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Design, Performance, and Energy
Consumption of eDRAM/SRAM Macrocells for
L1 Data Caches

Alejandro Valero, Salvador Petit, Member, IEEE, Julio Sahuquillo, Member, IEEE,
Pedro Lopez, Member, IEEE, and José Duato

Abstract —SRAM and DRAM cells have been the predominant technologies used to implement memory cells in computer
systems, each one having its advantages and shortcomings. SRAM cells are faster and require no refresh since reads are not
destructive. In contrast, DRAM cells provide higher density and minimal leakage energy since there are no paths within the
cell from Vdd to ground. Recently, DRAM cells have been embedded in logic-based technology (eDRAM), thus overcoming the
speed limit of typical DRAM cells.

In this paper, we propose a hybrid n-bit macrocell that implements one SRAM cell and n-1 eDRAM cells. This cell is aimed at
being used in an n-way set-associative first-level data cache. Architectural mechanisms (e.g., special writeback policies) have
been devised to completely avoid refresh logic.

Performance, energy, and area have been analyzed in detail. Experimental results show that using typical eDRAM capacitors,
and compared to a conventional cache, a four-way set-associative hybrid cache reduces both energy consumption and area up
to 54% and 29%, respectively, while having negligible impact on performance (less than 2%).

Index Terms —Retention time, static and dynamic energy, static and dynamic memory cells, way prediction.

O

1 INTRODUCTION cells using CMOS technology [10], making them faster.
- : In this way, operation delays in these cells have been
Static Random Access Memories (SRAM) and Dynamgrgely reduced, so that they have been already used in L2

RAM (DRAM) have been the predominant technologie .
used to implement memory cells in computer system%aChes [13] [14]. The latter drawback means that capacitors

SRAM cells, typically implemented with six transistors (GTIO.se th_elr charge, either when they are read or progregsivel
cells) are usually designed for speed, while DRAM cellé’f"th time. .Thus, .e.DRAM cells 'must be rgcharged or
implemented with only one capacitor and its associated pe{g esh_e_dwnh specific refresh ng'c SO result_lng nqt or_ﬂy

transistor (1T-1C cells) are generally designed for dgnsifn additional energy consumption but also in availability

Because of this reason, the former technology has be \ﬁerhead, since the memory cannot be accessed when

used to implement cache memories and the latter for mé ¥ refreeri IS bﬁmg _Ip_)etrjorTed, Wh'C.h IS ?hmajor dgsgn
memory storage. Issue in caches. Table 1 summarizes the main design

Cache memories use to occupy more than half the pr%f]aracterlstlcs of the discussed cells.

cessor die in current multicore processors. Because of thigd" [17], we proposed anacroceliwhich combines SRAM

reason, they dissipate an important amount of the totatste?"'d eDRﬁM tecrr]mologles aimed "ﬁ be;ng usedhat flrst-leveld
energy or leakage, which is proportional to the number Gft& caches. The tﬁrm macroce fre ers 1o t ﬁ propose
transistors. This design concern is expected to aggravgi§mery structure that consists of memory cells, one

in future technologies provided that the transistor sizk weRAM cell andn-1 eDRAM cells, and pass transistors

continue shrinking [1]. Therefore, using large SRAM celléhat, communicate SRAM to eDRAM cells. In this way, by
impact both in area and leakage. design, leakage and area are attacked thanks to the use of

Dynamic memory cells reduce leakage currents by de-
sign, since the power supply is removed after accessin Technology | SRAM (6T) | DRAM (1T-1C) | éDRAM |
the memory cells. However, these cells present two maj
drawbacks that make them not appropriate for caches: low . ; ;

. ) ) - Density low high high
speed and information loss. Regarding the first one, tech Leakage high low low
nology advances have recently allowed to embed DRAM—zfoqn,

_Access time fast slow slow

no yes yes
Destr. reads no yes yes
e The authors are with the Department of Computer Engineering
(DISCA), Universitat Poliécnica de Vaincia, Cari de Vera s/n, Table 1
46022, Valencia, Spain. Memory cell characteristics.
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BLs /BLs

eDRAM cells, which in turn provides six to eight times as BLd
much memory as SRAM in the same area [10]. Macrocells WLs 1= 1=
are designed to implement set-associative caches. In this
context, the total number of cells within the macrocell ,_H{O§o]—,_‘
defines the number of ways in the set-associative cache, SRAM ol
that is, to implement ann-way set-associative hybrid
eDRAM/SRAM cachen-bit macrocells are required. s2dn-1 }

A hit in the SRAM cell is handled as in a conventional o \[
cache. However, a hit in an eDRAM cell involves reading od1 \[ ! Bridges
the stored data, which is destructive. To avoid this drawbac !
. . . WLdn-1 —
in the proposed hybrid cache, a swap operation that ex- ,—dl
changes the data between the SRAM and the eDRAM cells WLd2 =
is triggered on a hitin an eDRAM cell. To do so, the design WLdl l =
has some paths interconnecting SRAM and eDRAM cells. I
On the other hand, eDRAM cells require refresh to avoid %E eDRAM cells
losing their contents with time. In the proposed design, we =

avoid refreshing these cells by merely allowing the cells to

lose their data. This should not be a problem if the lost daégure 1. n-bit macrocell block diagram.
is not actively used. We address this problem by keeping the

Most Recently Used (MRU) block in the SRAM cell. Care

must be taken in the case dirty blocks allocated in the . .
eDRAM cells, which must be written back to L2 before Thedynamicpart is composed of n-1 eDRAM cells, each

the retention time expires. Two writeback policies havB"e Working like a typical 1T-1C DRAM cell. Each capac-

been devisede@arly and delayed. The proposed delayed itor has an NMOS pass transist(_)r (controlled dei), )

writeback policy performs a similar amount of writebackgjat keeps the capacitor charge insulated from the bitline

as a conventional cache, so no energy wasting is incurrég-9)- Likewise the static part, read and write operations
This paper extends the work in [17] in three main way§‘.re performed,_ like in a conventional eDRAM cell, through

First, a detailed energy evaluation for a 45nm node hY¥ Pass transistor.

been performed covering both dynamic energy and leakagdnformation movements among SRAM to eDRAM cells

currents. Second, area requirements for the tag and d#fRly two main steps in a conventional design: i) read
array have been estimated. Third, contention in multibe SRAM cell content and write it to an intermediate
banked caches have been also modeled. buffer, and ii) read the buffer and write its content to the
Experimental results show that there are not performan@®RAM cell. The main novelty of the proposed design
losses when using eDRAM cells with a retention time (i.ei.§ that transistors act as unidirectional bridges corgabll
the time that an eDRAM cell can not longer hold thd®Y the s2d; signals to move data from the SRAM to the
stored value) longer than 50K processor cycles. Compari&iget eDRAM cell. The information state in the SRAM cell
to a conventional cache with the same organization, t§&n move directly to the capacitor, that is, no intermediate
proposal reduces the total energy consumption and arealdyfer is required. These transfers will be referred to as
to about 54% and 29%, respectively, with a minimal impad@térnal since no bitline is involved.
on performance. Notice that implementing a cache using macrocells in-
The remainder of this paper is organized as followstead of a split L1 cache (a standard SRAM and an in-
Section 2 discusses the design of the proposed cell. S@ependent eDRAM cache) has important advantages. First,
tion 3 presents the architectural innovations. Sectiorfs, 4,Some resources (e.g., decoder and wordline) can be shared.
and 6 analyze the performance, energy savings, and afg&gond, when using two independent caches, the internal
savings, respectively, provided by the proposal. Sectiontransfers (i.e., moving a block from static to dynamic part)
summarizes the related research, and finally, Sectionirgolve much more circuitry and wire delays, prohibitively

presents some concluding remarks. increasing latency and energy dissipation.
In order to check the correctness of the electronic be-
2 MEMORY CELL PROPOSAL havior, the proposed cell has been modeled in NGSPICE,

Figure 1 depicts the implementation of an n-bit macrocefl Berkeley’'s Spice3f5 based circuit simulator. NGSPICE
consisting of a typical 6T SRAM cell, n-1 eDRAM cells,allows us to accurately simulate MOSFET behavior since
and n-1bridge transistors communicating the SRAM cellit uses BSIM4 MOSFET model. All simulations used
and the corresponding eDRAM cell. Thetatic part is the Predictive Technology Models (PTM) [21]. Transistor
limited to only one SRAM cell mainly due to leakage andeatures have been taken from the 2007 ITRS [1] for a
area reasons. It has the same structure as a typical 45nm technology node.

SRAM cell. Thus, read and write operations in this part Two main design issues were addressed to ensure the
are managed like in a typical static cell through the bitlineorrect functionality of the proposed cell: i) to check that
(BLs) and its complementaryELS). the capacitor is properly charged, and ii) the absence & flip



when moving data from the SRAM cell to an eDRAM cell. 1 SHAM value
Regarding the former issue, the main problem in a typica‘f'g’ ‘ ‘ N ‘ ‘ ‘ N
1T-1C cell is the voltage degradation when writing a logic 2)—16% 2000 30004000 5000 6000 7000 8900
"1’ to the capacitor. This is due to NMOS pass transistors | <~ eDRAM: precharge 7
incur a voltage drop equal téth when they transfer a logic 20 1000 2000 3000 4000 5000 6000 7000 8000
1. Thus, in order to charge the capacitor to the maximum 1 s2d1 write ) 2
Vvddvoltage, wordlines are usually boosted to a voltsige % 1000 2000 3000 4000 5000 6000 7000 8000
= Vdd + Vth. For eDRAM cells, Vth and Vdd are usuallyy o ﬁ \ SDRAM: valve|
set to 0.4V and 1.1V, respectively, for a 45nm technology go 10:00 20:00 30:00 40100 50:00 60:00 70:00 8000
node. Regarding the macrocell, the wordlines controlled by ;. Widz
W Ld; and s2d; must be also boosted. % 000 2000 3000 4000 5000 6000 7000 8000
Concerning the second design issue, read operations inl ‘ ‘ ‘ ‘ ‘ ‘ ‘ .
conventional SRAM cells must be preceded by prechargingoy——5oc— 2000 3000 4000 5000 6000 7000 8000
high both bitlines. Precharge operations are necessary Q| ‘ ‘ ‘ ‘ ‘ eDRAM: value|
optimize th.e cell speed, area, and stability relationsh@}.[ o o o sion adoo woho eooo rdod sdo
This is mainly due to the different features of NMOS and Time (ps)
PMOS transistors. In this way, flips are avoided inside the a) Transfering a logic '0’

cell since NMOS transistors argtronger (i.e., they can
drive more current) than PMOS transistors. Analogously;";i
to prevent flips in the proposed design, the capacitor of the,
eDRAM cell must be precharged to Vdd. 2?

Figure 2 illustrates how the internal transfer operation (1)
between the SRAM cell and three eDRAM cells works in 2
a 4-bit macrocell, highlighting both the precharge process;’ ‘ ‘ ‘ ‘ ‘ ‘ ‘
and how flips are avoidet! Two internal transfers labeled =~ 1%—%%—200 3000 4000 5000 6000 __7Cob 8000
as eDRAM, and eDRAM, are shown for illustrative ¥*?| ‘ ‘ ‘ ‘ ]
purposes, both writing a '0’ and a '1’. Finally, it can be 20190 2000 3000 _ 4000 _ 5000 _ 6000 7000 8000

. - . oy WLd2
also appreciated that the access time to write a logic '0’ is 1| ‘ ‘ ‘ ‘ ‘ | ]
abOUt 1I"IS_ 20 1q00 2000 3q00 4q00 5000 60‘00 7q00 8000

Besides correctness, as the capacitor loses charge withf ‘ ‘ ‘ ‘ ‘ ‘ ‘ 7
time, the retention time of the eDRAM cell has been ?0 1090 2000 3000 4000 S000 6000 7000 _BOOU
calculated with CACTI 5.3 [16] [15] and assuming a 20fF o5 ]
capacitor used in typical implementations [18], which has % 7000 2000 3000 4000 5000 6000 7000 8000
a retention time around 0.12ms. Time (pe)

The proposed macrocell reduces both leakage and area.
Since leakage is mainly produced by the SRAM cells, thegyre 2. Static to dynamic write operation details.
macrocell reduces leakage proportionally to the number of
implemented eDRAM cells. For instance, assume a 4-bit
macrocell that has 1 SRAM cell and 3 eDRAM cells;
ideally, as only the SRAM cell has leakage, the 4-wag ARCHITECTURAL DESIGN ISSUES
hybrid cache would achieve 75% (i.e., 3/4) less leakage
than a conventional cache with the same capacity impl&s mentioned above, the proposed n-bit macrocell has been
mented with SRAM cells (see Section 5 for a deeper amfésigned with the aim of implementing the data array of an
accurate analysis). On the other hand, area is also redugeflay set-associative cache, having one way implemented
since eDRAM cells are implemented with less transistoigith SRAM cells SRAMway) and n-1 ways with eDRAM
than SRAM cells (see Section 6). Finally, notice that thgells @DRAM ways). From now on, we assume that the
higher the cache associativity degree, the higher the ¢gak&RAM cells implement the way-0 of the cache. The tag
savings and area reduction achieved with macrocells. array of such caches is assumed to be implemented with

As read operations in an eDRAM cell are destructiveypical 6T memory cells, thus the reading of any tag is not
and capacitors progresively lose their charge with time,destructive operation.
refresh actions are usually required. In this context, new The architectural scheme we devise to this cell consists
architectural innovations have been devised to avoid exigfithree main steps: i) accessing the eDRAM cells only
logic and energy dissipation due to refresh operations. in case of a hit in the corresponding tag, ii) increasing

the percentage of hits in the SRAM blocks in order to

S , . minimize the number of data movements between SRAM
1. Unidirectional bridge transistor features have beenrass the same

as the pass transistors of the eDRAM cells, whose channgttiemnd aNd €DRAM cells, and iii) minimizing the number of
width are 45nm and 90nm, respectively. writebacks to L2. Below, we detail these steps.

SRAM value

L | | | I L
1000 2000 3000 4000 5000 6000 7000 8000
T T T T T T

WLd1

- — eDRAM1 precharge

| . . . .
1000 2000 3000 4000 5000 6000 7000 8000
s2d1

s2d1 write >

b) Transfering a logic '1’



3.1 Accessing the eDRAM Cells multiplexer control signals could be set early, similarly a

Typically, to achieve high performance, modern microprélone in way prediction techniques [3] [6]. On a miss in
cessors overlap the access to the data and tag arrays. In'f@¥-0 buta hit in other tag associated to an eDRAM block,
way, the requested data can be already available in casd/6t corresponding data array is accessed subsequently. To
a successful tag comparison (i.e., a cache hit). Figure 3{i#jstrate this case, the lower part of Figure 3(b) représen
shows the accessed parts (dark boxes) in a four-way cachdlit in way-2 €DRAMhit). In this case, the data is read
The narrow box in the left represents the tag array and tABd sent to the processor. However, since this operation
right box represents the data array. This working behawiorlp destructive, the capacitor state is lost. A straightéoiv
not adequate for data arrays implemented with macrocef@lution to &_lddress this drawback is to implement a write-
since regardless the result of the access (i.e., cache hitigeugh pollcy_ so that a copy of.the data can be always
cache miss), reading the eDRAM cells is destructive and tH’é"d from L2 if the capacitor IS dlspharged. However, this
design does not include refresh logic. Due to this reasoill 1ead to a huge energy wasting in L2 caches as well as
architectural solutions have been devised to avoid thateca@ PoOr performance.

blocks lose their contents.

In order to guarantee correct execution, the problem 32 Increasing the Percentage of Hits in the SRAM
not that a given cache block loses its state with time bgle||

Fhat the.state be_came unrecoverable. In other words, @gme previous works [11] concluded that, because of data
information loss is not a problem for correctness when I'(Bcality in a two-way set-associative cache, most of the
can be recovered from another location, for instance, frog?:cess,es hit the MRU block while few of :[hem hit the
the_zrrl]_Z ca;:hg. devi deal with thi bl h Least Recently Used (LRU) block, as shown in Figure 4.
€ solution we devise to deal with this problem hagy;q cqnciysion can be generalized to caches with larger

two main design goals: first, to reduce the number of St% sociativities as shown in Section 4. Based on this assert,

lOSSE’TS dug to reads, gnd gecondj to provide a recover mple way predictor could be implemented by predicting
location without negatively impacting on performance. the MRU way

To achieve the first design goal, the tags of all ways in theThe previous reason implies a modification of the cache

set are accessed in parallel with the data array of the blo&&wtroller in order to keep the MRU block always in the

'OC?‘te.d in way-0 (see t_he upper side of _Figur_e S(b))‘ RAM way of the hybrid cache. To this end, we enhance
a hit in way-0 GRAMhl), the processor Is satisfied an e cache controller in order to internally manage a swap

no eDRAM cell is subsequently read. This access cou tween eDRAM and SRAM cells in case of a hit in the

obtain the hit speed of a direct-mapped cache since 1 BRAM cells. The swap operation consists of three main

steps. First, the data in the eDRAM cells is transfered to

tag-array data-array an intermediate buffer. Then, the data stored in the SRAM

| way0|  way-1 way-2 way-3 cells is internally transferred to the eDRAM cells previlgus
‘H ‘ ‘H ‘ ‘H ‘ ‘H ‘ accessed. Finally, the data from the intermediate buffer is
@ @ @ { oycle written to th_e SRAM cells. If each step takes one cycle, the
. controller will be busy for three processor cycles. However
‘L mux-drive | the processor can get the requested data earlier from the
T Hit intermediate buffer. Remark that in case of a cache miss,

the requested data comes from a lower level of the memory
hierarchy instead of from the intermediate buffer.
tag-array data-array Notice that writes in the eDRAM cells are always done

a) Conventional cache

-0 -1 -2 3 ) v
m = i‘ ‘H - ‘ ‘H = ‘ ‘H = ‘ as internal movements from the SRAM cells, which are not
@ @ @ @ 1 cycle
\ mux-drive ‘ . OMRU  ENo MRU
L ! N H
7 SRAM Hit o 28] 01041
& 06
way-0 way-1 way-2 way-3 = X
L e :
0.2 1
@ @ @ @ 1/2 cycles 0
L . °lal |g| | s o B8 IEE
1 eDRAM Hit g E! ks
b) Hybrid cache Int FP Avg

Figure 3. Access and timing for conventional and Figure 4. L1 hit rate in a conventional 16KB-2way
hybrid caches. 64Bl/line cache.



always triggered by store instructions. They may be caustdthe retention time divided by the number of eDRAM

by a hit (either a load or a store) in the eDRAM cells. blocks. In this policy, the valid bit can be implemented in
To sum up, capacitors lose their charge with time, biwvo different ways, i) by using a sentry bit similarly as done

those capacitors storing useful information (i.e., thaslsc in the previous policy, and ii) by clearing the valid bit each

where there has been a hit) will not need to be rechargthe the block is checked whether it is written back to L2

since before losing their state this information will beesv or not. Since both of them provide similar performance,

in the SRAM cells. the first one was assumed across the experiments due to
Finally, since we assume that the tag array is implé&tomogeneity reasons.

mented with typical 6T memory cells, tags do not need

to be swapped. Therefore, control information is neededfp PERFORMANCE EVALUATION

track the correspondence between tags and the associ

d . . . .
. li!ﬁ‘ﬁ:ls section presents the simulation environment and
data block. In particular, for a 2-way cache, only the LR enchmarks u;)ed to evaluate performance in microproces-
bit is enough to link tags and data blocks, and for a 4-wa P P

I . ors implementing hybrid caches with macrocells. These
cache, two additional bits can be used. ) o
cells have been modeled on top of an extensively modified
version of the Hotleakage simulation framework [20]. Ta-
3.3 Devised Writeback Policies ble 2 summarizes the architectural parameters used through

Although the architectural decisions discussed in the prtl!,lee deﬁseéigggltts' The delayed writeback policy has been

vious section avoid many capacitor state losses, they 1o

not guarantee that cache blocks always preserve their stﬁe!fl)(pi”me?tal resu:isf thre Acl)brt]a'r;gi cogflgurl_ng tt: N
This happens when dirty block stored in eDRAM cells otieakage Iramework for the Alpha and running the

is rarely accessed. Thus, incorrect execution could occ EC2000 benchmark suite [2]. Both integer (Int) and

when accessing this block. To deal with this shortcomin oating-point (FP) benchmarks have been evaluated using
Je ref input sets, where we skip for all benchmarks 1B

two new writeback policies have been devised. The . ; - .
policies will be referred to asarly writeback anddelayed instructions before collecting statistics, and then satwil
500M instructions.

writeback. :
The early writeback policy avoids the problem by pre- Multi-banked caches have been modeled to represent a

venting dirty blocks to be stored in eDRAM cells. As gnore realistic approach. Each bank can support only one

block can only be written into eDRAM cells due to arfccess at a time, but accesses to different banks can be

internal swap operation, this policy checks the state of thE rformed concurrently. If a memory request refers o a

block located in way-0 (SRAM way) when a swap risegank that is already being accessed, that request must wait
and, if dirty, the block is written back to L2. The rnainuntil the previous access (e.g., hit and writeback) finishes

drawback of this policy is that it might increase the number

of writes to L2 so turning on excessive energy wasting. Th[s Microprocessor core |

policy assumes that thealid bit of each eDRAM way is [T[ssue policy Out of order

implemented as a 1T-1C cell, including a capacitor with Branch predictor type Hybrid gShare/Bimodal:

less capacitance than the macrocell capacitors to work as a gShare has 14-bit global history
sentry bit. In this way, if the capacitor of the sentry bit ig plus 16K 2-bit counters,

not discharged, the contents of the associated data bits wil Bimodal has 4K 2-bit counters,

be correct. On the contrary, if the capacitor of the sentry Qi and choice predictor has 4K

is discharged, the macrocell may still contain valid datd, b 2-bit counters

the design conservatively assumes that the associated dags@nch predictor penalty) 10 cycles

has expired, what is equivalent to a non-valid content. Fetch, issue, commit 4 instructions/cycle

The delayed writeback policy is aimed at minimizing the 52?556 (entries) 4215|Er;1t 4EP
number of writebacks to L2. To this end, this policy allows Memory hiérarchy
that dirty blocks move to the eDRAM cells. Once moved;
capacitors maintain their state as dirty during the retenti Memory ports 4 ,
L1 data cache Variable, 64 byte-line

time. In this case, if the block is accessed again within the, 1 yata cache hit latency Split into hits in the dynamic

retention time, the block is moved to the SRAM cells sp and static parts

preserving its state, otherwise, the state is lost. To avaid 1 data cache banks 8

the latter case, the solution we propose is to access eadtp data cache 512KB, 8 ways, 64 byte-line
block periodically before the retention time expires, ahd | L2 data cache hit latency 10 cycles

it is dirty, the block is written back to L2. This idea can be L2 data cache banks Infinite

implemented with a single global binary counter [7] [9] fo_Memory access latency | 100 cycles

all eDRAM blocks. The counter is decreased every cycle, Table 2

and each time the counter reaches zero, an eDRAM block
accessed following a given criterion (e.g., round-robs) i
checked to be written back. The counter must be initialized

Machine parameters.
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Figure 5. L1 hit rate for different hybrid cache organizations.

and the cache controller releases the corresponding baekgth of the bitlines, since their capacitances, as obthin

The waiting time also includes the time taken for a swapith CACTI, range from 14 to 29fF depending on the cache

operation (if needed) in hybrid caches. organization. These values fall in the same range as the ones
obtained with conventional eDRAM caches implemented

To reduce the likelihood of waiting due to bank conyjith the same cell capacitance and number of banks.

tention, the cache sets have been interleaved among banks.

Experimental results showed that, regardless the cache

scheme and organization, eight banks provide less thart SRAM and eDRAM Hit Rate

0.7% performance degradation with respect to an unlimitéd read in the eDRAM cells requires a refresh operation

number of banks. Therefore, the number of banks has besnce the read operations are destructive, even if the sicces

set to eight across all the experiments. This number @Esults in a cache miss. Hence, to avaithecessaryefresh

banks is reasonable, since it is common to find designs hayperations, eDRAM cells are only accessed after checking

ing more banks in the literature [8]. Finally, since one bartke tags. This section characterizes such accesses.

only can perform one swap operation at a given time, the We use the terms SRAM hit rate and eDRAM hit rate to

number of banks also matches the number of intermediatder to the percentage of cache accesses that hit the static

buffers. This amount of buffers does not adversely affeet tland the dynamic part, respectively. The sum of both gives
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Figure 6. Normalized performance (IPC) with respect to the conventional cache for different access times (in
processor cycles).

the L1 hit rate. Figure 5 shows the results for differergtructures (e.g., eDRAM cells or other level of the memory
cache sizes (16KB, 32KB, and 64KB) and number of wayserarchy).

(2 and 4). Notice that for a given cache size, the higher the asso-
As an n-bit macrocell has only one SRAM cell, theciativity degree, the smaller the size of the SRAM way.
storage capacity of the SRAM cells is the cache size dividétence, although increasing the number of ways leads to
by the number of bits of the macrocell, that is, divided bg higher overall L1 hit rate, the SRAM hit rate decreases
the number of cache ways. For instance, the static storagigh the number of ways and the eDRAM hit rate increases.

capacity of a 16KB-2way and a 32KB-4way cache is 8KBn contrast, for a given associativity degree, enlarging th

An important observation is that, due to the architectur§RChe size results in a lower eDRAM hit rate and a higher
mechanism that enforces the storage of the MRU blo@v¥erall L1 hit rate.
in the SRAM way, the number of hits in this way only Results show the effectiveness of the devised architec-
depends on its storage capacity. For instance, the hit rateal mechanisms since the eDRAM hit rate is, on average,
of the static part of a 16KB-2way cache matches the oneless than 4.1% for 2-way caches regardless the benchmark
a 32KB-4way cache, since both caches have a static dgtpe (integer or floating-point) and cache size. This value
array of the same size (i.e., 8KB). Hence, both arrays wijrows up to 9.2% for FP benchmarks in the 16KB-4way
have the same amount of misses, being the difference thathe configuration, but in this case, the overall L1 hit rate
the incoming block may be fetched from different memoris also larger than a 16KB-2way cache. Notice that a low
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Figure 7. IPC losses with respect to the perfect hybrid cache for different retention times (in processor cycles).

eDRAM hit rate is interesting due to two main reasongache with just 1-cycle access time imposes an upper-bound
first, the overall access time of the eDRAM cells requires an performance (i.e., IPC) to the proposal, since there is no
additional processor cycle for tag comparison, and secomerformance loss.

a hit in an eDRAM way incurs a swap between the static

. Figure 6 shows the normalized performance with respect
and dynamic parts.

to the conventional cache with the same organization. For
comparison purposes, the values of a 2-cycle access time
4.2 Impact of eDRAM Access Time on Perfor- conventional cache are also plotted. The X axis shows the
mance access times of the different cache organizations. Conven-

Results provided by CACTI 5.3 indicate that an eDRAnjOnal caches are labeled as 1-cycle and 2-cycle. Access
mes of the hybrid caches are labeled as pairs)(Where

cell can be accessed as fast as an SRAM, as also sta{L p q del P h ; fth
in [10], although writes can be slightly slower. the first and second elements refer to the access time of the

This section evaluates the impact on performance of t§§AM and eDRAM ways in processor cycles, respectively.

hybrid cache varying the access time of the eDRAM Waﬁemember that a hit in an eDRAM way would require an

(1 and 2 cycles), while keeping constant (1 cycle) the acce%%ditional processor cycle to check the tags.

time of the SRAM way. Notice that #ast conventional = The performance degradation of the hybrid cache mainly



comes from the access to eDRAM ways and swap opy the internal counter. This kind of writebacks will be
erations. Anyway, the performance degradation is alwaysferred to asporadicwritebacks.

less than 2%. In contrast, the performance of the 2-cycleTo evaluate the effectiveness of the devised policies,
conventional cache drops down to about 3%. Regardimg obtained the corresponding writeback rate for each
floating-point benchmarks, minor performance differencegriteback class, calculated as the number of blocks written
appear both in the slower 2-cycle conventional cache abeck divided by the number of accesses to L1.

in the proposed hybrid cache. Figure 8 shows the average writeback rate of both
policies in the hybrid cache configurations for a 50K-
cycle retention time. For comparison purposes, the figure
also depicts the average writeback rate of the conventional
In the previous section, the performance degradation efche. As observed, for a given cache organization and
the hybrid cache has been evaluated with respect tob@nchmark type, the replacement writeback rate is quite
conventional SRAM cache. In that study, a perfect capacitaniform across the analyzed policies. Regarding the early
with no charge loss has been assumed. Nevertheless, gdicy, its swap writeback rate leads to an important amount
capacitors lose their state after a given retention timef blocks written back to L2. Comparing this rate to
Therefore, accessing the eDRAM cells after this timghe sporadic rate of the delayed policy, we conclude that
requires the access to a lower level of the memory hierarcthe early policy is too conservative since many blocks
to get the requested data, thus, adversely impacting the written back unnecessarily, so incurring in an energy
performance. This section explores the impact of retentievasting.

time on performance with respect to a hybrid cache with In short, the proposed delayed writeback policy performs,
perfect capacitors. with no refresh, a similar amount of writebacks as a con-

Figure 7 shows the results ranging the retention timentional cache with the same organization, so no energy
from 100 to 50K processor cycles. Retention times longerasting is incurred.
than 50K cycles do not improve the cache hit rate in
any of the analyzed organizations; thus, no performan%e ANALYSIS OF ENERGY SAVINGS
degradation can be observed.

For a given associativity degree, the larger the cache sifBiS section discusses the methodology used to obtain
(e.g., 64KB) the lower the performance losses (due to tReth dynamic and leakage energy consumed by each cache
larger static part of the cache). In contrast, for a givetfheme. Then, energy results are presented and analyzed
cache size, the higher the associativity degree the langer for different cache organizations using a 45nm technology
performance losses (due to the larger number of eDRARPE.
hits -i.e. larger dynamic part). Finally, large dynamictpar
require long retention times to reach the performance gf1  Methodology
the baseline.

To sum up, the proposal just requires from capacitofs
that retain their charge for a few thousands of processta
cycles in order to achieve its maximum performance. ThIS
means that the eDRAM capacitance can be several ordﬁr
of magnitude lower than the analyzed in Section 2, whi
will be enough to avoid performance losses due to retenti
time.

4.3 Impact of Retention Time on Performance

An access to a conventional cache consumes energy due
0 the fact that all components in the cache set (i.e., all
and data ways) are accessed in parallel. In contrast,
nly the SRAM way of the data array is accessed in the
gﬂd cache, although in parallel with all tags of the set.
erefore, on an SRAM hit, the hybrid cache consumes less
%ynamlc energy than the conventional cache. Nevertheless,
additional energy is consumed on an SRAM miss (i.e., an

4.4 Writeback Policies Evaluation

0.04

A writeback to L2 in a conventional writeback cache arises DReplacement @ Swap M Sporadic

when a dirty block is evicted from L1. In addition to %%

writebacks due to replacements, new types of writeback &, |

can be identified in the devised policies. Regarding thc £

early writeback policy, two types of writebacks can be % HH H H H H M M m

distinguished. First, the SRAM block must move to an 0 H H

eDRAM way in order to make room to the missing block. §g?ﬁ§go§g8§m8 ggsgaoggggawg—asgamgg‘sggg

In such a case, if the SRAM block is dirty it must be written Omﬁ mgomﬁ §°m§ $°m§ $°m§ gomﬁ s

back to L2. In addition, a writeback can be also performe( 16KB|16KB|32KB [32KB |64KB|64KB| 16KB|16KB|32KB|32KB|64KB |64KB

due to a swap risen as a consequence of an eDRAI 2w | 4w ZWH“W 2w | dw ) 2w | dw ZWFP“W 2w | 4w
In

hit. Thus, there are writebacks both due to replacemen..
and due to internal swaps. Regarding the delayed policy,
writebacks due to replacements only can occur in thégure 8. Writeback rate for the devised policies and
eDRAM ways. In addition, writebacks can also rise drivethe conventional cache.
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eDRAM hit or cache miss), since the cache controller mus B hrokage () B ) B Were e )
drive a swap operation between the corresponding eDRALW 22 ]
and SRAM cells. 25
To estimate the energy consumption, each of the thre 3 201
>
5

Energy (mJ)

steps involved in a swap operation (see Section 3.2) he 13

been modeled as follows: i) a destructive read in ar ﬁﬂ ﬁﬂﬂ
ZC|Zla o
8§ 83 =

o

eDRAM way, ii) a store in an eDRAM way, and iii) a store
in the SRAM way. While the dynamic energy consumed in 28 ‘ig
the Second Step inVOIVeS Only the row deCOder' in the firs 16KB|16KB|32KB |32KB |64KB |64KB | 16KB | 16KB | 32KB|32KB |64KB |64KB
and third steps it also involves all the data array companen: 2w | 4w | 2w | 4w | 2w | 4w | 2w | 4w | 2w | 4w | 2w | 4w
(e.g., bitlines, senseamps, subarray output drivers, and : int FP
on). In addition, the energy consumption due to wordline
voltage boosting and precharging capacitors in the secorigure 9. Energy consumption (in mJ) for the analyzed
step (see Section 2) has been also taken into account in $bhemes.
results.

On a cache miss, the requested block is fetched from L2

(or main memory) and the victim block of L1, if dirty, isI K tion dominates th I

written back to L2. These read and write requests to Lgaxage (inergyf (f[cr’]nSlIJ_Tp |onh orglnahes € dovera etneLgy

have been also taken into account to compute the dynarﬁﬂﬁsump lon or the cache. ouch periods use o be
common since many memory reference instructions access

energy: o the cache in a burst mode. M hen th
To quantify energy savings, the proposed hybrid cachig '€ cache In a burstmode. Moreover, when the processor
has been modeled with CACTI 5.3 using the ITRS higtﬁlpe“ne is stalled due to a long latency event (e.g., an L2

performance device type for the SRAM cells and thgnss), the L1 cache is not accessed for hundreds of cycles.
logic-process based DRAM for the eDRAM cells. CACTI Due to the aforementioned_ reasons, leakage dominates
provides the dynamic energy consumed per access and 8- overall energy consumption. As a consequence, the
egorized by cache component. Using these values, dynaf®®rid cache, which incurs in less leakage consumption

energy was calculated per access according to differdgc@use of the use of eDRAM cells, shows the best energy
events: SRAM hit, eDRAM hit, misses, and writebackd€sults. In particular, regarding integer benchmarks, the
Then, we measured the times that each event rises durffigPosed cache reduces the overall energy consumption
each benchmark execution (i.e., 500M instructions). Kinal PY" about 36% and 54% for a 64KB-2way and a 64KB-

the overall dynamic energy was computed by muItipIyinéway cache organizations with respect to the Conv scheme,

the energy per access for a given event by the timEespectively. This trend is similar in the remaining an-

that the event rises. Regarding leakage consumption, it3§Zed cache organizations as well as for floating-point

accumulated each cycle taking into account that there is ignchmarks. Notice that the leakage energy consumption is
leakage energy associated to the eDRAM cells. similar in the Conv and WP schemes, since both schemes

use only SRAM cells for data storage.
Leakage consumption increases with the cache size for
5.2 Energy Results both the Conv and WP schemes. However, in order to this
The proposed hybrid cache is compared not only to tlssert become true for the hybrid cache, the associativity
conventional (Conv) scheme but also to another convetiegree must be fixed too. Although theoretically the hybrid
tional scheme making use of way prediction as done by thgche should reduce leakage by 50% and 75% for 2 and 4
proposal. This model will be referred to as WP scheme. Ways, respectively, experimental results do not reachethes
this way, the benefits due to the prediction technique c&alues. The main reason is that this theoretical reduction
be identified. For the hybrid cache, a 50K-cycle retentios restricted to cells in the data array (where the eDRAM
time and the delayed writeback policy were used. technology is being applied) while other parts of the cache
Figure 9 illustrates the dynamic and leakage energjructure, like the tag array and the remaining logic are not
results for the analyzed schemes. The dynamic enefigging considered.
consumed by the L1 data array is split according to the Regarding dynamic energy, the WP cache exhibits the
type of event (i.e., loads, stores, writebacks, and misse®west consumption, closely followed by the hybrid cache.
whereas the tag array energy comprises all the accesseShis is because both schemes save a significant amount of
this structure. Finally, the represented leakage refethgo dynamic energy by applying way prediction. However, the
leakage consumption of the whole L1 cache. The sum of aWerall consumption is higher in the hybrid cache mainly
these values gives the total energy consumed by the caalhge to swap operations, wordline voltage boosting, and
Notice that leakage energy consumption is obtained Ipyecharge of capacitors. The consumption due to loads and
accumulating each cycle the leakage consumption of thres also increases with the cache size (although more
whole cache. In contrast, dynamic energy is only consumslibwly than leakage consumption) since the dynamic energy
when there is an access to the cache. Thus, in thasmsumed per access grows with the cache size. On the
execution periods where the cache is not accessed, titker hand, the consumption due to writebacks is quite

elzae|z
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o %zén.
o
o 2O

zar z
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uniform across the analyzed schemes since the delayed Cache | Tag array | Data array fum?) | Red.
writeback policy performs a similar amount of writebacks size (mm?) | Conv [ Hybrid | (%)
as the Conv and WP schemes. Finally, larger caches show 16KB 0.007 | 0.060 | 0.056 7
: ; . 32KB 0.013 | 0.113 | 0.105 7
lower miss and writeback rates, thus devoting less energy =KD 0.018 0214 0201 6
to such events. _ 128KB 0.033 | 0407 | 0.381 6
All the analyzed schemes implement the same tag ar- 256KB 0.063 0.793 | 0.743 6
ray (i.e., using typical 6T SRAM cells). Therefore, the %5558 8-;;3 ;-ggi %-g;‘i g
energy consumed by this structure sI.|ghFIy differs across 5048KB | 0.442 6048 T 5670 5
the schemes for a given cache organization. Nevertheless, Z4006KB | 0.833 | 11.955| 11.216 | 6

its contribution to the overall energy consumption incesas

. . e a) 2 ways
with the cache size and associativity. ) Y

Cache Tag array | Data array f2m?) | Red.

6 ANALYSIS OF AREA SAVINGS size (mm?) [ Conv [ Hybrid | (%)

. _ . 16KB 0.007 0.060 | 0.040 | 31
The area occupied by the macrocell has been estimated with 30KB 0013 | 0113 | 0075 | 30
CACTI by adding the area of the conventional SRAM and 64KB 0.018 0214 | 0.147 29
eDRAM cells. In addition, the area overhead due to the 128KB 0.033 | 0407 | 0.287 | 27

256KB 0.063 0.793 0.549 29

wordline voltage bqosting as well as thel bridge transistqrs S17KE 0115 1542 T 1.070 8

have been taken into account, assuming a conservative 1024KB | 0233 | 3.065 | 2.100 | 29

design where each bridge transistor occupies the same area | 2048KB | 0.437 6.050 | 4177 | 29

as a 1T-1C cell. 4096KB | 0.829 | 11.957 | 8.268 | 29
The area of an SRAM and an eDRAM cell is 0.286> b) 4 ways

and 0.062m? for a 45nm technology node, respectively.

Using these values, since an n-bit macrocell consists of one Table 3

SRAM cell and n-1 eDRAM cells, the area of a 2-bit and Tag array and data array area (in mm?) for both

a 4-bit macrocell is 0.566m2 and 0.83@m?, respectively. conventional and hybrid schemes.

These area values were used as input to CACTI to obtain
the area of the entire hybrid cache.

Table 3(a) shows the area of the tag and data arrays
of both conventional and hybrid schemes varying the si%ﬁ

. e logic process which was seemingly more difficult and
(from 16KB to 4MB) of a 2-way associative cache. Taéxpen%ivep oy

ble 3(_b) 'shows the corresponding results for a 4-way Set'Matick and Schuster [10], from the IBM technology
associative cache. The last column of each table shows

the total reduction (in percentage) achieved by the hybr’%OUp’ thought that the use dbgic-based eDRAM to

. ) . ’ mbed 1T-1C cells would be the most feasible way to
cache. This percentage is quite uniform regardless theecalc, duce the increasing gap in speed between logic and

Size, a’.‘d Ilt is around 6% and 29% for 2 and 4 WaYHRrRAM memory technologies. Posterior work by the same
respectively. technology group led to the inclusion dbgic-based
eDRAM in the IBM ASICs product. As a consequence,
7 RELATED WORK several recent microprocessors implement L2 caches in this
Leakage reduction has been widely analyzed in recent yeteshnology [13] [14].
in conventional SRAM caches. The proposed techniquesOther research works have concentrated on the design of
can be classified in two main groups depending on whetheew DRAM cells to reduce leakage dissipation. Most of
the block state is preserved or not. In the first group, thibese cells could be fabricated using logic-based technol-
voltage supply to selected cache lines is reduced and thgy. In this context, Liang et al. [9] proposed the 3T1D
lines are put in a low-power drowsy mode, so increasirigRAM cell for L1 data caches. This cell consists of three
the access time to such lines [4] [11]. In the second groupansistors and a diode with the aim to reduce leakage
the voltage supply to the cache blocks with poorer localityurrents. This cell can be quickly accessed; however, the
is removed, thus, losing the block information [7] [12]diode charge get lost over time, which requires refresh
Subsequent accesses to such blocks will result on a caeleions. Hu et al. [5] proposed a DRAM cell based on
miss, thus, the next level of the memory hierarchy must I8 SRAM cell but only with 4 transistors, resulting in
accessed. a non-static cell (the quasi-static 4T cell). The 4T cells
Implementation of 1T-1C eDRAM cells has been made ioffer an easy method for DRAM implementation in a logic
two main ways: DRAM-based and logic-based implemeiprocess production, especially in embedded systems. 4T
tation. Initially, the consensus was that the used&AM- cells mainly differ from the 6T SRAM cells in that they do
basedeDRAM was the correct strategy for system evoluaot include the two transistors connected to Vdd that restor
tion, because of its cheaper processing although its sloviee charge loss due to leakage currents. Using the same
access time. In contradbgic-basedeDRAM produces fast transistor type, the 4T cell requires less area than the 6T
devices but it requires adding the eDRAM deep trench ®RAM cell while achieving almost the same performance.
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As opposite, the data access is a bit slower and destructi4g. K. Flautner, N. S. Kim, S. Martin, D. Blaauw, and T. Mudgerdisy

Like in the 1T-1C cell, this problem can be solved by re- ~ Caches: Simple Techniques for Reducing Leakage Powrr-
. h d data i diatel fter th d ti ceedings of the 29th Annual International Symposium on @éenp
writing the rea ata Immeaiately aiter the read operation. Architecture pages 148-157, 2002.

Mixing different memory technologies in the cache hiens] z. Hu, P. Juang, P. Diodato, S. Kaxiras, K. Skadron, M. tdaosi,
archy has been evaluated by Wu et al. [19]. They proposed and D. W. Clark. Managing Leakage for Transient Data: Decay

¢ ¢ f hvbrid h hitect t truct and Quasi-Static 4T Memory Cells.Proceedings of the 2002
WO types oI nhybrid cache architecture 1o construct on- yiernational Symposium on Low Power Electronics and Desig

chip cache hierarchies by combining SRAM, eDRAM, pages 52-55, 2002.
MRAM, and PRAM technologies: i) the inter-layer hybrid[ﬁ] K. Inoue, T. Ishihara, and K. Murakami. Way-Predictingt-Se

. . Associative Cache for High Performance and Low Energy Consump
cache, which means that the L3 cache is |mplemented tion. Proceedings of the 1999 International Symposium on Low

with eDRAM, MRAM, or PRAM and the other levels are Power Electronics and Desigpages 273-275, 1999.
implemented with SRAM, and ii) the region-based hybrif] S: Kaxiras, Z. Hu, and M. Martonosi. Cache Decay: ExpigitGen-

. erational Behavior to Reduce Cache Leakage PoRmaceedings of
cache, which means that the L2 and L3 caches are flatten the 28th Annual International Symposium on Computer Aechitre

into two regions forming a single level (i.e., one small fast  pages 240-251, 2001.
(SRAI\/I) region and a Iarge but slow eDRAM, MRAM, Or[8] T. Kirihata, P. Parries, D. R. Hanson, H. Kim, J. Golz, F, G.

; . . . R. Rajeevakumar, J. Griesemer, N. Robson, A. Cestero, B. AnKha
PRAM region) while the L1 cache is implemented with ' \vang, M. Wordeman, and S. S. Iyer. An 800-MHz Embedded

SRAM technology. Performance and power consumption DRAM with a Concurrent Refresh ModelEEE Journal of Solid-

are evaluated in each type of hybrid cache architecture. The State Circuits 40(6):1377-1387, 2005. .
X. Liang, R. Canal, G.-Y. Wei, and D. Brooks. Process ¥Han

latter approach IS 'mprOVEd by intra-cache data movemerns. Tolerant 3T1D-Based Cache Architectur&oceedings of the 40th
Annual |IEEE/ACM International Symposium on Microarchitee,
pages 15-26, 2007.

8 CONCLUSIONS [10] R. E. Matick and S. E. Schuster. Logic-Based eDRAM: @Sy

Memory cells design for cache memories is a major concern jg?lﬁfﬂgfigesfozroggdBM Journal of Research and Development

in current microprocessors mainly due to the involvedi) s Ppetit, J. Sahuquillo, 3. M. Such, and D. Kaeli. Extg

leakage, dynamic energy, area, and access time. Temporal Locality in Drowsy Cache Policieroceedings of the

In this paper, we have introduced the macrocell memory, f/l”dpcoc\’hrl‘;ﬁregc_ﬁ' °$aﬁgmg“tl':’;9l’sgg”t}'f‘?g;saizlff\f'ég’y‘;ar

with an n-bit capacity storage, and we have shown that™ Gated-vdd: A Circuit Technique to Reduce Leakage in Deep-
combining SRAM and eDRAM technologies to imple- Submicron Cache Memorie®roceedings of the 2000 International
ment a macrocell is feasible. An n-bit macrocell can be SYmposium on Low Power Electronics and Desigages 90-95,
straightforwardly used to implement first-level n-way sef13] B. sinharoy, R. N. Kalla, J. M. Tendler, R. J. Eickemeyand
associative caches with minimal impact on performance, J. B. Joyner. POWERS System MicroarchitecturdM Journal

; ; ; of Research and Developme#dB(4/5):505-521, 2005.
since it addresses by design speed, area, and Ieakﬁg]eJ. M. Tendler, J. S. Dod[;ora3 J.(S.)Fields H. Le, and Bh&iay.

consumption. POWER4 System MicroarchitecturéBM Journal of Research and
Experimental results showed that, compared to a 4-way Development46(1):5-25, 2002.

set-associative conventional cache with the same orgatpl S- Thoziyoor, J. H. Ahn, M. Monchiero, J. B. Brockman, and
N. P. Jouppi. A Comprehensive Memory Modeling Tool and its

zation, the total energy consumption and area savings are appiication to the Design and Analysis of Future Memory Hiera
up to 54% and 29%, respectively, for a 45nm technology chies. Proceedings of the 35th Annual International Symposium on

node. These percentages can be further reduced for a higher (S:O?ﬁg;ﬁ;oﬁ’fh;\t‘“&’aﬁﬁ%ﬁs‘n3%;62:] 2?—|08Ahn and N. P. Jdupp

associativity degree. In addition, a relatively low caparci CACTI 5.1. Hewlett-Packard Laboratories, Palo Alto, Technical
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