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Abstract—1 Static energy dissipation is an increasing problem in 

contemporary processor design with shrinking feature sizes. 

Many schemes are proposed to cope with leakage in the literature 

ranging from using sleep transistors to lowering supply voltage. 

In this paper, we introduce a Conscious SRAM (CSRAM) design 

to lower static energy dissipation in the storage components of a 

processor. The proposed bitcell design adapts the body bias of its 

own transistors according to its contents. We show that the use of 

the proposed CSRAM cells results in significant reduction in the 

static energy dissipation of on-chip storage components without 

significant performance degradation.  

In order to reduce the area overhead introduced by the 

CSRAM we propose a simplified version of the cell at the circuit 

level. We also leverage the fact that the contents of adjacent bits 

of the stored values are highly dependent on each other, 

especially on the upper order bits of a value, and propose some 

architectural level solutions that lower the area overhead to as 

low as 7%. 

Keywords-component; register file; static energy dissipation; 

leakage reduction; SRAM Bitcell, adaptive body bias 

I.  INTRODUCTION 

Energy efficiency is an important parameter in 
contemporary microprocessor design. With shrinking feature 
sizes, increasing power density creates a heat removal problem. 
Moreover smaller transistors leak currents more than the larger 
ones, resulting in higher static energy dissipation. This kind of 
energy dissipation occurs even when the circuitry does not do 
any meaningful operation and it is expected to increase with 
every new manufacturing technology [6]. Recent work showed 
that SRAM arrays contribute significantly to the total energy 
dissipation of the processor [1]. 

Different parameters affect the amount of current leaked by 
the transistors. Threshold voltages of the transistors, operating 
temperature, supply voltage and applied body bias voltages 
effect the amount of current leaked in digital circuits. High 
temperatures increase the leakage in the chip and cause more 
temperature increase through increased static power 
dissipation. This positive feedback may lead to permanent 
failures if the leakage current is not kept under control. 

Memory components constitute a large portion of the 
contemporary processor chips. As the amount of current leaked 
from supply voltage to the ground is dependent on the number 
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of transistors in a chip, most of the prior work on leakage 
reduction is concentrated on the memory components in digital 
circuits. On chip memory components such as caches, register 
files and other temporary storage spaces are usually constructed 
by using SRAM bitcells, which consist of 6 transistors. 

Different techniques are used to cope with static energy 
dissipation. One of the most widely used techniques is using 
multiple threshold voltages during manufacturing and setting 
the threshold voltages of some transistors high [10]. This way 
some transistors are used as circuit clampers as they slow down 
the current leaked by the circuitry. Changing the body bias of 
the transistors adaptively to change the thresholds dynamically 
is another used technique [2], [5], [7], [12], [13], [14], [16], 
[17], [21], [22]. Reducing the supply voltage also reduces the 
current leaked by the transistors [9]. 

In this paper we present a new SRAM bitcell design that 
regulates the body bias of its own transistors according to the 
content stored inside the bitcell. By changing the body bias of 
its transistors, this new bitcell, which we call the “Conscious 
SRAM (CSRAM)” bitcell , increases the threshold voltages of 
the leaking transistors and effectively reduces its own static 
energy dissipation. The new design mandates the use of 
additional transistors inside the bitcell and increases the bitcell 
area. In order to overcome this problem we also propose a 
simplified version of the cell. 

The area overhead generated by the adaptation of body bias 
voltages according to the contents of each bitcell is further 
reduced by adapting the body bias of neighboring bitcells 
according to the contents of a single cell. Our technique relies 
on the observation that stored values usually contain replicated 
sign bits, especially in the upper order bits of a value. 
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Figure 1. Regular SRAM Bitcell 

II. TRADITIONAL SRAM BITCELLS 

On-chip memory structures are designed by using the 
traditional SRAM bitcells, shown in Figure 1. This memory 

Fahrettin Koc, Osman Seckin Simsek, Oguz Ergin 

TOBB University of Economics and Technology, Ankara, Turkey 

{st06120292, st07110598, oergin}@etu.edu.tr 

978-1-4577-1954-7/11/$26.00 ©2011 IEEE 51



cell is composed of a back to back inverter pair and two pass 
transistors that allow the access to stored contents.  

When the Word Select Line of the SRAM bitcell is charged 
to Vdd, the contents of the bitcell become accessible through the 
pass transistors. Sense amplifiers that monitor bit lines detect 
any voltage difference and provide the appropriate output for 
faster operation. 
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Figure 2. Cross-section View of a CMOS Inverter 

In a regular digital circuit, the bodies of the n-type 
transistors are connected to the ground and the bodies of the p-
type transistors are connected to the supply voltage as shown in 
Figure 1 [19]. The nature of the body bias voltage becomes 
clearer when the structure of the CMOS transistors shown in 
Figure 2 is taken into account. Figure 2 shows the cross section 
of a CMOS inverter. Each p-type transistor resides in an N-well 
which is biased through a p-bias input connection. P-substrate, 
which covers the whole base of the manufacturing foundry, 
acts as the body of all n-type transistors. Some technologies 
allow the segmentation of this p-substrate allowing the use of 
different body bias voltages for different transistors (or 
transistor groups). 
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Figure 3. Asymmetric SRAM (ASRAM) Bitcell [3][18] 

III. ASYMMETRIC SRAM BITCELL 

Asymmetric SRAM (ASRAM) Bitcell design that 
dissipates less static energy when the stored value is zero (or 
one depending on the design) was previously proposed [3][18]. 
ASRAM design is shown in Figure 3. In order to avoid the 
leakage when the stored content is zero, the threshold voltages 
of the devices are arranged during the manufacturing process 
so that the leakage paths are clamped. For example, in Figure 3, 
if A = 0, the B node will hold the logical value 1 as the back to 
back inverter pair allows storing both the actual and inverted 
version of the bit. In this situation, in a regular SRAM bitcell, 
the n-mos on the lower left side and the p-mos on the upper 
right side of the back-to-back inverter pair are supposed to be 
in cut-off mode and ideally should not leak any current. Since 
these transistors are the only ones that are in the cut-off mode, 
the threshold voltages of these devices are increased to reduce 

the leakage. This way the ASRAM bitcell only leaks like a 
regular SRAM cell when it is storing a value of 1. 

Since the thresholds of the transistors in a design that uses 
ASRAMs are fixed at the design time, it may not be possible to 
reduce the static energy dissipation if all of the stored values 
during the execution of a program are always 1. Luckily more 
than half of the bits stored inside these cells in contemporary 
programs are zero [3][18]. Moshovos et al. also tried to employ 
some architectural ideas to better utilize these cells, such as 
inverting the byte values that include more ones than zeros [3]. 
Nevertheless, the fact that the threshold voltages in the 
ASRAM design are fixed, misses many energy saving 
opportunities or requires some architectural adjustments to the 
value in order to achieve energy efficiency. 

  

Figure 4. Percentage of 1s in the Register File 

Figure 4 shows the percentage of bits that hold a value of 1 
for the programs in the SPEC 2006 benchmark suite. These 
values show the amount of opportunities that the ASRAM 
design misses and our CSRAM design may exploit. Our results 
show that, on the average across all SPEC 2006 benchmarks, 
the percentage of 1s is almost 15% of the values that reside in 
the register file with individual benchmarks like hmmer shows 
significantly higher percentages. 

One solution to better utilize ASRAM design would be 
changing the selection of high-Vt devices dynamically instead 
of fixing threshold values at manufacturing time depending on 
the number of 0 bits inside the stored value. For example, 
considering that most of the values hold a value of 1 in a 
storage component, one may want to change the bitcells to low-
leakage cells that leak less when the content is one. However 
this mandates the use of multiple long body bias lines which 
will be switched on and off continuously and the use of a 
controller block that will check the contents of the incoming 
value. This switching activity increases the dynamic energy 
dissipation of the storage area and does not reduce the leakage 
for all of the stored values if the contents are not composed of 
all 1s or all 0s. Therefore instead of seeking such an 
architectural solution we designed a new bitcell that is capable 
of adapting itself for a low-leakage mode by monitoring its 
own contents. 

IV. CONSCIOUS SRAM (CSRAM) DESIGN 

The proposed Conscious SRAM (CSRAM) bitcell design is 
shown in Figure 5. The body biases of the p-mos and n-mos 
transistors are controlled by the content of the bitcell through a 
number of pass transistors. Instead of a single Vdd and a single 
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ground line, CSRAM cell contains two supply voltage lines 
and two ground lines one of each are biased. When the cell‟s 
content is zero (A=0) the body bias of the same hi-Vt devices in 
Figure 3 are changed to increase their threshold values. For p-
type devices, the Biased Vdd is higher than the regular Vdd 
signal to reduce leakage, whereas for n-mos devices the biased 
ground is a voltage lower than 0. When the content is switched 
to one, the transistors at the symmetrical locations exchange 
their body bias voltage through the pass transistor logic.  
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Figure 5. Conscious SRAM (CSRAM) Bitcell 

The new CSRAM design uses 8 additional transistors for 
locally employing adaptive body biasing. It should be noted 
that this overhead does not increase with increasing number of 
ports, since all of the bias combinations are provided by these 8 
additional pass transistors. Therefore the area overhead of the 
proposed bitcell decreases with the increasing number of ports. 
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Figure 6. Simplified CSRAM Bitcell 

Although it is possible to provide a negative voltage 
through the biased ground line with the help of additional 
voltage generators, it may not be desirable to have such a 
circuitry due to increased complexity. Moreover, many 

manufacturers do not provide technologies for separating the 
substrate of the n-mos transistors (so that they can be biased 
differently), which is mandatory in CSRAM design. Therefore 
we designed a simplified version of the CSRAM cell that only 
alters the body bias of the p-type transistors. As it is possible to 
separate the n-well of each p-type transistor during the layout 
design phase in all of the manufacturing technologies, such a 
simplified design can be easily implemented. It is also easier to 
generate various positive bias voltages rather than a negative 
one at the circuit level. Figure 6 shows the circuit diagram of 
the simplified CSRAM bitcell. In this simplified design, the 
bodies of the n-mos transistors are connected to the ground and 
only p-type transistors‟ body biased is changed adaptively. The 
biased ground line is removed from the circuit along with the 
associated pass transistors. This simplification effectively 
reduces the area of the bitcell while keeping the capacity of 
content aware reduction of static power dissipation.  

Simplified CSRAM
(Pass Transistors on the Right)

Simplified CSRAM
(Pass Transistors in the Middle)

Regular 12-ported 
SRAM Bitcell

 

Figure 7. Layout Area Comparison of the Simplified CSRAM Bitcell Designs 

against a Regular 12-Ported SRAM Bitcell 

Figure 7 shows the layout design pictures of the proposed 
CSRAM and a regular SRAM bitcell side by side for a 12-
ported configuration. Because of the layout design rules, a 
certain distance between the n-wells is mandatory, which 
increases the area overhead. Therefore keeping the p-type pass 
transistors in the middle of the bitcell along with the back-to-
back connected inverter pair increases the area as shown in the 
figure. For this 12-ported configuration the layout design on the 
left in Figure 7 that places the pass transistors away from the 
inverters results in an area overhead of 23% while the design in 
the middle results in a 29.5% area increase. This area overhead 
is even larger for a single or double ported configuration where 
the area overhead may go up to 75%. 

 

Figure 8. CSRAM Area Overhead for Increasing Number of Ports 

Figure 8 shows the area overhead of the proposed CSRAM 
design for various number of ports in the bitcell. As the number 
of ports increases, the pass transistors dominate the area and 
the proportion of the added logic decreases. The graph shows a 
0% increase when the number of ports reaches 16. This is 
because of the fact that the cell height is determined by the pass 
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transistors at this point and the additional circuitry can be 
inserted below the inverter pair without increasing the area of 
the bitcell. Since the proposed CSRAM does not have any area 
overhead above 16 ports, it is an ideal candidate for heavily 
ported structures of the processors such as the register file [4]. 

V. GROUPING BITCELLS TO DECREASE THE AREA 

OVERHEAD OF THE CSRAM DESIGN 

Conceptually CSRAM design is the ultimate solution to 
achieve content-aware static energy reduction. However, the 
area overhead, even with the simplified version of the CSRAM 
bitcell, may be unacceptable for some components of the 
processors, where bitcells with small number of ports are 
required. In a 6-issue superscalar processor (such as Intel 
Pentium 4 [11]), bitcells with 12 read ports are required to 
construct the register files, whereas 2-ported bitcells may be 
enough to implement the data cache. In a component where the 
use of CSRAM design would be too costly, the contents of one 
cell may be used to adjust the body bias of the neighboring 
cells. This way the additional circuitry used to adjust body-bias 
voltages become common for the value group and the area 
overhead is reduced depending on the number of bits     
grouped together. 

Success of using a common body bias controller for 
multiple bitcells depends on the relations between the contents 
of stored bits. The decision of changing the body bias voltage 
of bitcells is completely made by observing the contents of a 
single cell. Therefore there should be a correlation between the 
value of these decision making bits and the neighboring bits 
inside the group. Figure 9 and Figure 10 shows the percentage 
of bytes that consists of the same bits (ones and zeros 
respectively) as the corresponding byte‟s lowest order bit. For 
each benchmarks 8 bars are shown, one for each byte, the 
leftmost bar showing the least significant one. As it is shown in 
the figures, the value of each bit in the most significant bytes 
has a strong dependence on the least significant bit of the byte, 

especially when this bit contains zero. This result is logical as it 
was previously observed by many researchers that the upper 
order bits of the stored values are usually just replicated sign 
bits [8][15].  

Figure 11 shows the area comparison of using CSRAM for 
all of the 8 bits in a byte and grouping bitcells to share a single 
bias controller. As the layout pictures reveal, it is possible to 
reduce the area overhead of content aware adaptive body 
biasing to as low as 6.8% if the contents of only a single bit is 
used to determine the body bias voltages of the whole byte. The 
area overhead is 9.5% and 14.5% for 4-bit and 2 bit groups 
respectively. As the size of the groups decreases, the possibility 
of the presence of bits having the same contents as the contents 
of the decision making bit increases and more reduction is 
achieved in static energy dissipation. However, this comes at 
the expense of an area overhead caused by the increased 
number of bias controller circuits. 

8 consecutive regular SRAM bitcells

1 bias controller / 8 cells

1 bias controller / 4 cells

1 bias controller / 2 cells

All CSRAM Design

 

Figure 11. Layout Area Comparison of Using a Common Bias Controller 

against 8 Consecutive Regular Bitcells. 

VI. EVALUATION METHODOLOGY 

The cycle accurate out of order Alpha microprocessor 
simulator MSIM [29] is used to observe the real bit value 
distributions inside the register file of the processor. To test our 
methodology, we modified the simulator‟s register file 
structure and simulated a processor that resembles Intel‟s 
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Pentium 4 [11]. The baseline processor performance is 
determined with one 128-entry register file which is 
constructed using traditional SRAM bitcells. Other 
configuration parameters of the simulated processor are listed 
in Table 1. 

Table 1 Configuration of the simulated processor 

Parameter Configuration 

Machine width 4-wide fetch, 4-wide issue, 4-wide commit 

Window size 80 entry load/store queue, 128–entry ROB, 128 entry 

register file. 

Number of clusters 1 cluster 

Function units 2 Arithmetic Logic, 2 Floating Point, 2 Load, 2 Store 

L1 I–cache 32 KB, 4–way set–associative, 64 byte line, 1 cycles 

hit time 

L1 D–cache 32 KB, 4–way set–associative, 64 byte line, 2 cycles 

hit time 

L2 Cache unified 256 KB, 16-way set –associative, 64 byte line, 6 

cycles hit time 

SPEC 2006 benchmark programs are run on the MSIM 
simulator to observe the bit level value distributions inside the 
register file. We were only able to compile and run 21 
programs inside the SPEC 2006 benchmark suite. 100 million 
committed instructions were simulated for each benchmark 
after skipping 100 million instructions. For estimating energy 
dissipations of the CSRAM design, full custom CMOS layouts 
were implemented. A 90nm CMOS (UMC) technology with a 
Vdd of 1V was used in order to measure the static energy 
dissipation at 110

º
C. 

VII. RESULTS AND DISCUSSIONS 

We do not currently have the manufacturing technologies 
that allow using different substrates for different n-mos 
devices. Therefore we were unable to simulate the benefits of 
the regular CSRAM design. In the future we will try to obtain 
these parameters to calculate the area overhead of the regular 
CSRAM along with the energy savings and             
performance degradation. Figure 12 shows the energy 
dissipation of the simplified CSRAM design at 110

o
C for 

different biased Vdd values. As the graph reveals, increasing the 
Biased Vdd decreases the static energy dissipation of the cell. 
Increasing the bias voltage beyond 2 Volts results in minimal 
benefits. Since, a Vdd of 1 V is assumed in our simulated 
manufacturing technology, lowering the bias voltage below Vdd 
is meaningless; however we showed the result for these values 
just for showing the trend of the outcome. 

Figure 13 shows the access time of the register file, 
normalized to the base case, when it is constructed by using 

CSRAMs. For this study we simulated a 128 entry 64 bit 
register file. As the graph reveal, the use of CSRAM does not 
result in any performance degradation until the bias voltage is 
unrealistically high. Since there are diminishing returns in 
terms of static energy savings beyond P-bias = 2V the 
performance degradation is negligible in regular operating 
conditions. 

 

Figure 12. Reduction in Static Energy Dissipation Compared to Baseline for a 

Single Simplified CSRAM Cell at 110oC 

 

Figure 13. Increase in Access Time for a Simplified CSRAM Cell at 110oC 

Figure 12 shows the energy reduction achieved in all of the 
simulated SPEC 2006 benchmarks for various p-bias voltages. 
The graphs on the left, middle and right show the energy 
reduction when the bits are divided into 2-bit, 4-bit and 8-bit 
groups respectively. The average results of all benchmarks are 
also shown in Figure 15. As the results reveal, adapting the 
body bias of some bits according another bit yields almost 35% 
energy reduction for 2 and 4 bit groups. This result is very 
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close to using simplified CSRAM bitcells for the entire register 
file. Results shown in these figures combined with the results 
of Figure 11 shows the tradeoff between area and energy 
savings in the application of content-aware adaptive body    
bias schemes. 

 

Figure 15. Average Energy Savings for SPEC 2006 Benchmarks with 2, 4 and 

8 bit Groups 

VIII. CONCLUSIONS AND FUTURE WORK 

In this paper we proposed a new SRAM bitcell design that 
is capable of changing the threshold voltages of its own 
transistors through adaptive body biasing. This adaptive change 
in the body bias voltage is accomplished by taking the contents 
of the cell as an input and changing the bias voltages 
accordingly. Each bitcell that forms the register file of a 
processor can arrange the threshold voltages of its transistors 
according to its contents by using the proposed CSRAM 
design.  

Our simulation results show that a CSRAM reduces the 
static energy dissipation of a register file by around 35 % when 
a biased Vdd of 2V is used. The proposed cell does not cause 
any performance degradation at this p-bias level.  

In the future we will investigate the potential benefits of 
employing CSRAM in different processor components such as 
the caches and the issue queue where the number of ones is 
expected to be higher and ASRAM design may not be 
applicable. It is also possible to use a hybrid solution where the 
mostly zero-holding upper order bits of the storage component 
is constructed using the ASRAM cells and the lower orders bits 
are constructed using the CSRAM cells. This way the area 
overhead of CSRAM can be reduced while the opportunities to 
reduce static energy dissipation are exploited better.  
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