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Abstract

In this paper, we present a detailed, transistor-level energy model of
on-chip caches that use SRAM technology. The energy estimation is
based on the work by by Wilson and Jouppi [1], in which they propose
a timing analysis model for SRAM-based caches. Our model uses run-
time information of the cache utilization (number of accesses, number
of hits, misses, input statistics etc.) gathered during simulation, as
well as complexity and internal cache organization parameters (cache
size, block size, associativity, banking etc.).

1 Introduction

The growing complexity of VLSI circuits [2] and the increasing op-
erating frequency have led to unacceptably high levels of energy and
power consumption in general purpose, high-performance processors.
It is, therefore, important to have a thorough understanding of the
power distribution in a processor to be able to design for low power.
Previous published work corroborate the fact that the on-chip caches
consume a substantial fraction in the energy budget of today’s micro-
processors. For example, the on-chip caches of the DEC 21164 Alpha
processor consume about 25% of the total power of the chip [3], the
on-chip caches of the StrongARM processor, which target low power
applications, dissipate 43% of the total power, and in Pentium Pro
they dissipate about 20% of the power.

Accurate energy models are, thus, deemed necessary as a prereq-
uisite for design for low-energy caches. Related work has been done
in [4], [5], and [6], among others. Most of these proposed techniques
utilize models that consider the structure of the cache and use infor-
mation about the utilization statistics of the cache. Our modelis more
detailed, and considers internal banking of the cache so that both the
access time and the energy are reduced. The model equations are also
very flexible since they allow the estimation of the energy of the cache
under different parameters of cache complexity. We have succesfully
applied this model to estimate the energy dissipated in the memory
hierarchy of high performance processors [7].

The paper is organized as follows: in section 2 we describe the
internal cache organization. In section 3 we derive the analytical en-
ergy model for each component of the cache. Experimental results are
presented in section 4.

2 ' Internal Cache Organization

Fig. 1 from [1] shows the assumed internal cache organization. This is
a very general model of an A-way set associative cache, with size of C
bytes and a block size of B bytes. The operation of the cache is now
briefly described.

The cache is organized as a collectionof § = BgA sets, so that one
set contains A blocks, or B x A bytes. The CPU issues an address to
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Figure 1: Cache Model

the cache consisting of three parts: the tag, the index and the offset.
The index part has length log,(S) bits, and is used to index the set
from which the data will be retrieved. The offset part has length
log, (B) bits, and is used to select the appropriate word within a block
to return to the CPU. Finally, the tag part is used to check whether
there is a hit or a miss in the cache.

The cache consists of two arrays used to store the tag and the actual
data. Each one of them is organized as a series of rows and columns so
that there is one CMOS Static RAM cell at the intersection of a row
and a column. In Fig. [1] we assume that one row in the data array
stores a single set. The decoderfirst selects a row from the tag and data
array using the index and offset bits of the CPU address. Each bitline
is first precharged high. When the decoder makes the selection, each
memory cell in that row pulls down one of its two bitlines, depending
on the value of the cell.

A set of sense amplifiers monitors small changes in the bitlines and
transforms them into legitimate voltage values. Usually, a sense am-
plifier is shared among several pairs of bitlines. Extra column multi-
plexers are used in both arrays to implement this sharing.

The information read from the tag array is compared to the tag bits
of the address issued by the CPU. There are A such comparators for
an A-associative cache. The result of the comparison is used to drive
the output bus with the data that have been read, in the meantime,
from the data array.

In most of today’s caches, the tag and data arrays are broken row-
wise and columnwise so that the time to access the data is reduced.
Three new parameters are defined for that purpose for each of the two
arrays. The parameter Ny, shows how many times the data array is
split vertically resulting into more and shorter wordlines. The param-
eter Ngp; shows how many times the data array is split horizontally
resulting into more and shorter bitlines. Finally the parameter N,pq
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indicates how many sets are mapped into a single row. The tag array
can be broken independently according to the parameters Nyy1, Nepr,
and Nt spd-
Using these organizational parameters, each data subarray has
8XBXAXN, pd
Nawt

ber of data subarrays is Ngp; X Nwi-

- Cc
columns and BXAXNgp XNooa rows. The total num-

3 Energy Models for the Cache

Each one of the components of the cache are now analyzed in detail
with respect to energy dissipation. The gate capacitance of a device
or gate z is denoted as Cy » and its junction capacitance as C; ; from
now on.

3.1

Figure 2 shows the decoder architecture. The address from the CPU
is partitioned to sets of three bits and is used to drive a set of 3-to-
8 decoders. Each of these decoders asserts one out of eight outputs.
The NOR gates have as many inputs as the number of 3-t0-8 decoders.
The output of the NOR gates are used to drive the selected wordlines
through a wordline buffer. The 3-to-8 decoder can be implemented
using eight, three-input NAND gates.

Energy Dissipation in the Decoder
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Figure 2: Address Decoder

In the actual implementation, the 3-to-8 decoders are actually
shared among four subarrays as shown on Fig. 3, and are called col-
lectivelly pre-decoders. The energy dissipation in the input of the
pre-decoder is given by:

=Ly y2 Ngyi N
Epred_input = 5 X Vjy {4x f——,;——d“’l db!] xC

2 N, N
B X AXNgp X Nepd X Copordmetall + 5 X V2 X Ny inp x 2 x[4 x [—Lud—tbLy x
Cg,predinp T2 X B X A X Ny X Nyspg X Coyordmetaltl

X Ng inp X2 % g,pred_inp T2 X

where Ny ;np is the total number of transitions in the input ad-

dress (computed during simulation). Note that there are [&ﬂﬁm]
pre-decoders in the data subarray, and each address input bit or its
complement is connected to all eight NAND gates.

For completion, we also give the energy dissipation due to the inter-
connect capacitance of the metal wires that transfer the address bits
to the pre-decoder inputs. The wire length can be approximated by
noting that the total edge length of the data array is approximately
8 X B X A X Ngpt X Ngpg. Using Fig. 3, we see that the length of the
interconnect wire is about one quarter of this length.

The second contribution in the energy dissipation of the decoder
comes from the junction capacitances of the NAND gates and the gate
capacitances of the NOR gates (Fig. 2. It is given by:

Predecoder

Figure 3: Banking of the Cache

1 2 N: Nawl
Brow.dec = % X Vgg X Nace x {2 x [ 7y 1 X N3_t0.8,data ¥
R C (o]
[Cj,NAND + SXBXAXN g xNopg X CoNOR * SXBXARN gy xNopg ¥

Chitmetall} + % X Vfd X Ngece X 2 X C],NOR + % X Vfd X Nace x {2 x

Npyi Ny c
(=51 X Na_to.8,tag XIC) NAND + §XBRARN 5 x Wy o5 < CoVORF
c 1, v2 v

TXBR AR Nyp X Nyapg X Cbitmeralll + 7 X Vig X Nace X2 X Cj,NOR

where Ngec is the number of accesses in the cache, N3_t4 8 datq is
the number of the 3-to-8 decoders for each data subarray, and Cy;imetal
is the capacitance per bit of the interconnect between the NAND and
NOR gates.

c
The factor 5z XN X Nopa

in the subarray) /8, is used because each NAND gate in the pre-decoder
drives that many NOR gates. Note also that the interconnect capaci-
tance is also taken into consideration.

Each one of the 3-to-8 decoders modifies only two of its outputs for
every access. In addition, only one NOR gate in each array evaluates
its output to one, since only one wordline can be selected for each cache
access (the term that contains the C; yoR takes care of that effect).
We also multiply by two since one wordline switches from one to zero
and another from zero to one in every cache access.

, which is equal to (Number of rows

3.2 Energy Dissipation in the Word Lines

In every clock cycle, a wordline will be charged and another one will be
discharged (Fig. 4). The energy dissipation in the word lines is given
by:

8*B*A*Nspd
Ndwl
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Figure 4: Word line architecture

Eyordline = Vde X Nace X Ny % (C],INVI + Cg,INV2)+ Vd2d X Nace X
(8 xBXAXNsdeQxCg,PAS'S"‘C],INVZ"'8 XEXAXNspdxcwordmetal)+
ng X Nace X Ny X(C; 1nv1+Cqrnva)+ ded X Nace X [(T+ 5t) X Nygpg %
2 x Cg,PASS + CJ,INVZ + (T + 5t) x Ntspd X Coyordmetall

The length of the tag is T bits, and there are also St bits for the
status in each block. For example, the valid and the dirty bit are status
bits. Each data subarray has 2 x 8 X B X A X Ngpq pass transistors,
and each tag subarray has 2 x (T + St) pass transistors.
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3.3 Energy Dissipation in the Bit Lines

The energy dissipated in the bit lines is due to the precharge phase, as
well as to the read or write phase during which one of the two bitlines
for every cell is discharged to a logic low value. We assume that the
logic swing of the bitline is %Vdd- The contribution of this component
to the energy dissipation is given by:

1,1 2 ) )
Epittine = 3(5Vad)” *(Napit, pr X Cabit,pr T Nabit,r X Cabit,r + Nabit,w X
1
Cavit,w t+ Nivit,pr X Cevit,pr + Nevit,r X Cebit,r + Nebit,w X Cevit,w T 7 ¥
(Nprech_log X Nacc X C:zn-ech)

vDD
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Figure 5: Bit line precharge circuit
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where the following notations have been used:

® Navit,pr = Nace X2 X8 X BX A X Ngpg X % is the total number
of precharges in all the bitlines in the data array. Note that only
half of them switch to a logic high during precharge, since only
those half have switced to logic low in the previous clock cycle.

¢ Napit,r = Nace X2 X8 X B X A X Nepa X 3 is the total number
of read transitions in the bit lines.

L4 Ndbit,w = Nyhit X (St+ Waverg,data_wrize) + % X Nrmiss X (2%
8X B X AX Ngpq) is the total number of write transistions in the
bit lines. Ny pse is the total number of write hits in the cache,
and Nymiss the total number of read misses.

® Nivit,pr» Nibit,rs Nebis,w are defined similarly for the tag array.

. Nprech_log =8xBXxAx Nep,i X Ngpi +4 X (T—i—St) X Ntspd X Nt
is the number of bitline precharge circuits in the cache.

x (3 x
C;,pass+Critmetat)+2XC; prECH +Cj MU X is the switched
capacitance for each precharge (or read or write) transition. The
junction capacitance of the pass transistor is multiplied by two
since it is shared between two vertically adjacent cells. The
C;,muUx s the junction capacitance of the column multiplexer
at the other end of the bitline.

_ o ) - c
Caviepr = Cavier = Cavicw = BRARNyp XNopg

3.4 Energy Dissipation in the Comparators

Each one of the A comparators for an A-associative cache is designed
using dynamic logic (Fig. 7), and it has a width of T bits.
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Figure 7: Comparator

The energy dissipation in the A comparators is given by:

2
Ecomp = % x Vi4 X Nace XAX(C,PRECH-P+09,MUX_DRV)+%X

V2 X Nmisses X A X[T x 2% Cj comp+Cj prRECHN +T XCj comp +
Cy,MUX_DRV] + 1 x Vfd X Npite X (A —1) x (T x 2 x Cjcomp +
C;,PRECH.N +T X CjcomMP+ CqmUuX DRV + 5 X V2, X Npjyo X [T x
cj,COMP+TX2XCj,COMP]+%xvddeNtag,inp XAX2 XTXCg,COMP

where Niag inp is the number of switches in the input of the evalu-
ation transistors. We assume that in case of a miss, half of the paths
to the ground will be on and half will be off. When a path is on, we
have to multiply the junction capacitance of a transistor by two to
approximate the capacitance switched. In case of a hit, only one out
of the A comparators evaluates to one.

3.5 Energy Dissipation in the Multiplexer
Drivers

Fig. 8 shows the context of the multiplexordrivers in the cache systems.
Each multiplexor is responsible for controlling the multiplexing of the
8 x B bits from each cache block onto the data bus that reads out by bits
towards the CPU or the main memory. There is one such multiplexer
driver for each one of the A comparators in an A-way set associative
cache. The implementation of a multiplexer is shown in Fig. 9
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Figure 8: Data Bus outpus for multiplexer drivers

The energy dissipation in the multiplexer drivers is given by:
8x B
E bo

2
= & x VI %X Npjee % ( x Cg NOR + CjINV) +

muz_driver
2 1 2

L % VZ % Npips x(Cg pRVINV + C5NOR) + § X Vi X Npizs % (b X

Cg,0UTDRV»+CjDRV_INV +4 X BX AX Nypg X Ngpi X Cyyordmetal)

3.6 Energy Dissipation in the Output Bus

The energy dissipation in the output busses towards the CPU and the
main memory is given by:
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Figure 9: One of the A multiplexer drivers

2
Eoutput = %’ X Vdd(Nout,a2m X Cout,a2m + Nout d2m X Cout,dom +
Nout,d2e X Cout,dzc)

where

L4 Nout,a2m - ‘%’ X (Nrmiss + Nwhit + Nwmzss) X Waddr-busy is
approximately the total number of zero to one transitions in the
address bus from the cache to the next level of memory (L2
cache or main memory). The address bus switches in case of a
read miss, in case of a write hit (to write the data to the main
memory), and in case of a write miss (to get tha data from the
main memory). The address bus has W, 44, py. bits length.

* Nout,d?m = % X (Nwhit +Nwmiss) X Waata_bus, 18 approximately
the total number of zero to one transitions in the data bus from
the cache to the next level of memory. The data bus switches
each time that data needs to be written in the memory.

¢ Nowt,dze = % X (Nreads X Wayg_read), is approximately the total
number of zero to one transitions in the data bus from the cache
to the CPU. The factor Wy g_reaq is the average number of bits
read from the cache.

¢ The capacitances for off-chip transfers are set equal to 20pF,
while the capacitances for on-chip transfers are set equal to
0.5pf [1].

4 Experimental Results

The models presented in the previous section were used in conjunction
with a simulator of the MIPS1 architecture to obtain realistic esti-
mation of the energy consumption in on-chip caches. The gate and
Jjunction capacitances were obtained from [1] for a 0.8um process.

The number of accesses in the cache, number of hits, misses, as well
as the switching activity in the CPU address were computed by sim-
ulation of a set of SPEC95 benchmarks. The following benchmarks
were simulated: 101.tomcatv, 102.swim, 103.suZcor, 104.hydro2d,
129.compress, 130.1i, and 134.perl (described in Table 1). Fig. 10
show distribution of energy consumption on the various components
of our cache model for an 8-Kbyte direct mapped I-Cache with a block
size of 16 bytes.

The bit lines are by far the most energy consuming part of the
cache. This is mainly due to the very large capacitance of the precharge
transistors, as well as to the length of the bitlines. In every clock cycle,
half of the bitlines will precharge, and then half will discharge to logic
Zero.

The energy dissipation of the internal cell, of the column decoders
and the sense amplifiers was negligible and was not taken into consid-
eration.

Table 1: Statistics for the 32KB I-Cache utilization

Benchmark Accesses Hit rate Energy
in billions in Joules
tomcatv 4.79 | 99.95% 24.98
swim 0.39 | 99.99% 2.017
su2cor 10.13 99.97% 52.85
hydro2d 4.5 99.90% 23.50
compress 0.037 | 99.99% 0.20
li 0.21 99.99% 1.08
perl 2.56 | 98.76% 13.45
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Figure 10: Distribution of energy dissipation in a direct
mapped, 8KB I-Cache with a block size of16 bits

The model presented is a detailed characterization of SRAM-based
caches which are routinely used for the implementation of the L1 and
L2 memory hierarchy. The model can be used for fast, yet accurate
estimation of the energy distribution in the various parts of the memory
subsystem with different degrees of utilization characteristics and cache
complexity.

References

[1] S. Wilson and N. Jouppi, “An enhanced access and cycle time model for
on-chip caches,” tech. rep., DEC WRL 93/5, July 1994.

[2] A. Veneris and 1. Hajj, “Error Diagnosis and Correction in VLSI Digital
Circuits,” in IEEE Midwest Symposium on Circuits and Systems, pp. 1005-
1008, 1997.

[3] J. Edmondon, “Internal organization of the Alpha 21164, a 300-MHz 64-bit
quad-issue CMOS RISC microprocessor,” Digital Technical Journal, vol. 7,
no. 1, pp. 119-135, 1995.

4] M. Camble and K. Ghose, “Analytical energy dissipation models for low
gy P
power caches,” in Proceedings of the International Symposium of Low Power
Electronics and Design, pp. 143-148, Aug. 1997.

[5] D. Lin and C. Svensson, “Power consumption estimation in CMOS VLSI
chips,” IEEE Journal of Solid-State Circuits, vol. 29, pp. 663-670, June 1994.

[6] U. Ko, T.Balsara, and A. Nanda, “Energy optimization of multilevel cache
architectures for RISC and CISC processors,” IEEE Transactions on VLSI
Systems, vol. 6, pp. 299-308, June 1998.

[7] N. Bellas, 1. Hajj, C. Polychronopoulos, and G. Stamoulis, “Architectural and
compiler support for energy reduction in the memory hierarchy of high per-
formance microprocessors,” in Proceedings of the International Symposium
of Low Power Electronics and Design, pp. 70-75, Aug. 1998.

VI-201



