bennett's
monograph [3], with Kissin's recent paper [7], or with Lengauer and Mehlhorn's
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article {10]. Bennett argues that, in principle, one can do any amount of compu-
tation with a small amount of energy. Seitz takes the opposite position to Ben-
nett, maintaining that "‘gate switching energy” is a fundamental property of any
logic technology. Seitz' assumptions are, in turn, too weak for the models of Kis-

_sin, Lengauer and Mehlhorn. Their results are motivated by the dependence of
switching energy on wirelength in the CMOS technology.

This paper attempts to inform the controversy surrounding models of energy
consumption. A unified model is proposed for all present-day (and a couple of
futuristic) integrated-circuit tecknologies, When placed on this common basis, it
is easy to see that there are almost as many “fundamental modes” of energy con-
sumption as there are technologies.

Some technologies consume power at a nearly constant rate per logic gate,
while others exhibit a state-dependent rate of power consumption. In either case,
tolal energy consumption might be called ‘“‘static” since very little additional
“switching energy'' is required.

A second major grouping of contemporary technologies has little static
energy dissipation, but consume significant switching energy. As suggested by (7}
and [10], switching energy might be proportional to wire length. Alternatively, it
might be essentially independent of wire length [11}. (A final possibility, a
Bennett-style (3] zero-energy technology, is unlikely to be seen in this century.)

The technological diversity outlined above is captured in this paper's unified
model by a number of technological ‘‘constant factors.” As a check on the
model's completeness, constructions have been attempted for energy-efficient
memory access in each technology. These are outlined in Section 4; Section 2
contains the unified model assumptions, and Section 3 lists the technological con-
stant factors,

2. Model of Computation
In the following assumptions, greek letters are used for the technological

constant factors. (There are two exceptions: § and A bear their standard mean-

ing of vertex in- and out-degree.) Sets and their elements are defined by eapital-
ized and lower case roman letters, respectively. )

1. Sources O, sinks I;. A computation graph is s directed hypergraph
G = (V, H). A hyperedge A is denoted by an ordered pair (0;, 1) of ver-
tex sets Oy C V, [y C V. The vertices in Oy are the sOurces of k; the ver-
tices in J, are its sfnks.
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Edge fanout restriclions 0,4, tna. Each edge h has at least one, and at
most O(1), sources and sinks: ,

l_<_|ol,-<.omul IS”"S"mu
Limits on vertex indegree & and outdegree A are discussed in Assumption
10. ) !
Vertez widths Xy, Mj7o. Each vertex in a computation graph is embedded
a9 a square region in the Euclidean plane. No two vertices overlap. The size
of an embedded vertex depends ‘upon its functionality: gales v e Vi,
occupy )\;",,e areg, while I/O ports v € Vj;o occupy >‘)2/0 area.
Edge un"d‘lh Nyirer number of wiring layers . An edge is embedded as a con-
nected set of wire segments. Each wire segment is a rectangle of width X\ ;,,
and arbitrary length, placed on one of yu planar wiring layers stacked above
the plane of the vertices. A wire segment on the bottom wiring layer con-
nects to the vertices it passes over, Two wire segments are connected to each
other if they pass over the same point and if they are on either the same
layer or an adjacent layer. (Note that [1/2] disconnected wire segments
may pass over the same point in the vertex plane. Also note that any
hyperedge A can be embedded as a tree of wire segments passing over the
vertices in Oy U Iy.)
Total area A, mazimum tolal area a,,,,. The total area A of an embedded
computation graph is the ares of the smallest square that encloses all its ver-
tices and wire segments. The area of this square is bounded by a technologi-
cal constant: A < a,,,,.
Mazimum edge length ) ,,,. The total length ||A]| of an (embedded) edge A
is the sum of the lengths of its wire segments. Edge lengths are bounded by
a constant: Vh [[A]] € X e
Votes v(t), signals h(t). The state of the computation graph at any time !
is defined by a vector (V(t), H(l)) of votes v(t) and signals h(¢) associated
with each vertex v and hyperedge h. The value of a vote or signal is taken
from the ternary set {0, 1, u}: logic-0, logic-1, and undetermined. (An alter-
native formulation, found in [10} and in state-of-the-art circuit simulators,
takes signal values from a two-dimensional set of voltages V and impedances
R.)
Mazimum size of voling equivalence class €,,,,, edge delay d;, time constants
Touter Tuire ANd Tq,q o transmission line indicator ¢, signal rise time ry.
a. In many technologies, the delay associated with a wire can be decreased

by driving that wire with a larger transistor. Such high-power drivers
can be represented by several (unit-power) sources with identical voting
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behavior. We are thus led to the following definition of equivalence
classes Cy ; on the voting behavior of the sources for each edge A:
vpva€ Gy <> (vpvze O A (W vy(t) = uyt))
A technological limit on driving power translates into a restriction on
the size of (i.c., number of vertices in) any voting equivalence class:
Vh,' ICI.I'I S fmu
b. At the time of circuit construction (¢ = 0), a fixed but indeterminate
delay d, is assigned to each edge A. An edge's delay (in a worst-case
.analysis) is proportional to its length [|A|] and number of sinks |1, |,
and inversely proportional to the size of its smallest equivalence class
C Oy = m}"lcs,.'l < &t
d‘ — “h”rm're + IIA lr/uut
gate C‘
(Indeterminacy is introduced into the definition of edge delays to force
“realistic'’ design practices, e.g., self-timed or clocked logiec.)
¢.  We define r; to be the rise time of a signal on edge A. For technologies
in which wires are transmission lines, r; is approximately equal to the
gate delay 7,,,,. We indicate this by assigning the value 1 to the 0-1
variable ¢ (a mnemonic is the common symbol Z for the impedance of a
line). The other technological possibility is that the wires are essentially
capacitive in nature {as long as their length does not exceed )., 8s
defined in Assumption 6). Thus
{ dy, if¢=0
N Tgalu if = 1
d.  The value of a signal A(¢) is determined by the votes of its sources O,,
with delay d;. We prevent the propagation of unreasonably-short sig-
nal pulsewidths by requiring the “election results” to be stable for at
least ry time units.
1, it JveO, Vselt-dy,t-dy+r,] v(s) =1, ese
h(t)=1{ 0, if JveO, Veelt-d;,t-d,+r,] v(s) =0, clse

(£ 50%)

u
Note that this formulation allows “wire-oring": the signal on an edge
becomes 1 if any of its source votes is 1 for at least r, time.
9. Symmelry indicalor o. .
8. Not all patterns of voting behavior are allowed in all technologies. One
restriction is observed in the so-called ‘“‘symmetric” technologies
(7 =1). In these technologies, the effects of logic-1 votes and logic-0
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vote are symmetric, making “wire-oring’ infeasible. (A system of
“majority-rule" is conceivable but not observed in any present-day logic
family, possibly because it would reduce noise margins.) To outlaw
wire-oring, we permit just one equivalence class per edge:

. le=1) = (Y Yh Yopuse Op vy(t) = uyt))
A second type of restriction on allowable voting behavior arises in the
asymmetric (¢ = 0} technologies. We must restrict the number of
high-power logic-1 votes that appear at one time on an edge, to avoid
exceeding the current density limit mentioned in Assumption 8a:

(o=0) = (WVh [{ve0; : v(t) =1}] < {nai)
I/O schedule S, external clock

period fllo.

a.

A logic family ¢ is a technologically-constrained set of triples (6, f, A).
The first and third parts of a triple denote the indegree and outdegree
of one type of gate. The second part of a triple defines a functionality,
or voting behavior. A gate with the ‘and’ functionality, for example, is
modelled by a vertex whose vote is the logical ‘and’ of the signals on its
in-edges. As another example, the ‘latch’ function depends on a
delayed feedback signal. Finally, the voting behavior of gates in the
JI-CIL technology depends upon the phase of their AC power supply.
Thus, in the general case, the functionality f, of a gate v has 2 + §,
parameters, and defines the gate's vote as {ollows:
'}(‘) =/ [”(t - 7w'r¢)1 e(t), hl(l)' I'Z(‘)! cee h&,(l))

where the phase of the power supply (assumed to have a 90% duty
eycle} is

Lot < (14 U/ Tepptd) Touppty
e(t) = 0, otherwise

Note that voting is a zero-delay process, since gate delays were included
in the definition of edge delay d;.

An 1/O port v; € Vyyp has §, =1, A, = L. Its voting is determined
by an externally-imposed 1/O schedule S; € {ry, ry, ry, w,, wy, w,}°.
Each literal in S; indicates whether the I/O port is to read (rg, ry, r,)
or write (wy, wy, w,) a'0’, a ‘L', or a ‘u’. The k-th literal in S; refers
to the k-th external clock period defined by t e ((k-1)r;/0,k71/0),
where 7,75 is a technological constant. Thus, if the k-th literal is r,,
the port votes v;(¢) = z during the k-th clock period. Alternatively, if
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the k-th literal is wy, we say the schedule S; is “satisfied” only if the

port's in-edge A has signal A(!) =y, for all times ¢ in the k-th clock

period. {If the output bit for some time period is u, i.e. undetermined,
we allow A(¢) to be any value.)

11, Energy consumption E,p,1 E1 o Egiver Eyjasy E. Four modes of energy

consumption are observed in physical realizations of computation graphs.

8. A constant power dissipation of €,,,41y /74t i3 associated with every
gate. Total “standby” energy dissipation over the period [¢;, ¢,} is thus
defined as

— {t2-1)
Ellulby = E T—'-‘uulb'
ve V,.. gate

b. In asymmetric (wire-or) technologies, a gate voting 1 consumes more
power than a gate voting 0. We define energy ¢, o so that the difference
between these two levels of power consumption is € o/, . Total
energy consumption in this mode is thus

: €1-0
veV 0 <t Sty Toate
v(t) -1
By Assumption 8d, a gate’s vote can change a signal only if it persists
for at least ry > 7., time. We thus employ the following (approxi-
mate) expression for £ g

Bio= ) )y €1-0
veViu G/t Skt Trets
o(kr,y) =1

¢. Each change in an edge's signal consumes energy proportional to the
length of that edge. Assuming such signal changes occur at a frequency
less than 1/7,,,, we write

Eﬂ'rt = 2 Z ”h“‘m'n
bt fnu SEStafr., :
‘("[m) 7‘ ‘(“'f’ l)f',,,)

d.  Energy E,;,, like E,,,, is a form of “switching energy.” In this case,
the energy consumption is proportional to the number of sinks:.

En'u.k = 2 E lI‘ "ﬂ‘d‘
At fru Sk <t/
Alkryn) 5% b+ 1)1

e. The total energy consumed by a computation is £ = Eyenary +
EI—O + Em're + Eu'nk'



- 360 -

8. Technologlcal Parameters
1, Ji-cn, NMos HEMT JJ-cs CMOs CMOS-SOS  units

Xgate 4 10 7 7 100 10 10 um
Ngire 1 2 1 1 4 1 1 um
Ames 104 105 10t 10t 10° 104 104 um
TouterTfanew 100 10 100 50 1000 100 100 pS
Tuire 0.1 001 1 1 1 1 0.1 pS/Muire
Toupply 1000 pe
Cransty 01 001 ~0 ~0 ~0 ~0 ~0 Y24
€10 01 01 ~0 ~0 ~0 A
€uire 01 0l 0.001  fJ/N\yire
€oink ' 0.1 fJ
€mes 11 10 10 1 10 10 .-
o 0 1 . 0 0 1 1 -
¢ 0 1 0 0 0 0 0
Omas 100 1 102 100 1 (=) (=fne) -
tmes 1 1 10t 10t 10 10 10! -

Table 1. Constant factors for seven VLSI technologies (multiplicative
factors for units are f== 10", p = 107", n = 10"°, and 4 = 10°9).

Table 1 gives approximate values for the ‘‘constant factors” of seven VLSI
technologies. The values are (hopelully) correct to within a factor of 10, for cir-
cuits built with about .5 um line widths during the late 1080's {1, 2, 4,5, 6,8, 11].
Thus A, the minimum wire-wire spacing, is equal to 1 um for most of the
technologies in the table. The only technologies with X, > 1 um are Ji-cL
and JJ-CS, in which tree-shaped model edges must be traversed with a non-
branching wire. At one or two wires per edge, this implies that the effective edge
widths for JJ-CIL is between 1 and 2 um. And, since double-rail logic is used in
Ji-cs, its \,;,, increases by another factor of two, to approximately 4 um.

An important feature of Table 1 is the diagonal structure of the entries for
circuit energies €,;,us8y €1.01 €wires 804 €,;54. When calculating total energy, con-
tributions from entries below the diagonal can be ignored. For example, the
technologies with ¢, .z, > 0 have a nearly constant power dissipation per gate
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which does not increase by more than 10% when the gates change their state at

maximum frequency.

Table 1 is not quite a complete list of the parameters in the model. The fol-

lowing are nearly constant over all technologies:

ap,, = 100 um?, 7,0 =10 nS,

4 =4to08 layers, A\jjp = 10 ym. ‘
Note that, by Assumption 4, 4 = 8 corresponds to a three-level metal process.
The other p - 3 layers are made of an insulating material, through which small
square holes or ‘'vias' are cut.

Finally, we specify the logic family ¢ of gates and latches available in each
technology. For I’L, ¢ consists of just a l-input, 4-output inverter (all logic must
be done by “wire-bring”). For NMOS and GaAs HEMT, we assume that ¢ con-
tains a 2-input, l-output ‘nand’; a 4-input, l-output 'nor’; and a 3-input, I-
output inverting D-latch. For all other technologies, we augment the NMOS ¢
with gates for all 2-input, 1-output boolean functions.

4. Constructions

Using the model of Section 2 and the technological parameters of Section 3,
it is possible to estimate the area, time and energy performance of various circuit
constructions.

In this section, we report the performance of our best constructions for large
(~10° bit), random-access, read-write memories in each of the seven technologies.
Due to space limitations, only one of the constructions will be described in any
detail.

First of all, we need a formal definition of the *N-bit memory access prob-
lem.”" For concreteness and simplicity, we assume that N is a power of 2, writing
n = log;V =1Ig N. We also assume the existence of a fully parallel interface
that runs memory cycles as often as possible. Thus we provide n separate
address lines into the memory. A new address is available on these lines every T’
time units, where the length T of a memory cycle is assumed (o be an exact mul-
tiple of the external clock period 7;/0. These considerations lead to the following
definition:

Memory access with cycle time T. A computation graph implements an N-

bit memory access in time T if it bas n + 3 I/O ports whose schedules obey

the following restrictions. Every T/r;/o external clock periods, n address
bits are read in through ports labeled a,, a,;, ... a;. The most
significant address bit is read by a,. Every time these address bits are read,
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port we (mnemonic: “write enable”) reads a bit. If it reads a ‘I', the bit
read by din (*'data input”) is to be written into the addressed memory loca-
tion. Alternatively, if the port we reads a ‘0’, a read from the addressed bit
is enabled. In this case, the port dout (“'data output’) should write the
correct value for the bit being accessed. (If the accessed bit has not been
written into previously, douf may be any value.) The value written by the
port dout must be available during the last external clock cycle of the

memory cycle. '
“ More formally, the computation graph must satisfy all 1/O schedules S,
where : s
S5 = (("0' rl)(ru)k-l) )
for all ports other than v, and where the integer k¥ equals T/r,/o. The
schedule for Ydout is of the form o,
Slul = ((wu)kglwm(S,ti)) [
where the values m(S,!) to be written by the port are, of course, dependent
upon the values written into the memory by S up to that time (.

4.1, I’L

As deseribed in Section 3, the I’L logic family has just one type of gate and
no latches. Lacking a latch, it seems that about 10 gates are required for each
bit of memory: see Figure 1. The state of this memory cell is available on the
doul line, whenever both = and y are at logic-1. Otherwise, doul = 0. The
state of the memory cell is updated, to the value of din, whenever
z=y=we =1

It is somewhat unrealistic to use a 10-gate memory cell, since an analog cir-
cuit designer could undoubtedly design a functionally-equivalent cell occupying
less than one quarter of the area. We shall see, however, that the use of a
smaller memory cell would not markedly decrease the area of the complete
memory circuit,

Figure 2 shows a floor plan of our I’L, memory design. The upper rectangu-
lar box decodes the top 1/2lg N == n/2 address bits into VN column select
lines, It also fans out the din bit into VN lines, one per column in the
(VN X VN }-cell memory array,

The left-hand rectangular box performs a similar function, decoding the
least significant address bits onto VIV row select lines, and fanning out the we
signal.

The data output bit, dout, is obtained by or-ing together the outputs of all
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din

& dout

we

Y

O
—{ ¥

Figure 1. An I’L memory cell.

DIN —#

OnQn-f...8n/2+1—7¥
n/2

I :,/N din FANOUT
AND y-DECODER

VN *+/N MEMORY

|:Jﬁ we ——~———ARRAY—'—*’“
IFANOUT AND
x-DECODER
1 1
We Qp/20p/2--..0) do:n

Figuare 2. Floor plan for I*L memory.
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the memory cells. This is done in an “H-tree’ pattern: the data outputs of a
square of 0,,., = 100 adjacent memory cells are wire-ored to form the input sig-
nal for an inverter. A second inverter produces a positive-true signal, 100 of
which can be wire-ored in the next level of the tree. The fanin tree is thus

2 [logieeN ] gates deep.

g 9 vl
959 137,

Gn/24l ' | (_l]
i

¢ vil'“ <
I Y2 Y3

Yo Y Y/N-1

Figure 8. An I’L y-decoder.

Figure 3 shows a construction for a n/2-bit to v N-line decoder. Note that
multiple sinks are not allowed in I?L (since 4,,,, = 1). The only way to fan out
8 signal is to use a 4-output inverter, so log4\/17 = n/4 levels of gating are
required. Decoding is trivial, using n /2-way wire-ors, All in all, we need slightly
fewer than n/2 VN = 1/2 VN lg N gates to construct the circuit of Figure 3.
One additional fanout tree (containing about 1/3 VN gotes) is needed for din or
we fanout, completing the construction of the rectangular boxes in Figure 2.

Figure 4 indicates why I’L is not particularly suited for memory circuits.
Since wire fanout is not allowed, 1/3 VN gates are required for each row of the
memory array, to fanout the row select signal. Another 1/3 VN gates per row
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® © o

TO OTHER
HALF OF TREE

TO INDIVIDUAL CELLS

Figure 4. Row fanout tree for I°L.

are needed for the we lines.

The tree fanout construction of Figure 4 was chosen to minimize total gate
delay, at some expense in additional wire area. It requires one gate position for
every two memory cells, so we need only allocate one gate in each memory cell
for the two row fanout trees. (Alternatively, we could have fanned out the sig-
pals in a linear, left-to-right fashion, allocating two gate positions every three
cells, This would result in a worst-case access time exceeding 1/3 VN Toater
significantly worse than what we obtain with a fanout tree.)

The row-row spacing of the memory array can now be estimated. The total
number of gates per cell is 10 (for the D-latch of Figure 1) plus 1 (for the two row
fanout irees) plus 1 (for the fanout of column select and din lines). In addition, a
gap of A, must be left between every 10 rows, to make room for the "H-tree"
fanin of doul. Thus the total height or width of the VN X VN atray is about
4N Xjute) if we assume thal we have enough room to fit the wiring.

Turning to the wiring area, it is apparent that the row fanout trees (Figure
4) could easily be a critical constraint. In fact, the row and column select lines of
our memory circuit form a “mesh-of-trees” graph, requiring QN g?N 2\2,,) area
[9).

Considering Figure 4 more carefully, we find that we must allocate (n/2)
wiring tracks per row for each of the two row fanout trees. In addition, we
should allocate about § horizontal tracks for wiring internal to each memory cell,
and 1 track for the dout fanin. We thus need n+ 6 horizontal tracks per cell. In
the vertical direction, the count is the same, so our row-row spacing must be at
least (2n+ 12)/( [1/2J) Ayire- For the case that N = 10% and p = 4, this evalu-
ates to a cell "pitch” of 16 um.

According to the parameters given in Section 3 for I°L, Mete =4 um. Thus
our (4 gate by 4 gate) = (16 um)® memory cells are just large enough to accomo-
date the fanout wiring for N < 10° and g = 4. If we used smaller latches, or
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chose a larger N, we would have to increase y to avoid “‘wasting’ area on wiring.

To calculate the total area A of the memory, we must consider the decoders
as well as the memory array. For N ~ 10_8, however, the area required by the
decoders is' negligible. The layout suggested by Figure 3 would be only
(lg VN) Mo high, and this height could be further reduced to
(lg VN) X yure + (1g° VN) Ayie by using the tree-on-a-line idea of Figure 4.
Thus we can report a total area of about 16N Xf,,, ~ 2.6 em? for N ~ 10% and
124

A time. analysis of this construction is fairly straightforward. We split the
total circuit delay into the thrce components appearing in the Assumption 8b's
definition of dy: Y dy = Ty, + Tuire + Tpanour The longest delay path
through the memory is from any address bit, through the decoder, through a row
(or column) fanout tree, through a memory cell, and then out the dout fanin tree,
Total number of gates encountered on this path is about 8 + 1/21g N. If
N ~10% T,y ~ 18 1,0, ~ 1.8 na.

Since Cy is identically 1 in I’L, T, is just the length of the longest path
through the circuit times r,;,. (C, is upper-bounded by £, and lower-bounded
by 1.). This length is about 3/4 of the perimeter of the memory: the decoder con-
tributes one side-length, as do the row fanout tree and the dou! fanin tree. Total
wirelength is thus about 3vA Agate = 48VN Nyires Yielding a delay term of
Toire ~ 48YN 1., ~ 4.8 ns for N ~ 10°,

In any PL circuit T fnou 18 always equal to T, , since t,,,, = 1. The total
delay for our memory is thus about 8.4 ns for N ~ 10% Since 170 = 10 ns,
our memory should be able to satisfy an 1/O schedule with T = 2 7710 Address
and din lines would be valid for the first clock period of a memory cycle; dou!
would be valid on the second. {Since the d, values in our model are indeter-
minate, not all memory circuits built according to our design would satisfy this
schedule. It would be interesting to build a probabilistic model that captured the
effects of process fluctuations and predicted the observed spread in access times
among "identical” memory circuits.)

Total energy E per access is just the number of gates (~12N) times
(T/7yate) times €,14041y, OF about 240 nJ when N ~ 108 Power consumption is
thus (240 nJ)/(20 ns) = 12 Walt, a very high figure for a 2.6 ¢em? chip. If our
value for €,,,q, i3 correct, I’L gates will have to be more widely spaced than
Nate = 4 um. Note that decrensing the number of gates per I°L latch from 10
to, say, 4 would result in a memory circuit of similar size and speed, but with
half the power consumption per unit area.
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In summary, we have proved the following.
THEOREM 4-1. An I’L memory can be constructed with

N~ 10%, A= maz{lBN Mo N(5 + lgVN)/la/2 Nuire )2}.

2 Iy N + 5) Tate + 3‘/‘? Twire
. T1j0

E = 12NT €otandby T = ll"( ]'I- l] T1j0-

4.2. Other technologles
Due to space limitations, we merely quote the area-time-energy performance

of our best constructions to date for the other six technologies listed in Table 1.
THEOREM 4-2. A JJ-CIL memory can be built with the following parameters:

N ~ 108, =8N A},

E =8NT ¢pppy, T = [{9 lg N1y + 8VA 1. ]+ l] "/0-

Y /0

TIEOREM 4-3. An NMOS or GaAs HEMT memory can be built with the following
parameters:

N ~ 10%, A =1NMNL,,
E=5N¢, T=08lgNr, + 6VA 14

(The energy figure given above is for the worst case, when all memory cells
store a '0'. We have designed our memory so that less than half of the gates are
in their high-power logic-1 output state, at any given time.)
THEOREM 4-4. A JJ-CS or CMOS memory can be built with the following param-

eters:
N ~ 108, A =6N>\,2uu

E=3/AlyNe,,,, T=0gN Toute + BVA Typre.
THEOREM 4-5. A CMO0S-50S memory can be built with the following parameters:
N ~ 108, A =6N %, .
E = 1/21g°N ¢ + 3VAl N €yype, T =91lg N1, + VA 1,,.

Note that E,,, dominates E,,; in this construction, despite the fact that
€ink > €gire. Thus it is not accurate to describe all CMOS-50S circuitry as
consuming energy proportional to E,;,, .

Using bit-serial address decoding on a minimax-edgelength version of the H-
tree [12), it is possible to reduce E,;,, to O(VA ). We are presently trying to
evaluate the constant factors in this construction, to see if il is of practical
interest.
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6. Conclusions
This réport covers the first phase of an ambitious project, to develop o
universal “‘constant factor” model of VLSI energy, area and time. Many trouble-
some areas have been identified:
‘1. The model is only applicable to gate-level design. Pass-transistor and other
~ forms of switch-type logic design are not modelled adequately.
2. No pseudo-static memory cells are allowed. Thus we cannot as yet discuss
the “dynamic” memory designs that currently achieve the best density and

energy figures. -

3. The constants in Table 1 are undoubtedly inaccurate, and would benefit
from a more careful study. (The most pressing question is whether there
exist values for these constants that would accurately predict area, time, and
energy. If not, parameters must be added to the model. Alternatively, we
may be able to eliminate one or more parameters without jeopardizing our
goal of attaining “factor-of-ten" accuracy.)

4, At least one bipolar technology which allows wire fanout (such as EcL)
should be added to Table 1. As it stands, bipolar gets very short shrift,
despite its current importance in high-speed static memory designs.

5. It would be very hard to make lower bound arguments on the basis of the
model, especially in view of the unrealistic restrictions mentioned in items 1
and 2 above, Once the model is extended, the arguments of {10} and [7}
conld be employed to prove lower bounds on CMOS-like technologies. Such
lower bounds would presumably be valid, but not tight, for other present-
day technologies.

Despite these problems, we have succeeded in developing a circuit model
that is capable of handling most of today's technological diversity. We have
applied this model to the problem of designing megabit memories, and we have
analyzed the area, time and energy performance of circuit constructions in vari-
ous technologies.
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ABSTRACT

Metrics of energy, area, and time are defined for a graph-
theoretic model of VLSI computation. Different ‘‘constant factors”
are seen to be appropriate for different logic families. We examine
seven such families: NMos, CMos, CMos-50s, I’L, GaAs HEMT,
J)-CIL, and JJ-CS. For each family, we sketch a construction for
an energy-efficient, read/write, random-access memory circuit.

1. Introduction

Complexity theorists have traditionally focussed on two metrics of the qual-
ity of a circuit design: size (the number of gates involved) and speed (the number
of gates on the longest path from any input to any output). More recently,
notions of circuit area and wire delay have come into play [13], due to their grow-
ing importance in VLSI design.

Very little effort, by contrast, has been put into the study of the power and
energy requirements of computation. This theoretical oversight might seem
strange, in view of the practical importance of the subject. Energy is a critical
resource in battery-powered systems, and heat (f.e., power) dissipation is an
important constraint on the physical design of almost every computational sys-

tem.

The theoretical difficulties of the area are easily described: there is no simple,
accepted, widely-applicable model of the energetics of computation. A literature
search yields scanty and contradictory results. It is hard to reconcile the assump-
tions in Chapter 9 of [11] (seemingly written by Chuck Seitz), with Bennett’s
monograph [3], with Kissin’s recent paper [7], or with Lengauer and Mehlhorn’s

This work was supported by the National Science Foundation Grant ECS-8110684.
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article [10]. Bennett argues that, in principle, one can do any amount of compu-
tation with a small amount of energy. Seitz takes the opposite position to Ben-
nett, maintaining that ‘‘gate switching energy’ is a fundamental property of any
logic technology. Seitz’ assumptions are, in turn, too weak for the models of Kis-
sin, Lengauer and Mehlhorn. Their results are motivated by the dependence of
switching energy on wirelength in the CMOS technology.

This paper attempts to inform the controversy surrounding models of energy
consumption. A unified model is proposed for all present-day (and a couple of
futuristic) integrated-circuit technologies. When placed on this common basis, it
is easy to see that there are almost as many ‘‘fundamental modes’ of energy con-
sumption as there are technologies.

Some technologies consume power at a nearly constant rate per logic gate,
while others exhibit a state-dependent rate of power consumption. In either case,
total energy consumption might be called ‘‘static” since very little additional
“switching energy’’ is required.

A second major grouping of contemporary technologies has little static
energy dissipation, but consume significant switching energy. As suggested by [7]
and [10], switching energy might be proportional to wire length. Alternatively, it
might be essentially independent of wire length [11]. (A final possibility, a
Bennett-style [3] zero-energy technology, is unlikely to be seen in this century.)

The technological diversity outlined above is captured in this paper’s unified
model by a number of technological ‘“‘constant factors.” As a check on the
model’s completeness, constructions have been attempted for energy-efficient
memory access in each technology. These are outlined in Section 4; Section 2
contains the unified model assumptions, and Section 3 lists the technological con-

stant factors.

2. Model of Computation
In the following assumptions, greek letters are used for tke technological

constant factors. (There are two exceptions: § and A bear their standard mean-

ing of vertex in- and out-degree.) Sets and their elements are defined by capital-
ized and lower case roman letters, respectively.

1. Sources O, sinks I,. A computation graph is a directed hypergraph
G = (V, H). A hyperedge h is denoted by an ordered pair (O, I;) of ver-
tex sets Oy C V, I, C V. The vertices in O are the sOurces of k; the ver-
tices in I are its s/nks.
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Edge fanout restrictions 0,,,,, tm.,- Each edge h has at least one, and at
most O(1), sources and sinks: ,

l_<_|ola|..<_0maz’ ls,IhIS‘maz
Limits on vertex indegree 6 and outdegree A are discussed in Assumption
10.
Vertez widths Xy, Mj70. Each vertex in a computation graph is embedded
as a square region in the Euclidean plane. No two vertices overlap. The size
of an embedded vertex depends upon its functionality: gates v e Vi,
occupy Afm area, while I/O ports v € V; /o occupy )\,2,0 area.

Edge width \;,,, number of wiring layers p. An edge is embedded as a con-
nected set of wire segments. Each wire segment is a rectangle of width \,,,
and arbitrary length, piaced on one of u planar wiring layers stacked above
the plane of the vertices. A wire segment on the bottom wiring layer con-
nects to the vertices it passes over. Two wire segments are connected to each
other if they pass over the same point and if they are on either the same
layer or an adjacent layer. (Note that [u/2] disconnected wire segments
may pass over the same point in the vertex plane. Also note that any
hyperedge & can be embedded as a tree of wire segments passing over the
vertices in Ok U Ih‘)

Total area A, mazimum total area «,,,. The total area A of an embedded
computation graph is the area of the smallest square that encloses all its ver-
tices and wire segments. The area of this square is bounded by a technologi-
cal constant: A < a,,,,.

Mazimum edge length \,,,. The total length ||k|| of an (embedded) edge A
is the sum of the lengths of its wire segments. Edge lengths are bounded by
a constant: VA ||]| < X\jpqs-

Votes v(t), signals h(t). The state of the computation graph at any time ¢
is defined by a vector (V(t), H(t)) of votes v(t) and signals h(¢) associated
with each vertex v and hyperedge k. The value of a vote or signal is taken
from the ternary set {0, 1, u}: logic-0, logic-1, and undetermined. (An alter-
native formulation, found in [10] and in state-of-the-art circuit simulators,
takes signal values from a two-dimensional set of voltages V and impedances

R.)
Mazimum size of voting equivalence class §,,,,, edge delay dy, time constants

Tyater Twire 0N Trgnour , transmission line indicator ¢, signal rise time ).

g
a. In many technologies, the delay associated with a wire can be decreased
by driving that wire with a larger transistor. Such high-power drivers

can be represented by several (unit-power) sources with identical voting
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behavior. We are thus led to the following definition of equivalence
classes C, ; on the voting behavior of the sources for each edge A:
v € Gy <> (v,v5€ Oy) A (Wt vy(t) = vy(2))
A technological limit on driving power translates into a restriction on
the size of (s.e., number of vertices in) any voting equivalence class:
Vh)‘. le,t'I < Ema:

b. At the time of circuit construction (¢ = 0), a fixed but indeterminate
delay d, is assigned to each edge h. An edge's delay (in a worst-case
analysis) is proportional to its length ||A|| and number of sinks |I; |,
and inversely proportional to the size of its smallest equivalence class
Cy = m‘.in|0h,€| < €mast

hli7us L
dk = Tpute + “ ” wire 'zkl lo’ fanout
(Indeterminacy is introduced into the definition of edge delays to force
“‘realistic’’ design practices, e.g., self-timed or clocked logic.)

c. We define ry to be the rise time of a signal on edge h. For technologies
in which wires are transmission lines, r; is approximately equal to the
gate delay 7,,,,. We indicate this by assigning the value 1 to the 0-1
variable ¢ (a mnemonic is the common symbol Z for the impedance of a
line). The other technological possibility is that the wires are essentially
capacitive in nature (as long as their length does not exceed \,,,,, as
defined in Assumption 6). Thus

' { dy, if¢=0
= Tgate if¢=1

d. The value of a signal h(t) is determined by the votes of its sources O,,
with delay d;,. We prevent the propagation of unreasonably-short sig-
nal pulsewidths by requiring the “election results’’ to be stable for at
least r, time units.

1, if JveO, Vselt-d;,t-dy+ ] v(s) =1, else
h(t) =1 0, if veO, Vselt-d;,t-dy+ ry] v(s) =0, else
u
Note that this formulation allows ‘‘wire-oring’’: the signal on an edge
becomes 1 if any of its source votes is 1 for at least r; time.

(£ 50%)

9. Symmelry indicator o.
a. Not all patterns of voting behavior are allowed in all technologies. One
restriction is observed in the so-called ‘‘symmetric” technologies
(0 =1). In these technologies, the effects of logic-1 votes and logic-0
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vote are symmetric, making ‘‘wire-oring” infeasible. (A system of
“majority-rule’ is conceivable but not observed in any present-day logic
family, possibly because it would reduce noise margins.) To outlaw
wire-oring, we permit just one equivalence class per edge:

(c=1) = (Wt Vb Wo,,00€ Oy v(t) = vyt))
A second type of restriction on allowable voting behavior arises in the
asymmetric (¢ = 0) technologies. We must restrict the number of
high-power logic-1 votes that appear at one time on an edge, to avoid
exceeding the current density limit mentioned in Assumption 8a:

(0=0) => (VVh [{ve0; : v(t)=1}]| < {nas)

10. Logic family ¢, power supply period 7,,,ny, IO schedule S, esternal clock
period 7y0.

a.

A logic family ¢ is a technologically-constrained set of triples (6, f, A).
The first and third parts of a triple denote the indegree and outdegree
of one type of gate. The second part of a triple defines a functionality,
or voting behavior. A gate with the ‘and’ functionality, for example, is
modelled by a vertex whose vote is the logical ‘and’ of the signals on its
in-edges. As another example, the ‘latch’ function depends on a
delayed feedback signal. Finally, the voting behavior of gates in the
JJ-CIL technology depends upon the phase of their AC power supply.
Thus, in the general case, the functionality f, of a gate v has 2 + §,
parameters, and defines the gate’s vote as follows:
v(t) =/, (v(t — Tuirey €(£), Ba(t), ho(t), . . . h&,(t))

where the phase of the power supply (assumed to have a 90% duty
cycle) is

1, ift < (-1 + E/Tnupply“ Toupply

e(t) = 0, otherwise

Note that voting is a zero-delay process, since gate delays were included
in the definition of edge delay d,.

An I/O port v; € Vjjo has 6§, =1, A, = 1. Its voting is determined
by an externally-imposed 1/O schedule S; € {rq, ry, ry, wo, Wy, W, }°.
Each literal in S; indicates whether the I/O port is to read (rg, ry, )
or write (wg, wy, w,) a ‘0’, a ‘1", or a ‘u’. The k-th literal in S; refers
to the k-th external clock period defined by ¢ e ((k-1)7;/0:k7/0],
where 7,0 is a technological constant. Thus, if the k-th literal is r,,
the port votes v;(t) = z during the k-th clock period. Alternatively, if
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the k-th literal is wy,, we say the schedule S; is “satisfied” only if the
port’s in-edge h has signal h(¢) = y, for all times ¢ in the k-th clock
period. (If the output bit for some time period is u, i.e. undetermined,
we allow A(¢) to be any value.)

Energy consumption Ey.nq,, Ey g, Eyirey Egig, £. Four modes of energy

consumption are observed in physical realizations of computation graphs.

a. A constant power dissipation of e,,,,,db,/fgm is associated with every
gate. Total “standby” energy dissipation over the period [¢,, 5] is thus

defined as
((2- 1)
Emmdby = E r €standby
ve Vi gate

b. In asymmetric (wire-or) technologies, a gate voting 1 consumes more
power than a gate voting 0. We define energy ¢, g so that the difference
between these two levels of power consumption is €, o/7,,,. Total
energy consumption in this mode is thus

Eio= Y f

By Assumption 8d a gate’s vote can change a signal only if it persists
for at least r, > 7,,, time. We thus employ the following (approxi-

mate) expression for £ g

Ei o= )Y P €1-0
ve Vi tx/f,m Sk<ty/ Tyate
'(kf"*) = ]

c. Each change in an edge's signal consumes energy proportional to the
length of that edge. Assuming such signal changes occur at a frequency
less than 1/7,,,, we write

Egire = E Z ”h“%m
| 3 tllf.“ < k < 'g/ Tyate
k() 9% A((k+ D)ren)

d. Energy E,;;, like E,,,,, is a form of ‘“switching energy.” In this case,
the energy consumption is proportional to the number of sinks:

Eu'nk = 2 E IIb lccink
A ‘1/7." <k<tg/f',u
‘("”:m) 7 b((k+ 1)rpur)
e. The total energy consumed by a computation is E = E, g, +

El—o + E«n’re + Eu'nk'
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8. Technological Parameters

PL Ji-ci. NMos HEMT JJl-cs CMOS CMOS-SOS  units
\gate 4 10 7 7 100 10 10 um
Ayire 1 2 1 1 4 1 1 um
A mes 104 10° 10* 10* 10°  10% 10* um
ToaterTranowt 100 10 100 50 1000 100 100 pS
Toire 01 001 1 1 1 1 01  pS/\gire
Toupply 1000 ps
€tantsy 01 001 ~0 ~0 ~0 ~0 ~0 I
€10 01 01 ~0 ~0 ~0 24
€ wire 0.1 0.1 0.001  fJ/\y;.
€aink 0.1 iy
Emas 1 1 10 10 10 10 --
o 0 1 0 0 1 1 -
¢ 0 1 0 0 0 0 0 --
Ormaz 10? 1 10 10 1 (= Emaz) (= emaz) ="
s 1 1 104 10* 10 10* 104 --

Table 1. Constant factors for seven VLSI technologies (multiplicative
factors for units are f=10"1 p = 107!%, n = 10", and « = 1079).

Table 1 gives approximate values for the ‘‘constant factors’ of seven VLsI
technologies. The values are (hopefully) correct to within a factor of 10, for cir-
cuits built with about .5 um line widths during the late 1980's [1,2, 4,5, 6, 8, 11].
Thus \;,., the minimum wire-wire spacing, is equal to 1 um for most of the
technologies in the table. The only technologies with A, > 1 um are JJI-CIL
and JJ-CS, in which tree-shaped model edges must be traversed with a non-
branching wire. At one or two wires per edge, this implies that the effective edge
widths for JJ-CIL is between 1 and 2 um. And, since double-rail logic is used in
JI-Cs, its A,;,. increases by another factor of two, to approximately 4 um.

An important feature of Table 1 is the diagonal structure of the entries for
circuit energies €yqa4bys €1-0) €wires 80d €55, When calculating total energy, con-
tributions from entries below the diagonal can be ignored. For example, the
technologies with ¢,44,45, > 0 have a nearly constant power dissipation per gate
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which does not increase by more than 10% when the gates change their state at

maximum frequency.

Table 1 is not quite a complete list of the parameters in the model. The fol-

lowing are nearly constant over all technologies:
Oz = 10° um?, 77,0 = 10 nS,
p = 4 to 6 layers, \;jo = 10% um.
Note that, by Assumption 4, y = 6 corresponds to a three-level metal process.
The other y - 3 layers are made of an insulating material, through which small
square holes or ‘‘vias’ are cut.

Finally, we specify the logic family ¢ of gates and latches available in each
technology. For I°L, ¢ consists of just a 1-input, 4-output inverter (all logic must
be done by ‘‘wire-oring’’). For NMOS and GaAs HEMT, we assume that ¢ con-
tains a 2-input, l-output ‘nand’; a 4-input, l-output ‘nor’; and a 3-input, 1-
output inverting D-latch. For all other technologies, we augment the NMoS ¢
with gates for all 2-input, 1-output boolean functions.

4. Constructions
Using the model of Section 2 and the technological parameters of Section 3,
it is possible to estimate the area, time and energy performance of various circuit

constructions.

In this section, we report the performance of our best constructions for large
(~10°® bit), random-access, read-write memories in each of the seven technologies.
Due to space limitations, only one of the constructions will be described in any

detail.

First of all, we need a formal definition of the ‘‘/N-bit memory access prob-
lem.” For concreteness and simplicity, we assume that N is a power of 2, writing
n = logoN = lg N. We also assume the existence of a fully paralle]l interface
that runs memory cycles as often as possible. Thus we provide n separate
address lines into the memory. A new address is available on these lines every T
time units, where the length T of a memory cycle is assumed to be an exact mul-
tiple of the external clock period 7;/0. These considerations lead to the following
definition:

Memory access with cycle time T. A computation graph implements an N-

bit memory access in time T if it has n + 3 I/O ports whose schedules obey

the following restrictions. Every T /7o external clock periods, n address
bits are read in through ports labeled e¢,, a,;, ... a;. The most
significant address bit is read by a,. Every time these address bits are read,
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port we (mnemonic: “write enable’’) reads a bit. If it reads a ‘1’, the bit
read by din (‘‘data input”) is to be written into the addressed memory loca-
tion. Alternatively, if the port we reads a ‘0’, a read from the addressed bit
is enabled. In this case, the port dout (‘‘data output”) should write the
correct value for the bit being accessed. (If the accessed bit has not been
written into previously, dout may be any value.) The value written by the
port dout must be available during the last external clock cycle of the
memory cycle. :
More formally, the computation graph must satisfy all I/O schedules S,
where , '
Sl' = (("o’ rl)(ru)k—l) ’

for all ports other than v,,, and where the integer k equals T/7;,5. The
schedule for v,,,, is of the form ,

Stout = ((wu)k—lwm(s,t)) )
where the values m(S5,t) to be written by the port are, of course, dependent
upon the values written into the memory by S up to that time ¢.

4.1. I’L

As described in Section 3, the I°L logic family has just one type of gate and
no latches. Lacking a latch, it seems that about 10 gates are required for each
bit of memory: see Figure 1. The state of this memory cell is available on the
dout line, whenever both z and y are at logic-1. Otherwise, dout = 0. The
state of the memory cell is updated, to the value of din, whenever
z=y=uwe =1

It is somewhat unrealistic to use a 10-gate memory cell, since an analog cir-
cuit designer could undoubtedly design a functionally-equivalent cell occupying
less than one quarter of the area. We shall see, however, that the use of a
smaller memory cell would not markedly decrease the area of the complete

memory circuit.

Figure 2 shows a floor plan of our I°’L. memory design. The upper rectangu-
lar box decodes the top 1/2lg N = n/2 address bits into VN column select
lines. It also fans out the din bit into VN lines, one per column in the
(VN X VN )-cell memory array.

The left-hand rectangular box performs a similar function, decoding the
least significant address bits onto VN row select lines, and fanning out the we
signal.

The data output bit, dout, is obtained by or-ing together the outputs of all
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Figure 1. An I°L memory cell.

DIN —»

QnOn-1...0n72+17*1 | :.\/f\-' din FANOUT

n/2
AND y-DECODER
VN «/N MEMORY
Ii«/f-\l- we __ARRAY____
FANOUT AND
x-DECODER
N —
T }n/Z
v
W€ Qp/20p/2-1---Qy dout

Figure 2. Floor plan for I’L. memory.
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the memory cells. This is done in an “H-tree" pattern: the data outputs of a
square of o,,,, = 100 adjacent memory cells are wire-ored to form the input sig-
nal for an inverter. A second inverter produces a positive-true signal, 100 of
which can be wire-ored in the next level of the tree. The fanin tree is thus
2 [logigoN ] gates deep.

On
;l ' i
R A A A A
Qn/2+ .
IIl 1
\ 4
PPPP-PEP
Yo Y1 Y2 VY3 Y/N-i

Figure 3. An I’L ydecoder.

Figure 3 shows a construction for a n/2-bit to v N-line decoder. Note that
multiple sinks are not allowed in I’L (since ¢,,,, = 1). The only way to fan out
a signal is to use a 4-output inverter, so log,VN = n/4 levels of gating are
required. Decoding is trivial, using n /2-way wire-ors. All in all, we need slightly
fewer than n/2 VN = 1/2 VN lg N gates to construct the circuit of Figure 3.
One additional fanout tree (containing about 1/3 VN gates) is needed for din or
we fanout, completing the construction of the rectangular boxes in Figure 2.

Figure 4 indicates why I’L is not particularly suited for memory circuits.
Since wire fanout is not allowed, 1/3 VN gates are required for each row of the
memory array, to fanout the row select signal. Another 1/3 VN gates per row
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Y

|
[, 'Lff" ©ee
I T wack oF Tree

TO INDIVIDUAL CELLS

Figure 4. Row fanout tree for IL.

are needed for the we lines.

The tree fanout construction of Figure 4 was chosen to minimize total gate
delay, at some expense in additional wire area. It requires one gate position for
every two memory cells, so we need only allocate one gate in each memory cell
for the two row fanout trees. (Alternatively, we could have fanned out the sig-
nals in a linear, left-to-right fashion, allocating two gate positions every three
cells. This would result in a worst-case access time exceeding 1/3 VN Toates
significantly worse than what we obtain with a fanout tree.)

The row-row spacing of the memory array can now be estimated. The total
number of gates per cell is 10 (for the D-latch of Figure 1) plus 1 (for the two row
fanout trees) plus 1 (for the fanout of column select and din lines). In addition, a
gap of A\, must be left between every 10 rows, to make room for the “H-tree”
fanin of dout. Thus the total height or width of the VN XV N array is about
4N Agate, if we assume that we have enough room to fit the wiring.

Turning to the wiring area, it is apparent that the row fanout trees (Figure
4) could easily be a critical constraint. In fact, the row and column select lines of
our memory circuit form a “mesh-of-trees” graph, requiring Q(N Ig?N \2,,,) area
[9].

Considering Figure 4 more carefully, we find that we must allocate (n/2)
wiring tracks per row for each of the two row fanout trees. In addition, we
should allocate about 5 horizontal tracks for wiring internal to each memory cell,
and 1 track for the dout fanin. We thus need n+ 6 horizontal tracks per cell. In
the vertical direction, the count is the same, so our row-row spacing must be at
least (2n+4 12)/( l/2]) X yi.. For the case that N = 10% and p = 4, this evalu-
ates to a cell “pitch” of 16 um.

According to the parameters given in Section 3 for I°L, N ot = 4 um. Thus
our (4 gate by 4 gate) = (16 um)? memory cells are just large enough to accomo-
date the fanout wiring for N < 10% and pg'= 4. If we used smaller latches, or
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chose a larger N, we would have to increase y to avoid ‘“wasting’’ area on wiring,.

To calculate the total area A of the memory, we must consider the decoders
as well as the memory array. For N ~ 105, however, the area required by the
decoders is negligible. The layout suggested by Figure 3 would be only
(Ig2 VN) Agate high, and this height could be further reduced to
(lg VN) Nate + (192 VN) \yire by using the tree-on-a-line idea of Figure 4.
Thus we can report a total area of about 16N )‘gzm ~ 2.6 ¢em? for N ~ 10° and
p 24

A time analysis of this construction is fairly straightforward. We split the
total circuit delay into the three components appearing in the Assumption 8b’s
definition of dy: Ydy = Ty, + Tyie + Tpanour The longest delay path
through the memory is from any address bit, through the decoder, through a row
(or column) fanout tree, through a memory cell, and then out the dout fanin tree.
Total number of gates encountered on this path is about 8 + 1/21lg N. If
N ~10%, Ty, ~ 18 754, ~ 1.8 ns.

Since C, is identically 1 in I’L, T,,,, is just the length of the longest path
through the circuit times 7,;,. (C}, is upper-bounded by £, and lower-bounded
by 1.) This length is about 3/4 of the perimeter of the memory: the decoder con-
tributes one side-length, as do the row fanout tree and the dout fanin tree. Total
wirelength is thus about 3VA >‘aate = 48V N Auire; yielding a delay ‘term of
Tyire ~ 48V N Ty, ~ 4.8 n8 for N ~ 108,

In any I°L circuit T fpnout is always equal to T, , since ¢y, = 1. The total
delay for our memory is thus about 8.4 ns for N ~ 105 Since 7 Jo =10 ns,
our memory should be able to satisfy an 1/O schedule with T = 2 7;,,5. Address
and din lines would be valid for the first clock period of a memory cycle; dout
would be valid on the second. (Since the dj values in our model are indeter-
minate, not all memory circuits built according to our design would satisfy this
schedule. It would be interesting to build a probabilistic model that captured the
effects of process fluctuations and predicted the observed spread in access times
among “identical”’ memory circuits.)

Total energy E per access is just the number of gates (~12N) times
(T /7yate) times €,n4p,, OF about 240 nJ when N ~ 10% Power consumption is
thus (240 nJ)/(20 ns) = 12 Watt, a very high figure for a 2.6 ¢m? chip. If our
value for €,,,4, is correct, I’L gates will have to be more widely spaced than
Agate = 4 um. Note that decreasing the number of gates per I’L latch from 10
to, say, 4 would result in a memory circuit of similar size and speed, but with
half the power consumption per unit area.
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In summary, we have proved the following.
THEOREM 4-1. An I°’L memory can be constructed with

N ~ 106, A= maz{lBN Xfm» N((5 + lg\/J_V')/Iy/2_| Xm'rc )2}y

(2lg N + 5) Tyate + 3VA Twire ] ]
+ 1 1'1/0.

E = 12NT €standby> T= [[ TIj0

4.2. Other technologies
Due to space limitations, we merely quote the area-time-energy performance
of our best constructions to date for the other six technologies listed in Table 1.
THEOREM 4-2. A JJ-CIL memory can be built with the following parameters:
N ~ 105, A =6N \%,,
9lg N 7, + 8VA 7,
E = 6NT €standby T= [,- d gate bl + l] T1/0-
| 110
THEOREM 4-3. An NMOS or GaAs HEMT memory can be built with the following
parameters:

N ~ 108, A = 11N N2,
E = 5N 61_0, T =9 lg N Tgate -+ 6\/X Tm'rc'

(The energy figure given above is for the worst case, when all memory cells
store a ‘0’. We have designed our memory so that less than half of the gates are

in their high-power logic-1 output state, at any given time.)
THEOREM 4-4. A JJ-Cs or CMOS memory can be built with the following param-

eters:
N ~ 10°%, A =8N X2,

E=3VAlgNeg,,, T=09IgNr, +6/4 7,,.
THEOREM 4-5. A CM0S-S0S memory can be built with the following parameters:
N ~ 105, A =8N N2,
E =1/21g’N €y + 3VAlg Ney;,,, T =91g N7y + 6VA 7,
Note that E,,,, dominates E,;, in this construction, despite the fact that
€pink O €yire- Thus it is not accurate to describe all CMOS-SOS circuitry as
consuming energy proportional to E,;,;.

Using bit-serial address decoding on a minimax-edgelength version of the H-
tree [12], it is possible to reduce E,;,, to O(VA). We are presently trying to
evaluate the constant factors in this construction, to see if it is of practical

interest.
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6. Conclusions
This report covers the first phase of an ambitious project, to develop a
universal “‘constant factor’” model of VLSI energy, area and time. Many trouble-
some areas have been identified:
1. The model is only applicable to gate-level design. Pass-transistor and other
forms of switch-type logic design are not modelled adequately.

2. No pseudo-static memory cells are allowed. Thus we cannot as yet discuss
the “dynamic” memory designs that currently achieve the best density and
energy figures.

3. The constants in Table 1 are undoubtedly inaccurate, and would benefit
from a more careful study. (The most pressing question is whether there
exist values for these constants that would accurately predict area, time, and
energy. If not, parameters must be added to the model. Alternatively, we
may be able to eliminate one or more parameters without jeopardizing our
goal of attaining ‘‘factor-of-ten’ accuracy.)

4. At least one bipolar technology which allows wire fanout (such as ECL)
should be added to Table 1. As it stands, bipolar gets very short shrift,
despite its current importance in high-speed static memory designs.

5. It would be very hard to make lower bound arguments on the basis of the
model, especially in view of the unrealistic restrictions mentioned in items 1
and 2 above. Once the model is extended, the arguments of [10] and [7]
could be employed to prove lower bounds on CMOS-like technologies. Such
lower bounds would presumably be valid, but not tight, for other present-
day technologies.

Despite these problems, we have succeeded in developing a circuit model
that is capable of handling most of today’s technological diversity. We have
applied this model to the problem of designing megabit memories, and we have
analyzed the area, time and energy performance of circuit constructions in vari-

ous technologies.
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