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1 CACTI

CACTI [6] calculates access and cycle times of hardware caches. It uses an analytical model to estimate delay
down both tag and data paths to determine the best configuration for a given cache size, block size, and associ-
ativity (at 0.80um technology size). Figure 1 demonstrates the architecture of the cache in the analytical model.
In addition to providing timing data for each portion of the data and tag paths, CACTI also returns the number of
dataand tag arrays (in terms of the number of word lineand bit line divisions), and the number of sets mapped to a
singlewordline, for both tag and data arrays. CACTI doesnot model cache area, but does estimate wire resistance

and capacitance based on cache configuration.
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Figure 1: Cache model used in CACTI [6].

This work introduces several modifications to the CACTI model. First, the transistor widths used in the
CACTI model are tuned to improve the access time and scalability of the model. Next, we address the potential



bottleneck of the tag path through a number of techniques. We also introduce severa new featuresinto the CACTI
model: fully associative cache modeling, multiple cache port modeling, and cache power modeling. The timing
optimization techniques, fully associative modeling, and multiple cache port modeling are described in section 2.
Our power model isdescribed in section 3. We then provide some resultsfrom the new CACTI model in sectiond4,
comparing the timing and power data to results obtained using a spice model. The syntax of the enhanced CACTI
model will be demonstrated in appendix A. Sample output for our model is shown in appendix B. Finaly, an
overview of thefilesused in this project are provided in appendix C.

2 Madification to Timing M odel

A number of enhancements were made to the CACTI timing model. The access times for set associative caches
were optimized by scaling transistor widths and improving the performance of the tag comparison hardware. In
addition, we added support for fully associative caches and for caches with multiple access ports. Finaly, we
changed the handling of process technology sizes and cache cycle time generation.

2.1 Transistor Tuning

Throughout the extension of the CACTI model, it was necessary to scale the width of some transistors on the crit-
ical path. Care was taken to avoid making these widthstoo large and wasting chip area or increasing capacitance.
For the most part, the changes to transistor widths were on the tag path, especially in the multiplexor drivers.
Avant! AvanWaves (version 1999.2) was used along with a spice model of the cache to determine which sections
of the circuit required transistor tuning. Changes were made to both spice and CACTI models to determine the
overall effect.

2.2 Improvingthe Tag Path

In set associative caches, the cache tags need to be checked to determine which set of output drivers to select.
According to the cache model infigure 1, it can be seen that the access time of the cache isequal to

Maz (delaydatapath; delaytagpath) + delayoutputd'ri'ue'r

where the data path delay does not include the output driver. In many instances, the tag path takeslonger than the
data path. For example, in the original cacti model, the tag path of a 16K 2-way associative cache takes 7.8 ns,
while the data path takes 4.9 ns (both excluding the data output driver).

We explored three different techniques to lessen the delay of the tag path. First, we provided the option to
move the output drivers on the data path closer to the multiplexor drivers on the tag path. This decreasesthe delay
of the tag path by reducing the load on the multiplexor drivers, but does increase the delay on the data path. This
technique effectively attempts to balance the data and tag paths. Second, we looked at splitting the comparator
on the tag path into two structures to reduce itslatency. Third, we increased the amount of column multiplexing
done on the data path prior to the sense amp stage, while decreasing the amount of multiplexing done on the data
path after the compare stage. This has the added benefit of reducing the number of sense amps needed on the data
path.

2.2.1 Balancingthe Tag and Data Path

The output drivers on the data path were moved closer to the multiplexor drivers on the tag path, trading cache
area, power, and data path delay, for decreased tag path delay. In order to drive the increased distance to the output
drivers, two inverters were inserted on each sense amp output on the data path. This can be seeninfigure 2. The
CACTI model attempts a range of values for the scaling factor seen in the figure, and will choose the relative
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Figure 2: Balancing the tag and data paths. CACTI will determine the scaling factor for the wire length between
the mux drivers and output drivers that will result in the lowest overall cache delay.

position of the output drivers that resultsin the smallest overall delay. If the benefit of this optimization does not
outweigh the cost, the tag path will be |eft as before, without the additional inverters.

2.2.2 Split Comparator

The second technique involves splitting the comparator on the tag path into two smaller comparators. Each com-
parator handles one half of the address bitsto be compared. Thisreduces the capacitative load on the comparison
line. The two comparators can then be recombined using a NAND gate in the subsequent multiplexor driver stage.
The NAND gate will replace the existing inverter used to drive the multiplexor driver. Thiscan be seeninfigure 3.
The comparator is only split once, as merging more than two signals would likely prove more costly than the
savings obtained by further reducing the capacitative load on the comparison line.

2.2.3 Multiplexing Shift

This final change again involves shifting more of the delay from the tag side to the data side. Originaly, the
multiplexors following the compare stage on the tag path would select from both the different associative entries
inthedataarray and the possible output bitsin a single cache line. For example, in a2-way associative cache with
32 byte lines and 64 output bits, there would need to be 8 way multiplexing at this stage. The output bit selection
does not depend on the tag path, and therefore can be handled by the bitline column multiplexorsthat lead to the
sense amps. Sincethe column multiplexorsare aready responsiblefor converging bitlinesfrom various subarrays,
we limit the degree of multiplexing to 16 (i.e. 16 bitlinesto a single sense amp) for the column multiplexor. We
introduce thislimitation to avoid allowing too many bitlinesto share a single sense amp.
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Figure 3: Illustration of split comparator. Each split comparator handleshalf of the address bits- each performing
half of the comparisons of the original single comparator. A NAND gate replaces the inverter in the mux driver
and is used to join the signals from the two halves.

2.3 Fully AssociativeCache

The new version of CACTI includes support for fully associative caches. In the fully associative cache model, the
customary tag path is replaced by afully associative cache decoder. Rather than tracking a separate tag and data
path, the fully associative cache has a single path. The decoder will drive the wordlines of the data array asin the
original cache model, but there will only be a single cache entry associated with each wordline. In the decoder,

all tag entries are checked for a match. Should a match exist, a single data array wordline will be enabled. Once
the data array wordlineis enabled, the data path of the fully associative cache proceeds in the same manner asthe
direct mapped cache. All decode and selection occur prior to the data array access (i.e. there is no multiplexor
as in the set associative model). Moreover, as each wordline is associated with a single cache entry, thereis no
need to try different values of Nspd, Nt spd, Ndwl, or Ntwl. Ndbl may be varied, as dividing the bit lineswill

help reduce the delay associated with searching the entire tag array. Since selection occurs before the wordlineis
even driven, there are less bitlines brought low in a fully associative design - which helpsin reducing the power

consumed by the cache. However, since the tag comparison cannot proceed in parallel with the data array access,
the delay of afully associative cache istypically larger.

After anumber of invertersto simulate the probe address drivers and timing chain of the cache, thefirst stage of
the fully associative cache involves checking each bit of the probe addresswith each corresponding bit of the cache
addresses. The tag comparison stage of the fully associative cache is split in a manner similar to the comparator
in the set associative cache — each comparator only looks at half of the address bits. The two comparator halves
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Figure 4: Fully associative cache model. Each dotted square represents a portion of one tag cell. Each tag cell
handles half of the address comparisonsfor a particular tag entry.

are then combined viaaNAND gate into asingle signal. This can be seenin figure 4. Tag bitsa,,, and a,, belong
to the probe address, and are compared, along with their inverses, to the tag bits of the cache. Each half of the
comparator stage hase lines, where e isthe number of entries (and the number of wordlines) in the cache subarray.
Each of these lines has z /2 comparator pairs, where z is the number of address bitsin atag. Every addressline
in the comparator isinitialy precharged high, and if any bitsin the probe address do not match the line address,
the lineis brought low. On a cache access, at most one line will remain high.

To maintain correct timing of the cache, a dummy line (shown at the bottom of figure 4) is used with each
subarray. The dummy line has the same comparators asaregular line, but one of the comparators isfixed to bring
the dummy line low when the probe address bitsarrive at the comparator. Only a single comparator is fixed to pull
down the address line to model the maximum delay of the address line discharge. The dummy line then passes
through an inverter and is used to enable the selection of a wordline using NOR gates. Each real addresslineis
fed into its own NOR gate which controls access to the wordline driver that corresponds to the address line. Each
address line is NORed together with the dummy gate to determine when to drive the wordline. This prevents
wordlines from being driven before all probe address bits have arrived. Once a wordlineis driven, the data path
will behave exactly as a direct mapped cache.

To model the extra space required by the tag comparison stage, thetag cell height is doubled. Tag cellsfor the
fully associative cache are 8um by 32um, while datacells are 8um by 16um.

Because each address bit must travel to a comparator on every address line in the fully associative cache
decoder (since we must compare the address to every tag in the cache), atiled layout approach must be used to
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Figure 5: Layout of a fully associative cache with 16 subarrays. The address bits are brought in using an h-tree
structure.

reduce the length of the incoming address bit wires. Figure 5 shows our strategy. In thisfigure, wetile 16 cache
subarrays and route wire using an h-tree strategy. The address lines are shown meeting at several black nodes
- each node represents a buffering mechanism. The tile shown in grey is a single cache subarray. Using this
approach, the worst case distance to reach a subarray is reduced from n to log(n).

2.4 Multiple Cache Ports

CACTI previously assumed a single read/write port on the cache model. We have expanded this model to allow
the user to specify how many read/write ports (maximum of 2), read-only ports, and write-only portsto model on
the cache. The extra ports are modeled as an increase to cell size, along with extra wordline and bitline lengths.
All auxiliary structures (i.e. comparators, multiplexors) are assumed to be duplicated but are not included in the
timing calculation. The auxiliary structures are included in the power model discussed in section 3.

Figure 6 demonstrates a three port configuration on asingle RAM cell. It consists of aread/write port (Port 0),
aread port (Port 1) and awrite port (Port 2). If the design were single-ended, it would not require both bit linesto
be added for each port, however we do not model this.

The impact of extra portson cell sizeisasfollows:

For each extraread port:
— increase cell size by (2 x wire pitch) in they direction (affects bitline metal)
— increase cell size by (wire pitch) in the x direction (affects wordline metal)
For each extra read/write or write port:
— increase by (2 x wire pitch) in both the x and y directions

For example, consider the following parameters:

Cmetal = 275fF
Rmetal = 48mO



Port 2
Port 1
Port O

Figure 6: Multiple port example around asingle SRAM cell. Port O isaread/write port. Port 1 isaread port. Port
2 isawrite port. Each additional port impacts the cell size and wire lengths.

wirepitch = 4uym
A cache with a single read/write port would have the following characteristics:

Cellsize = 8 x 16
Cbitmetal = 44pF

A cache with two read/write ports would have the following characteristics:
Clellsize = 16 x 24
Cbitmetal - 66PF
2.5 Process Technology Scaling

As aminor tweak, the technology scaling factor already present in CACTI was made into a required command
parameter. The user specifiesthefeature size (in microns) of the technology that isto be modeled, and the CACTI
model scales measurements made at the 0.80um size down (or up) to the desired technology size. This scaling
factor affects both timing and power measurements.

2.6 CachePipdlining

In recent years, some microprocessors (e.g., the DEC 21264[3]) have used caches that are effectively pipelined
on half cycle boundaries. This can provide most of the functionality of true dual porting without the access time,
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power, and area penalty incurred by true dual porting. Because the cache arrays till take a full cycle to access,
there are effectively two cache accesses in the cache arrays at any given time. No intermediate latches are placed
in the cache, rather the cache is pipelined using an approach similar to wave pipelining[1]. Wave pipelining uses
circuitsthat have similar minimum and maximum delaysindependent of input valuesto keep waves of logic values
separate and distinct while traveling through the circuitry. Caches are particularly well suited to wave pipelining,
since their access timeislargely independent of the cache line being accessed.

Wave pipelining is only possible if one logic stage does not account for approximately 33% or more of the
delay through the whole circuit. In the current timing model we compute the ratio of the maximum stage delay
time to the total accesstime. If thisislessthan 0.333X, we assume the cache can be wave pipelined by afactor of
two. This makes the cycle time equal to half the cache access time. If thisis not possible, we report the minimum
cycle time possible based on the maximum stage delay time.

3 Addition of Power Modéel

To more accurately assess the tradeoffsinherent in cache design, we extended the cache model in CACTI to model
power consumption.

3.1 Power Estimation

According to [4] and [5], energy consumption can be modeled as

EDD = CL X VI%D X P0_>1

where Cf, isthe physical capacitance of adevice and P,_,; isthe probability that the device will consume energy.
We fully account for power dissipation when a capacitor is charged, and ignore discharge events. The energy
value obtained from this formula can then be combined with the cycle frequency to provide the dynamic power
consumption. For example, a device that consumes 3nJ of power and is clocked at 500MHz will consume 1.5W
of power. Our goa with CACTI isto provide the energy consumption in nanojoules, which can then be used to
find the dynamic power consumption, depending on the frequency of the cache.

3.2 Automatic Supply Voltage Scaling

CACTI requires the user to specify a technology size as a parameter to the model. Aside from being used to
scale the access time reported by CACTI, this parameter scal es the capacitances and the value of Vpp used by the
power model. The value of Vpp isscaled by

— 4.5V
VDD - ( 0.8 ).67
TECH

Where TECH is the feature size of the technology. This means that voltage will scale at a slower rate than
capacitance and therefore than access time. The voltage level to which the bitlinesare charged is calculated as a
fraction of the scaled value of Vpp. We alow amaximum Vpp of 5V and a minimum value of 1V.

3.3 Power Model

Since the CACTI model tracks the physical capacitance of each stage of the cache model, we use the energy
consumption equation from 3.1 to calculate the power consumed at each stage. Additionally, we need to factor
in the switching activity and the number of such devices in the cache (as CACTI models the activity down one
particular path in the cache).

As an example, consider the power consumption modeled for the decoder on the data path of a set associative
cache. CACTI models the decoder as being composed of three stages: the inverter that drives the probe address
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bit, the NAND gate that generates the 1-of-8 code, and the NOR gate that combines the 1-of-8 codes and drives
thewordlinedriver (Figure 9in[6]).

For the first stage, there are logg(m) address bits, and we can estimate that a quarter of these
will require the inverter to undergo a0 — 1 trangition (i.e. half of the address bits will be O's and half of these
were 1's before). However, we need both the true and complement forms of the address bits. So the energy
consumption of the first stage can be represented as

Epp, = Catager X Vp x 0.25 X logz(—BxAxNgblstpd) X 2

The next stage is composed of [%logg(m) x 2] blocksin each subarray. Each Ng;.s block is
composed of 8 NAND gates. We can estimate that half of these will undergo energy consuming switching. Since
thereare Ndbl x N dwl decoders, the energy consumptionis

Epp, = Catagez X VEp X Ndbl x Ndwl x 4 x [%logg(—BXAxNgblstpdﬂ

Finally, the last stage is composed of the NOR gate that will drive a single wordline. Only one of the NOR
gates in the decoder will be selected, which implies

—_ 2
EDD3 - Cstage3 X VDD

3.4 Integration of Timing and Power M odels

Intheoriginal version of CACTI, a cache configuration was chosen that optimized the access time of the cache. To
optimize both power consumption and access time, we first generate the maximum values for each measurement
over all configurationsof aparticular set of input parameters. Then, weiterate through the different configurations
again, optimizing the following rel ationship:

access_time T power _consumption
mazimum _access_time 2 X mazimum_power _consumption

We chose to divide the power ratio by afactor of two to emphasize optimization of the accesstime. Thisof course
could be removed to optimize evenly across both measurements.

3.5 Prior Work

Kamble and Ghose proposed analytical models to estimate energy dissipationin [2]. They looked at using a
simulation tool called CAPE which allowed them to track the transistions encountered in different components of
the cache. They also investigated a number of architectural power reduction techniques.

4 Results

First, we show a comparison of the results obtained with the new CACTI model to results obtained using SPICE.
Then, we present CACTI resultsfor anumber of cache configurationsand port configurations. The results presen-
ted inthissection are for the 0.80um technology size and are for caches with 32 byte block sizes, 32 bit addresses,
and 64 bit outputs. Unless otherwise specified, the cachesin this section have a single read/write port.

4.1 SPICE Verification

As a sanity check, we compare results obtained in CACTI to a cache model implemented in SPICE. Figure 7
compares cache access times in nanoseconds on a logarithmic scale across a variety of cache configurations for
both models. Figure 8 compares cache power consumption in nanojoules on a logarithmic scale across the same
cache configurations. The models show good correlation, even at larger cache sizes and associativities. These
figures show how access time and power consumption grow as cache size increases. The direct mapped cache
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Figure 7: Comparison of accesstimesfor avariety of cache configurationsin both CACTI and SPICE. They-axis
is on a logarithmic scale, and shows the cache access time in nanoseconds. The x-axis ranges over a variety
of cache configurations - all with 32 byte block sizes. Caches sizes of 16K, 32K, 64K, 128K, 256K, 512K, and
1024K are all shown, each broken down into six associativity configurations (direct mapped, 2-way, 4-way, 8-way,
16-way, and fully associative). So thefirst six points on the graph represent the six different 16K caches, then the
next set of six correspondsto the 32K caches, and so forth.

configurations generally consume the least amount of power and can be accessed in the fastest time for each
different cache size. By comparison, the fully associative cache takes the longest time to access, but for small
cache sizes haslower power consumption than the 16-way set associative case.

4.2 Timing Results

Figure 9 shows access times for the cache configurations we selected. It isinteresting to note the similarity in
access times between the 2-way and the 4-way associative caches. Increasing the associativity of the cache does
increase the number of sense amps that must be used and increases the number of bitlines connected to asingle
wordline, but it also reduces the number of rows in the decoder. For many cases, the 2-way set associative case
proved to perform better with a higher value of Ndbl or Nspd, which effectively reduces the number of rowsin
the decoder in much the same way as increasing the associativity. However, these also carry the same detrimental
effects as increasing the associativity. Unfortunately though, increasing the number of subarrays has an additional
consequence - increasing the degree of multiplexing at the bitline column multiplexors. Since we limit the degree
of multiplexingthat can occur at these multiplexors, the more subarraysthere are, thelessthe column multiplexors
can filter output bits from the cache line (Section 2.2.3). This can have a detrimental effect on the performance of
the tag path, asit will increase the delay of the comparator and output multiplexors.

Thisis seen in the 512K cache. Here, the 4-way case performs as well as the 2-way case (12.4ns compared
to 12.6ns), despite the increase in associativity. Both have 8 bitline divisions (Ndbl), but the 2-way case has an
Nspd of 2 (effectively mapping two setsto asinglewordline). This means that they have the same number of rows
in their decoders, and effectively the same amount of decoder and wordline delay. However, since we limit the
degree of column multiplexing to 16, the 2-way case is unable to filter out the same number of output bits as the
4-way case. But, since the 4-way case has a higher associativity, both cases end up with the same number of sense
amplifiers and output drivers. So the data path delay for both is identical. The tag path differs slightly though.
The 2-way case has better decoder and tag array performance, at the cost of comparator performance (due to the
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Figure 8: Comparison of power consumption for a variety of cache configurationsin both CACTI and SPICE.
The y-axisis on alogarithmic scale, and shows the cache power consumption in nanojoules. The x-axis ranges
over avariety of cache configurations- all with 32 byte block sizes. Caches sizesof 16K, 32K, 64K, 128K, 256K,
512K, and 1024K are all shown, each broken down into six associativity configurations (direct mapped, 2-way,
4-way, 8-way, 16-way, and fully associative).

increase in Ntspd). Additionally, the extra output bit multiplexing that it must perform increases the delay of the
output multiplexors. This causes the 2-way case to have a dlightly higher tag path delay than the 4-way case (but
only by about 0.2 ns).

4.3 Power Results

Figure 10 shows power consumption for the cache configurations we selected. A majority of power dissipated
by the set associative configurations is in the bitlines and sense amplifiers. Therefore, as the number of sense
amps required grows (in response to the number of subarrays, the associativity, the value of Nspd, etc) the power
consumption also grows. However, for the fully associative configuration, most of the power is consumed in the
decode stage (where the tag check is performed). However, the fully associative case does not require a significant
number of bitlinesto discharge - only enough for asingle cacheline. Thisisdueto the fact that each wordlineonly
maps to a single cache entry. Therefore, at smaller cache sizes, the fully associative cache uses less power than
a highly associative cache (like the 16-way case) as it has substantially less bitline activity. Moreover, a highly
set associative will aso require more sense amps than the fully associative case. At larger cache sizes, the delay
of the fully associative decoder grows considerably and it consumes the most power of any cache associativity
configuration we investigated.

Figure 11 shows a breakdown of power consumption for a 64K 2-way associative cache. The data path isthe
predominant power consumer in this case - 70% is consumed by the data bitlines (40%) and sense amps (30%).
There are 128 sense amps in this cache configuration, and 512 pairs of bitlines. There are only 128 rows in the
4 data decoders, and as can be seen in the figure, the data decoder is only responsiblefor 11% of the total power
consumption.

Figure 12 contraststhis, as 84% of the total power consumption isfound in the decoder. In afully associative
cache, the decoder also performs the tag check and has a wordline for every entry in the cache. There are 2048
rows in this case - 64 in 32 decoders. Each of these rows has a address comparison line that must be precharged
after every unsuccessful tag check. In this model, there are 256 sense amps - but these are still only responsible

11
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Figure 9: Access times for a variety of cache configurations. The y-axis shows the access time in nanoseconds
on alogarithmic scale. The x-axis shows a range of cache sizesin KB. Six lines are plotted, each representing a
different kind of associativity.

for 13% of the total power consumption, despite the fact that they are a significant source of power consumption
(consuming around twice as much power as the sense amps in the 2-way set associative case, as would be expec-
ted). However, there are only 32 pairs of bitlinesin this case, and they are only responsible for 2% of the total
power consumed.

4.4 Multiported Results

Figure 13 shows the access times for four different port configurations. Figure 14 shows the power consumption
for these configurations. We examined a variety of cache configurations using a single ported cache, a single
ported cache with an extraread port, a dual ported cache, and a dual ported cache with an extraread port. Ascan
be seen, additional ports lengthen cache access times, especially for large sized caches. An extra read only port
provides a slightly smaller increase in access time over an extraread/write port. Moreover, adding extra ports has
a tremendous impact on cache power consumption. Because the extra port effectively implies replicating most
cache structures and because of the extra physical areainvolved, the additional power required by a second port
is often greater than the total power of a single ported version of the cache.

5 Future Work

In order to completely assess the relative merits of a particular cache configuration, this timing and power model
would benefit from the inclusion of an area model. Thiswould be particularly useful in determining the impact of
the various cache design parameters (Ndbl, Nspd, etc).
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representing a different kind of associativity.
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Figure 13: Comparison of accesstimesfor avariety of cache configurations. The y-axisison alogarithmic scale,
and showsthe cache access timein nanoseconds. The x-axisrangesover avariety of cache configurations. Caches
sizes of 16K, 32K, 64K, 128K, 256K, 512K, and 1024K are all shown, each broken down into six associativity
configurations (direct mapped, 2-way, 4-way, 8-way, 16-way, and fully associative). Four lines are plotted: a
single ported cache, a single ported cache with an extra read port, a dual ported cache, and a dual ported cache

with an extra read port.
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Figure 14: Comparison of power consumption for a variety of cache configurations. The y-axisis on a logar-
ithmic scale, and shows the cache power consumption in nanojoules. The x-axis ranges over a variety of cache
configurations. Caches sizesof 16K, 32K, 64K, 128K, 256K, 512K, and 1024K are all shown, each broken down
into six associativity configurations (direct mapped, 2-way, 4-way, 8-way, 16-way, and fully associative). Four
lines are plotted: a single ported cache, a single ported cache with an extra read port, a dual ported cache, and a

dual ported cache with an extra read port.
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A CACTI Syntax

cactil <csize> <bsize> <assoc> <tech>
OR
cacti <csize> <bsize> <assoc> <tech> <RWP> <RP> <WP>

csize - Size of cachein bytes (i.e. 16384)

bsize - block size of cachein bytes(i.e. 32)

assoc - associativity of cache (i.e. 2 or FA)
direct mapped caches - DM
Set associ ative caches - number n (where cache isn-way associative)

fully associative caches - FA

tech - technology sizein microns (i.e. 0.8 or 0.35)

RWP - number of read/write ports (defaultsto 1)

RP - number of read ports (defaultsto 0)

WP - number of write ports (defaultsto 0)
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B CACTI Output

The command

cacti 16384 32 2 0.80um

will return the following timing and power analysisfor a16K 2-way set associative cache with a 32-byte blocksize
at a 0.80um feature (technology) size:

Cache Parameters:

Size in bytes: 16384
Number of sets: 256
Associativity: 2
Block Size (bytes): 32
Read/Write Ports: 1
Read Ports: 0

Write Ports: O

Technology Size: 0.80um

vdd: 4.5V
Access Time (ns): 5.34319
Cycle Time (wave pipelined) (ns): 1.78106

Power (nJd): 17.4514

Wire scale from data sense amps to data output: 0.10

Best Ndwl (L1):
Best Ndbl (L1):
Best Nspd (L1):
Best Ntwl (L1):

I I =

Best Ntbl (L1):
Best Ntspd (L1): 2

Nor inputs (data): 3
Nor inputs (tag): 2

Time Components:

data side (with Output driver) (ns): 4.6761
tag side (with Output driver) (ns): 5.34319
decode_data (ns): 1.39527

(nJ) : 0.679041

wordline and bitline data (ns): 1.64209
wordline power (nJ): 0.0919375

bitline power (nJ): 6.71302

sense_amp.data (ns): 0.58

(nJ) : 4.27455

senseext_driver (ns): 0.412297

(nJ): 2.73009

decode_tag (ns): 1.06472

(nJ) : 0.410481

wordline and bitline tag (ns): 0.641881
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wordline power (nJ): 0.0182812

bitline power (nJ): 0.621324

sense._amp-tag (ns): 0.26

(nJ): 0.562801

compare (ns): 1.29042

(nJ): 0.0744832

mux driver (ns): 1.24989

(nJ): 0.215418

sel inverter (ns): 0.189851

(nJ): 0.0023513

data output driver (ns): 0.646435

(nJ): 1.05761

total data path (without output driver) (ns): 4.02966
total tag path is set assoc (ns): 4.69676
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C Code
C.1 CACTI
CACTI containsthe following fileg/directories:

— main.c - main module
— io.c - input/output

— time.c - model implementation

— def.h - technology specific information, transistor widths, threshold voltages
— makefile - compilation information and predefined runs

— data/ - holds completed CACTI runs

— spicemodel/ - contains the spice cache model

The makefile script can be used to run a variety of cache configurations, and store the resultsin the data
directory. The syntax of a CACTI run nameis:

cacheC-A-FSum-RW P-ERP-EW P
where;

C =cachesizeinKB

A = associativity

F'S = technology size in microns

RW P =read/write ports

ERP = extraread-only ports

EW P = extrawrite-only ports

Many preconfigured runs are stored in the makefile. To run one of these, just do make runname (i.e. make
cachel6-2-0.80um-1-1-0 ormake cache32-FA-0.35um-1-0-0). A CACTI run producestwo files
- both with the runname prefix and stores them in the data/ directory. runname.out is the CACTI timing and
cache configuration output. runname.aux is a small header file that can be used in conjunction with the spice
cache model. It contains configuration information discovered by CACTI (i.e. Ndbl, Nspd, etc). To generate all
preconfigured runs used in this study, use make runall.
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C.2 Spice
The spice directory (spicemodel) in the CACTI main directory containsthe following files

— cache.prehsp - the cache model template for spice
— widths - transistor widths and other tech data

— Makefile - compilation information and predefined runs
— data/ - holds completed spice run output

— otherdata/ - holds completed spicerun data (for use with awaves)

The spice model Makefile uses the same conventions as the cacti model. It copies the .aux files from the
CACT! directory and uses them to guide the run.
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