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1.  INTRODUCTION 

Scaling of CMOS technology has enabled a phenomenal growth in computing capability throughout the last four 
decades. With the number of transistors on a chip rapidly approaching 1 billion and the integrated cache memory 
dominating the chip area, leakage power management has become indispensable in high-end microprocessors for 
cost-effective packaging and cooling solutions. Leakage power is also a concern in low-end mobile system-on-chips 
where the low standby power feature is crucial. Recent energy estimates for 0.13 μm process indicate that leakage 
energy accounts for 30 percent of L1 cache energy and as much as 80 percent of L2 cache energy. With 3X increase 
in IOFF every technology generation, caches will continue to account for a large component of leakage power 
dissipation in a microprocessor. From a researcher’s viewpoint, SRAM caches are an interesting target for leakage 
reduction because of their inherent features of (1) iterative array structure, (2) low activity factor, and (3) unique 
architectural behaviors. 
 
According to the International Technology Roadmap for Semiconductors [22], the number of devices will increase 
from about 1 billion/chip today to approximately 10 billion/chip in a decade.  Majority of the devices will be used in 
on-die cache memories since micro-architectural performance can be improved without incurring large increase in 
dynamic power consumption. As a result, more than 50 percent of the chip area is already occupied by on-die 
caches in recent designs and the cache area will continue to grow with technology scaling. Adverse effect of having 
larger caches is the large leakage power which dominates the total chip power consumption. Thus, leakage power 
management in caches is indispensable in cutting-edge microprocessor designs for cost effective packaging and 
cooling solutions. Cache leakage control is also essential in low-end mobile system-on-chips (SoC) that have 
stringent standby power requirements for extended battery life. Recent announcements by industry experts reveal 
that active leakage power accounts for 40 percent of the total power consumption in today’s high-performance 
microprocessor designs [23]. With 2-3X increase in device leakage every new technology generation, circuit 
techniques for controlling cache leakage are necessary for both high performance and low power consumption in 
nanoscale LSI systems.  
 
There has been a spectrum of research activities to deal with the leakage power crisis at different levels of 
abstraction (device, circuit, architecture, and software). At the device level, novel transistor structures such as the 
double-gate or ultra-thin body MOSFET’s are being developed where short-channel-effect is controlled by 
geometry of the device rather than the high impurity doping. This provides high on-current at a low off-current 
(better sub-threshold slope) and relieves the short-channel-effect potentially down to the ultimate limit of sub-20 nm 
channel length [24]-[26]. Dual Vt CMOS [27] have been suggested to reduce the overall leakage power without 
impacting circuit performance. Here, low Vt transistors are used in critical paths for high performance, and high Vt 
transistors are employed in non critical paths for low leakage power. Circuit level techniques that change the bias 
condition of transistors to achieve a low leakage state have been well studied. Power gating, dynamic Vdd, input 
vector control, body biasing are some examples [28]-[35]. Each of these techniques gives the opportunity to reduce 
microprocessor leakage in standby mode. A processor typically stays in standby mode for a considerable amount of 
time so the overhead delay and energy for activation or deactivation is relatively small. Architecture level 
techniques such as the dynamically-resizable instruction cache [36] has been proposed where only the memory 
space required to hold the working set of the current application is in active mode. The rest of the cache is in sleep 
mode for leakage reduction. To determine the adequate memory space, the miss rate is monitored using an adaptive 
hardware algorithm. Cache decay scheme [37] exploits the locality of reference in caches to turn-off portions of the 
cache which are not likely to be accessed. Zhang [38] investigated complier level techniques to reduce run-time 
leakage current in a VLIW processor using sleep vectors and sleep transistors. 
 
Leakage control during circuit operation is more challenging than in standby mode due to the short time to 
deactivate blocks, large overhead energy, and run-time leakage variations. Fine grain leakage reduction techniques 
are necessary that can activate or deactivate small portions of a microprocessor so that unused functional blocks can 
be put into a low leakage state while the rest of the processor is still running. For an active leakage reduction 
scheme to be profitable, the overhead energy for activation or deactivation must be considerably smaller than the 
amount of leakage saved by the FBSRAM architecture. 
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2.  FORWARD BODY-BIASED LOW-LEAKAGE SRAM CACHE 
 
2.1 Introduction 
 
Forward body-biasing (FBB) has proven to effectively improve performance, suppress short channel effects, and 
reduce Vt variations [1,2]. Vt rolloff and drain induced barrier lowering (DIBL) which limits scalability of channel 
length can be relieved by forward body-biasing devices during normal operation [1b]. In this section, a dynamic 
FBB scheme for low-leakage SRAM caches is presented where leakage power is significantly reduced by using 
super high Vt transistors [3]. FBB is dynamically applied to only the active portion of the cache for fast read and 
write operation. The idea of using a high Vt device and applying a FBB in active mode has already been discussed 
in previous literature [1,4]. They have also mentioned that withdrawing the FBB in standby mode can significantly 
reduce leakage power consumption. However, it is not clear how one can optimize the high Vt device for the FBB 
scheme in scaled technologies where different leakage mechanisms make it non-trivial to obtain a device with a 
desirable Vt. Moreover, it has not been reported whether a dynamic FBB scheme is profitable enough so that it can 
be applied in fine grain to reduce the cache leakage even in active mode.  The goal of this section is to explore if 
such a fine grain dynamic FBB scheme can be useful in reducing active cache leakage and to devise a set of 
solutions to achieve best performance and cell stability under given leakage power constraints. For this, we 
developed combined device-circuit-architecture level techniques and compared the proposed forward body-biased 
SRAM (FBSRAM) with prior state-of-the-art techniques. This section makes the following contributions: 

• For the first time, we apply the concept of using a super high Vt device and FBB to dynamically reduce the active 
leakage in cache memories.  

• We show optimization of the 2-D halo doping profile of a super high Vt device to achieve total leakage reduction 
while suppressing the gate leakage and junction band-to-band tunneling (JBTBT) leakage. 

• Circuit techniques and architectural behavior of caches are exploited to reduce FBB transition latency and energy 
overhead. 

• We present results showing that FBSRAM achieves higher performance compared to a prior state-of-the-art low-
leakage SRAM under iso-leakage conditions.  

This section is organized as follows. In section 2.2, previous low-leakage SRAM cell techniques are introduced and 
evaluated.  Section 2.3 deals with device optimization for the FBSRAM considering sub-threshold, gate and JBTBT 
leakage. Circuit and architecture techniques to reduce the FBB overhead are discussed in section 2.4. Simulation 
results of overall leakage savings, performance, and cell stability are presented in section 2.5. Finally, we conclude 
the forward body-biased low-leakage SRAM cache part of the report in section 2.6. 

2.2 Low  Leakage SRAM Cells  

Figure 1(a) shows the dominant leakage components in a conventional six transistor SRAM cell during standby 
mode. When the cell is not accessed, the word line signal is low and the two bit lines are precharged to high. One of 
the subthreshold leakage components comes from the bit line and contains the access transistor M6, which is in off 
state. The other two sub-threshold leakage components are the cell leakage through the off state devices M2 and 
M3. Gate leakage components of a transistor depend on the voltage across its terminals. Gate tunneling leakage of a 
PMOS device is substantially lower than that of an NMOS device. This is due to the barrier height for HVB (hole 
tunneling from the valence band, 4.5 eV) being significantly larger than that for ECB (electron tunneling from the 
conduction band, 3.1 eV) in the SiO2/Si system [5]. Out of the various sources, the most dominant gate leakage 
comes from the inversion mode device M1 having tunneling components through the (1) gate-channel, (2) gate-
source overlap and (3) gate-drain overlap regions. 

Figure 1(b) shows the seven available terminals in a conventional 6T SRAM cell; VSL, VPWELL, VNWELL, VDL, VWL, 
VBL, and VBLB. Various SRAM cell architectures have been proposed in the past where one or more of the seven 
terminal voltages are controlled during standby mode for reducing the leakage components shown in Figure 1(a). 
Each technique exploits the fact that the active portion of a cache is very small, which gives the opportunity to put 
the large idle portion in a low-leakage sleep mode. Effectiveness and overhead of each technique are evaluated 
based on the discussions, described in the following paragraphs. 
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First, the impact of the technique on various leakage components must be considered. Although sub-threshold 
leakage still continues to dominate the IOFF at high temperatures, ultra-thin oxides and high doping concentrations 
have led to a rapid increase in direct tunneling gate leakage and JBTBT leakage in the nanometer regime. Each 
leakage reduction technique needs reevaluation in scaled technologies where sub-threshold conduction is not the 
only leakage mechanism. Second, the impact of the leakage reduction technique on SRAM read/write delay should 
be considered. Third, the transition latency and energy overhead should be taken into account because of the limited 
time and energy budget for the mode transition. Last, the leakage reduction technique should not have a noticeable 
impact on SRAM cell stability or soft error rate (SER). Previously proposed low-leakage SRAM cells are 
summarized in Table 1 based on which of the seven terminal voltages in Figure 1(b) are controlled during standby 
mode. Advantages and disadvantages of the FBSRAM proposed in this work are also described for comparison.   

 
Source biasing scheme raises the source line voltage in sleep mode to generate a negative Vgs in the access 
transistor and reduce the bit line leakage [6,7,8,9]. The reduced signal rail (VDD-VSL) and the body effect in the 
NMOS transistors also lowers the sub-threshold leakage in the SRAM cell. Since raising the source line voltage has 
the similar effect as reducing the supply voltage, the gate leakage is also reduced due to the lower voltage stress 
across the device terminals. An extra NMOS device has to be series connected in the pulldown path to cut off the 
source line from the actual ground during sleep mode, and this imposes a delay penalty. The reduced signal charge 
in sleep mode also causes the SER to rise, which requires additional error correction coding circuits [9]. 
 
Reverse body-biasing (RBB) the NMOS (or PMOS) devices can reduce sub-threshold leakage in sleep mode via 
body effect. The access time is unaffected by having a zero body-bias (ZBB) in active mode [8,10,11]. A large 
latency and energy overhead is imposed for the body-bias transition due to the large body-bias swing and the 
parasitic RC components in the substrate. This scheme becomes less effective in nanoscale dimensions as JBTBT 
leakage gets enhanced by RBB [1]. 

                        
 

(a)                           (b) 
 

Figure. 1.  (a) Dominant leakage components in a 6T SRAM cell. (b) Seven terminals of a 6T SRAM cell. 
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Supply voltage is lowered in a dynamic VDD SRAM (DVSRAM) [8,12] to reduce the sub-threshold, gate, and 
JBTBT leakage. The bit line leakage however, cannot be reduced using this scheme since the bias condition in the 
access transistors does not change. This scheme requires a smaller signal rail (VDL-VGND) compared to the SBSRAM 
for equivalent leakage savings since unlike the SBSRAM scheme, it doesn’t have the negative Vgs effect. Although 
there is no impact on delay during active mode, the large VDD swing between sleep and active mode imposes a 
larger transition overhead compared to the SBSRAM. Moreover, the greatest drawback of the DVSRAM is the 
substantial increase in SER with voltage scaling.  
 
A technique that lets the bit lines float during standby mode has been proposed to reduce the bit line leakage via 
DIBL [13]. Since only the access transistors benefit from this technique, the overall leakage savings is marginal. 
Unlike the three previously mentioned techniques, this scheme cannot be applied to individual cache lines since the 

TABLE 1 
PREVIOUSLY PROPOSED LOW-LEAKAGE SRAM CELL TECHNIQUES. (* MAIN LIMITATION) 

 

Source Biasing (VSL) Reverse Body-biasing                 
(VPWELL, VNWELL) Dynamic VDD (VDL) 

Scheme 

   

Ref. [6], [7],[8],[9] [8], [10], [11] [8], [12] 

Leakage Sub-threshold, gate: ↓↓ sub-threshold: ↓↓ 
*JBTBT: ↑ 

sub-threshold, gate: ↓ 
*bit line leakage: - 

Perform. *Delay increase No delay increase No delay increase 
Overhead Medium transition overhead Large transition overhead Large transition overhead 
Stability Impact on SER No impact on SER *Impact on SER 

 
Floating Bit Lines (VBL, VBLB) Negative Word Line (VWL) Forward Body-biasing + Super high 

Vt  (VPWELL) 

Scheme 

   

Ref. [13] [14] [3] 

Leakage sub-threshold, gate: ↓ sub-threshold: ↓ 
*gate: ↑ 

sub-threshold: ↓↓ 
gate: - 

Perform. No delay increase No delay increase Minimal delay increase 
Overhead *Precharge latency overhead *Low charge pump efficiency *Area overhead, process complexity 
Stability No impact on SER No impact on SER, high voltage stress No impact on SER 
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bit line is shared across different cache lines. Normally, bit lines have to be precharged and ready for the word line 
access. Since the bit lines are floating for this technique, an extra precharge cycle is required whenever a new 
subarray is accessed. This would mean that modification in the pipeline is inevitable for handling the multiple hit 
times [12,20]. 
 
The negative word line scheme [14] has been proposed to cut off the sub-threshold leakage through the access 
transistors. However, the designer has to resolve issues such as the increase in gate leakage and higher voltage stress 
in the access transistors by using a lower voltage in cells and bit lines. Although this technique has no impact on 
performance or SER, there is a dynamic power overhead for generating the negative voltage [7]. 
 
2.3  Device Optimization For Forward Body-Biasing 
 
Previous low-leakage SRAM cell techniques start with a given device and try to utilize circuit and architectural 
means to minimize the performance loss associated with the additional circuitry. The main difference of our 
proposed scheme compared to others is that we also consider the device level optimization into the low-leakage 
SRAM cache design. The FBSRAM technique that we propose lowers the active leakage using super high Vt 
devices, i.e., utilizing channel doping techniques or work function engineering. To obtain fast read and write 
operation, the NMOS transistors in the selected subarray are dynamically switched from ZBB to FBB. Next, we will 
explain the various leakage components in a nanometer regime MOSFET and discuss how collaboration between 
device engineering and FBB can effectively lower active leakage and achieve high drive current. 
 

2.3.1  Nanoscale Leakage Mechanisms   
 
We first describe the five short channel leakage mechanisms illustrated in Figure 2. Currents I1, I2, I3, and I4 
constitute the drain leakage while I5 is the gate leakage component. I1 is the sub-threshold leakage, which occurs 
when gate voltage is below Vt. Weak inversion conduction typically dominates modern device IOFF due to the 
aggressively scaled Vt. I2 is due to the high field effect in the drain-gate overlap region, referred to as the gate 
induced drain leakage (GIDL). The narrowing of depletion layer at or near the surface causes increase in the local 
electric field, and thereby enhancing the high field effects [15,16]. I3 is the reverse biased p-n junction leakage due 
to (1) the minority carrier diffusion/drift near the edge of the depletion region and (2) the electron-hole pair 
generation in the depletion region. High electric field ( > 106 V/cm) across the p-n junction also causes significant 
JBTBT of electrons from the valence band of the p-region to the conduction band of the n-region. The higher 
doping levels due to well doping or halo implant near the channel edges causes larger JBTBT, which makes it more 
challenging to suppress the short channel effect as technology scales [16].  In short channel devices, due to the 
proximity of the drain and the source, the depletion regions at the drain-substrate and source-substrate junctions 
extend into the channel. An increase in the reverse bias across the junctions (with increase in Vds) leads to the 
merging of the depletion regions, causing punchthrough (I4). Gate direct tunneling current I5 is due to the tunneling 
of electron (or hole) from the bulk silicon through the oxide potential barrier into the gate. 
 
In this report, we will divide the various leakage components into three categories; (1) sub-threshold leakage I1, (2) 
direct tunneling gate leakage I5, and (3) JBTBT currents I2+I3 through the drain-well junction. 
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2.3.2  Device Optimization   
2.3.2.1  Super-halo 2-D Doping Profile 
 
A 50 nm effective channel length (LEFF) device based upon the super-halo discussion by Y. Taur et al., has been 
incorporated for the MEDICI simulations [16,17]. The dimensions and doping profile of the device are shown in 
Figure 3. The nominal NMOS device has a physical oxide thickness (tox) of 1.5 nm and a Vt of 270 mV. Super-halo 
uses a non-uniform p+ doping in the source-body and drain-body boundaries to reduce the source-drain depletion 
width, and effectively suppresses the body punchthrough [16]. Vt roll off and DIBL are also controlled by the 2-D 
halo doping profile. Both the p+ halo and the n+ source/drain doping regions are modeled as 2-D Gaussian 
functions. The device profile is mirror symmetric about the vertical line x = 0 in Figure 3.  
 
Vt of a super-halo device can be effectively changed by adjusting the halo doping concentration or varying the halo 
implant location or angle [18b]. Changing the background channel doping is less effective because (1) Vt is less 
sensitive to channel doping, (2) DIBL and punchthrough cannot be suppressed as effectively, and (3) the impact on 
drive current is more severe [19]. Other general means to raise the device Vt is to have a thicker physical tox or a 
longer channel length. However, the former will worsen the short channel effect and the latter will increase the load 
capacitance and area of the FBSRAM. 
 
2.3.2.2  Super High Vt Device Design  
 
A new super high Vt (Vt = 350 mV) doping profile for the FBSRAM is generated by raising the peak halo doping 
concentration of the nominal Vt device. One of the concerns with increasing the peak halo doping is the exponential 
increase in JBTBT current. As the depletion width gets narrower with higher doping levels, the field across the p-n 
junction becomes higher, causing more number of electrons to tunnel through the drain-body junction. We were 
able to generate a super high Vt device that gives equivalent leakage savings as prior art [6,7,8,9] while keeping the 
JBTBT current to be less than 3 percent of the total leakage consumption.  

 
 
 

 
 

Figure 2.  Leakage current mechanisms of a nanometer regime MOSFET 
(Vgate=Vsource=Vwell=0, Vdrain= VDD). The shaded p+ region indicates 
the area with halo doping. 
 

 
Figure 3.  Dimensions and doping profile of the 50nm LEFF device. (VDD

=1.0V, T=110˚C) 
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Figure 4 shows the drain current of the super high Vt device compared to the nominal Vt device. Under ZBB, 
device IOFF of the super high Vt device is reduced by 4X offering a low standby leakage. By applying a 500 mV 
FBB to the super high Vt device, ION is improved by 17 percent, offering a three percent higher drive current 
compared to the nominal Vt device. The total leakage of a 6TSRAM cell shown in Figure 5 indicates that the 
reduction is mainly due to the improvement in sub-threshold leakage dominating the IOFF in high temperatures.  
 
2.3.2.3  Scaling Trends 
 
As mentioned in section 2.3.2.2, the super high Vt device accomplished by raising the halo doping concentration 
has a higher JBTBT leakage (Figure 5, top). This will become more evident in future process generations as the halo 
concentration needs to increase to suppress the worsening Vt roll off and DIBL. Raising the halo on top of the 
increased doping levels causes the JBTBT leakage to become unacceptable in sub-25 nm (Figure 5, bottom). In 
technologies where one cannot afford a higher halo doping, a super high Vt device can be built using a gate material 
with a higher flat band voltage [19]. Figure 6 shows that a super high Vt device can be built without impacting the 
JBTBT leakage by engineering the work function of the gate material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  NMOS drain current with and without forward body-biasing
for a nominal Vt device (Vt_nom=270mV) and a super high Vt device 
(Vt_high=350mV).  

Figure 5.  SRAM cell leakage of nominal Vt device and super high Vt 
device. The super high Vt device is generated using channel engineering.
 

 
Figure 6.  SRAM cell leakage of nominal Vt device and super high Vt 
device. The super high Vt device is generated using work function 
engineering. 
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2.4 FBSRAM Instruction Cache Design 

2.4.1  Subarray-by-subarray Leakage Control Scheme   
Figure 7 shows the circuit diagram of a 32bx32b FBSRAM subarray with body-bias drivers M1-M3. Each subarray 
has a subarray select signal (SUBSL) which is generated by the row decoder circuit. When a subarray is selected for 
access, the SUBSL signal goes high and M1 and M2 are turned on. This switches the NMOS body-bias (VPWELL) to 
a 0.5V FBB and increases the drive current for fast read/write operation. On the other hand, if a subarray is not 
accessed, the SUBSL signal stays low and a ZBB is applied to the super high Vt devices via M3. This substantially 
reduces the total IOFF during the inactive periods. The 0.5V FBB voltage can be generated by a high-efficiency DC-
DC converter and is routed throughout the SRAM array using a mesh to reduce the voltage fluctuation. Triple well 
technology is required for n-well processes to isolate the NMOS body of a particular subarray from its neighbors. 
The VPWELL line can be routed using an upper layer metal, so the only area overhead comes from the boundary of 
each subarray where design rule requires an area margin for well isolation. This area overhead, however, is 
significantly less than previous row-by-row body-biasing techniques where each cache line is isolated from the 
adjacent ones [10b,11b]. Triple well is not a requirement in case a p-well process is available. Noise through the 
substrate junctions while switching the body bias must be carefully considered when implementing the FBSRAM. 
 

 
Switching between FBB and ZBB requires additional transition delay and energy. Four NMOS transistors residing 
on the p-well in each SRAM cell yield six drain-body capacitances and four gate-body capacitances to charge and 
discharge in every body transition event. The p-well resistance (RSUB) and the bottom capacitance (CTUB) between 
the p-well and the underlying deep n-well (or n-substrate) also have impact on the body-bias transition time. To 
estimate the body transition delay considering the parasitics, we ran HSPICE simulations assuming an RSUB of 13 
ohm·cm and using a CTUB value based on the following equation for deriving the junction capacitance of a p-n 
diode.  

da

da

PWELLbi

s
TUB NN

NN
VV

qC
+−

=
)(2

ε
               (1) 

 
 
Since the source and drain junction capacitances are already included in BSIM4 device models, we only need to 
attach external components of RSUB and CTUB. q  is the charge of an electron, sε is the permittivity of the 

semiconductor, biV  is the built-in voltage, PWELLV  is the NMOS body voltage, aN  is the p-doping, and dN  is the 
n-doping. Figure 8 shows the waveforms of SUBSL and VPWELL for estimated CTUB values. Note that results are also 
shown under a pessimistic condition with 10X higher CTUB. As shown in the figure, there is a large delay for the 
VPWELL to reach a 500mV FBB after the SUBSL goes high. It is unacceptable to pay this delay overhead every time 

 
Figure 7.  32b x 32b FBSRAM subarray with body-bias drivers. 
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a ZBB to FBB transition is required. The following discussions in section 2.4.2 and 2.4.3 show how the transition 
latency and energy overhead can be alleviated in the proposed FBSRAM architecture. 

 

 
2.4.2  Transition Latency Hiding  
 
SUBSL signal in Figure 7 triggers the ZBB to FBB transition. Figure 9 shows the row decoder circuit that generates 
the SUBSL signal even before the word line signal arrives at the cells. The decoder has three predecoder blocks P1, 
P2, P3 for the 3 groups of address inputs A0-A2, A3-A4, and A5-A7. The output of predecoder block P1 is gated by 
the predecoder clock, ΦPRE. This clock signal makes the word line signals to operate in a precharge-evaluate fashion 
so that all the word lines will stay at low while the bit lines are in the precharge cycle. Output of predecoder block 
P3 is used to determine which 32b x 32b FBSRAM subarray is selected. For any given address input, only one of 
the outputs from P3 is high.  
 
The timing diagram in Figure 10 illustrates the operation of the FBSRAM. VPWELL transition is triggered by the 
SUBSL signal. The SUBSL signal is generated as soon as the address bits arrive at the row decoder block. ΦPRE is 
asserted after the address bits arrive so that the previous cycle data will not ripple through the decoders and result in 
a false evaluation. We exploit the difference in arrival time between the address bits A0-A7 and ΦPRE for the body-
bias transition to complete. We also complete the body transition operation and decoding operation in parallel, so 
that there is a minimal increase in access time due to the body-bias transition. 

 
Figure 9.  Row decoder circuit generates SUBSL signal which activates the 
selected subarray ahead of time.  

Figure 8.  ZBB to FBB transition of NMOS body voltage (VPWELL) for 
estimated CTUB values. 
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2.4.3  Transition Energy Reduction   
 
The SUBSL signal in Figure 9 is generated from the most significant bits (MSB) A5-A7, and thus it will not toggle 
unless these three bits change. Although hiding the transition latency as explained in section 2.4.2 enables an early 
body-bias transition, the transition energy remains unchanged.  However, observation of the cache access pattern 
reveals that the number of body-bias transitions is significantly less than the worst case.  When data is first brought 
into a cache, it experiences a burst of accesses.  After the flurry of accesses, there is a considerably long period of 
time between the last access and the point when the data is replaced, referred to as the “dead period” [20].  This 
implies that there is (1) a high probability that a subarray in access will be accessed again in the next cycle and that 
(2) a subarray in sleep mode is more likely to stay in sleep mode throughout the dead period. This behavior is often 
referred to as the locality of reference in a cache and can be visualized in Figure 11. We used the SimpleScalar-3.0 
toolset to extract the architectural behavior of an out-of-order processor with a 32 KB, 4-way L1 instruction cache. 
We ran 500 million instructions after skipping the initial 500 million to extract the architectural behavior of the 
actual benchmark application that we are interested in. Results show that the average percentage of accesses hitting 
the same subarray in the consecutive cycle is 93 percent for SPEC2000 benchmark applications. The ZBB to FBB 
transition happens in only seven percent (100 percent minus 93 percent) of the total accesses, and thus the energy 
overhead of the proposed FBSRAM cache is considerably low. 

 
Figure. 10.  VPWELL is switched from ZBB to FBB before the word line (WL) 
signal arrives at the cells. This hides the transition latency overhead 
associated with body-bias transition. 



 

11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Percentage of hitting the same subarray in consecutive cycles for SPEC2000 benchmark applications (32 KB, 4 way, L1 instruction 
cache). Access to a different subarray happens in only seven percent of total accesses.  
 
2.5  Simulation Results 

 
Total leakage power savings, performance impact and static noise margin (SNM) of the proposed FBSRAM was 
derived through extensive MEDICI and HSPICE simulations. Despite the long simulation time and limited number 
of devices that can be included, device simulators such as MEDICI provide detailed information on the various 
leakage components. This helps understand the leakage power components in deep submicron circuits. For SNM 
calculations, we have used HSPICE instead of MEDICI due to convergence problems in the device simulator, and 
because of the fact that SNM is governed by the device ION. All MEDICI simulations use an LEFF of 50nm, a supply 
voltage of 1.0V and threshold voltages of 270mV (nominal device) and 350 mV (super high Vt device). BPTM 
70 nm technology with the same supply and threshold voltage was used for the HSPICE simulations. The L1 
instruction cache for comparison has the same geometry as the one given in section 2.4.3 (32 KB, 4-way, 32b x 32b 
subarray).  

 
We have compared the proposed FBSRAM technique with both conventional and SBSRAM. The reason why we 
selected the SBSRAM for comparison is because it has already been proven through silicon measurements to 
effectively reduce leakage with minimal impact on performance [9]. Figure 12 compares the leakage power 
dissipation of the three SRAM configurations. Devices for the conventional and SBSRAM have a nominal Vt of 
270 mV. We used a source biasing voltage of 0.2 V during inactive mode, which gives equivalent leakage savings 
as the FBSRAM utilizing super high Vt devices. By raising the source line voltage from 0 V to 0.2 V, the SBSRAM 
was able to reduce the total leakage power by 64 percent including the dynamic power overhead. The overhead 
dynamic power and the leakage from the selected SRAM cells account for eight percent of the total leakage power. 
The FBSRAM achieves iso-leakage savings as the SBSRAM by applying ZBB to the unselected portion of the 
cache. 

 
Under iso-leakage conditions, bit line delays of the SBSRAM and FBSRAM are compared, together with the 
conventional scheme. We define the bit line delay to be the time for the differential voltage between the bit lines to 
reach 100 mV. Figure 13 shows that the bit line delays of both the FBSRAM and SBSRAM are larger than the 
conventional SRAM cell. The reason for the longer delay in the SBSRAM is the extra series NMOS device in the 
pull down path which aggravates the drive current. The larger bit line capacitance compared to conventional due to 
the increased junction capacitance is the main reason for the performance loss in FBSRAM. We have shown in 
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Figure 3 that the drive current of a super high Vt device with FBB is three percent higher than a nominal Vt device 
with ZBB. However, the junction capacitance of the super high Vt device is larger due to the FBB and increased 
halo doping. This results in a larger bit line capacitance and hence the bit line delay of the FBSRAM is 10.1 percent 
(138 ps→152 ps) slower than the conventional cell. However, if we compare the bit line delays of the two low-
leakage SRAM schemes, FBSRAM (152 ps) turned out to be faster than the SBSRAM (164 ps) by 7.3 percent. The 
bit line delay of the SBSRAM can be improved by increasing the width of the sleep transistor. However, this will 
impact the leakage savings, increase the transition energy overhead, and worsen the impact of the sleep transistor on 
SRAM cache area [6].  
 

 
SNM of an SRAM cell is defined by Seevinck [21] as the minimum dc noise voltage necessary to change the state 
of a cell. Seevinck et al. shows that the SNM is dependent on the magnitude of Vt, VDD, and the ratios of β ’s 
(transconductance factor) of MA, MN and MP in Figure 7. Static transfer characteristic of the proposed FBSRAM is 
simulated using HSPICE and is shown in Figure 14. The SNM can be visualized as the maximum width of the 
enclosed square in the superimposed voltage transfer curves of V(Q) and V(QB).  
 
SNM of the three different SRAM schemes during read operation and standby mode are shown in Table 2. We have 
developed a software that automatically simulates a given SRAM cell circuit and extracts the SNM value from the 
voltage transfer curves. Results show that the SBSRAM has 52 percent higher SNM during read mode than a 
conventional cell. This is because the stacking effect due to the bottom transistor causes the effective Vt of the cell 
transistors to become higher in the SBSRAM. The higher Vt in the SRAM cell makes it more difficult for the access 
transistors to destroy the data, which translates into a higher SNM. For the FBSRAM, having a super high Vt device 
to start with, gives 17 percent increase in SNM compared to conventional during standby mode. As we forward 
body-bias these super high Vt device, the Vt is effectively lowered and the SNM improvement drops to six percent. 
Overall, SNM of the proposed FBSRAM is comparable to conventional.  

 
Figure. 12.  Leakage power and dynamic power overhead of 3 SRAM 
schemes (50nm LEFF, VDD =1.0V, T=110˚C). 

 
Fig.ure 13.  Differential voltage (=VBL-VBLB) of FBSRAM compared to 
conventional and SBSRAM (50nm LEFF, VDD =1.0V, T=110˚C). 
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As device scaling continues into the sub-90nm regime, the ultra-thin oxide to control the short channel effect has 
caused the gate direct tunneling leakage to become a major leakage component. Although the proposed forward 
body-biasing technique does not reduce the gate leakage component, optimizing the super high Vt device using a 
thicker tox can reduce both sub-threshold and gate leakage. Joint optimization between device, circuit, and 
architecture for gate leakage dominated technologies can be a future research topic.  
 
2.6  Conclusion 
 
Previous low-leakage SRAM architectures have inherent limitations due to either delay overhead, limited 
effectiveness in reducing leakage, multiple cache hit times, or impact on cell stability. Even state-of-the-art low-
leakage SRAM cell techniques such as the source biasing scheme has issues such as large performance penalty and 
degradation in SER.  
 
This section starts from a simple initiative of utilizing super high Vt devices for low-leakage and forward body-
biasing them for high performance. We have looked at different levels of the design (device, circuit, and 
architecture) to effectively reduce leakage power and still achieve high performance. At the device level, the super 
high Vt doping profile was optimized to improve the DIBL and Vt roll-off while suppressing the JBTBT leakage 
component. Transition latency associated with FBB was hidden by modifying the decoder circuit to give an early 
notice to the subarray that is to be accessed. At the architectural level, the general cache access pattern is exploited 
to lower the body-bias transition energy. As a result, the combined device-circuit-architecture level techniques 
achieve 64 percent total leakage reduction (overhead included) and 7.3 percent improved bit line delay over prior art 
with no impact on cell stability. 

 
 

TABLE  2 
STATIC NOISE MARGIN OF DIFFERENT SRAM SCHEMES (50NM, VDD=1.0V) 

 
 Conventional SBSRAM FBSRAM 

SNM (read) 104mV 158mV 110mV 

SNM (standby) 277mV 266mV 324mV 
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3. LOW LEAKAGE SOURCE-BIASED CACHE 
 
3.1 Introduction 
 
For an active leakage reduction scheme to be profitable, the overhead energy for activation or deactivation must be 
considerably smaller than the amount of leakage that can be saved by the technique. As the leakage distribution gets wider 
with technology scaling, circuit designers need to guarantee that the overhead energy is still smaller than the amount of 
leakage that can be reduced. Aggravating parameter fluctuations with device scaling has resulted in a 100X or more 
variation in device leakage. This is shown in Figure 14 for a 180 nm CMOS technology where channel length or doping 
density variations result in a considerable dispersion in Ion (transistor on current) and Ioff (transistor off current). 
Effectiveness of an active leakage reduction technique will change significantly due to the large leakage variation and 
relatively constant dynamic overhead energy.  
 

 
Figure 14. Device Ion, Ioff measurements in 150 nm CMOS technology. More than 100X difference in device leakage is observed due to worsening 
intrinsic parameter fluctuations. 
 
This section describes a low-leakage source-biased SRAM and an efficient way to utilize this technique under severe 
leakage variations by exploiting the architectural behavior of a cache. Unlike prior techniques where SRAM blocks are 
unconditionally turned off after the access, the proposed technique has a self-decay based sleep pulse generator that tracks 
the Process, Voltage and Temperature (PVT) fluctuations and determines how often the SRAM blocks should enter a sleep 
mode for optimal power savings. Using the proposed scheme, SRAM blocks are more aggressively put into a low leakage 
mode under high leakage conditions and less aggressively under low leakage conditions. Simulation results show that the 
proposed scheme offers 27 percent lower leakage power (overhead included) compared to the prior art. A 16 kB SRAM test 
chip has been fabricated and tested in a 0.18 μm 6M CMOS technology to validate the effectiveness of the proposed 
technique. 94.2 percent cell leakage reduction with a 2 percent performance penalty was achieved for the 3.2mmx2.9mm 
die. Experimental results also show 25 percent improvement in read static noise margin (SNM) for our proposed SRAM 
cell. 
 
3.2 Self-Decay Based Active Leakage Reduction For SRAM Caches 
 
Figure 15(a) shows the source-biased gated-ground SRAM cell where the virtual ground voltage (VGND) is raised during 
sleep mode to generate a negative gate-to-source voltage in the access transistors, reducing the bit line leakage by orders of 
magnitude [39]-[7]. Reduced Drain Induced Barrier Lowering (DIBL) and the body effect raise the Vt of the cell transistors 
and lower the sub-threshold leakage. Raising VGND has the similar effect as reducing the supply voltage so the gate 
tunneling leakage also reduces because of the lower voltage stress across the device terminals [40]. An extra NMOS sleep 
transistor has to be inserted in the pulldown path in order to cutoff the source line from the actual ground during sleep 
mode. The source-biased SRAM technique requires additional error correction coding circuits to handle the increased soft 
error rate due to the smaller signal charge [9]. Charging/discharging the VGND of an SRAM block and switching in the 
extra control circuits requires additional overhead energy. To achieve positive leakage savings, the dynamic overhead 
energy must be kept low. Architectural access pattern of caches reveals that a simple circuit technique can significantly 
lower the overhead energy by reducing the number of VGND transitions [37]. When data is first brought into an L1 cache, 
it experiences a burst of accesses. After this live period, follows a considerably long dead period where the particular cache 
line is not accessed and the data is replaced. Conventional techniques that immediately turn off cache blocks after they are 
accessed cause the number of sleep and wake-up procedures to increase during the flurry of accesses to the “hot” cache 
blocks [39]-[7]. Our proposed technique in Figure 2(b) activates the SRAM block immediately upon access, which is 
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similar to conventional techniques. However, when it comes to turning off the cache blocks, our proposed technique 
periodically sends the cache blocks to sleep so that a once activated cache block is kept in active mode until the next sleep 
pulse arrives. Since the VGND of a cache block stays at 0 V after the access, the flurry of soon-after accesses will not 
require a VGND transition. In this way, unnecessary wake-up transitions can be avoided during the live period, while the 
majority of the cache blocks in the dead period can be kept in sleep mode. The periodic sleep pulse is generated from a self-
timed sleep pulse generator circuit.  

 
Figure 15. (a) Source-biased gated-ground SRAM cell for leakage reduction. (b) Proposed active leakage reduction scheme which periodically shuts off 
SRAM using a sleep pulse. (c) Proposed self-decay circuit that adaptively changes the interval between sleep pulses for optimal leakage savings under 
varying leakage conditions. 

 

For best tradeoff between leakage savings and overhead energy under severe leakage variations, TDECAY (interval between 
the sleep pulses) needs to be determined adaptively. At low leakage conditions (slow process, low temperature), it is 
optimal to have a long TDECAY that will seldom turn off the SRAM. This reduces the dynamic energy overhead which is 
large compared to the relatively small leakage savings. On the other hand, the block must enter the sleep mode more 
frequent at high leakage conditions (fast process, high temperature) since the amount of leakage the can be saved becomes 
larger than the overhead energy. We propose a sleep signal generator based on a self-decay circuit that is capable of 
tracking the process and temperature fluctuations during run-time, providing a near-optimal TDECAY under varying leakage 
conditions. The self-decay circuit in Figure 15(c) operates as follows. When VDECAY drops to the reference level VREF, the 
comparator output is sampled by the system clock (CLK). The SLEEP signal synchronized with the clock, is fed back to 
charge VDECAY and the same procedure is repeated. Since the decay rate is determined by the leakage of M2 in Figure 15(c), 
TDECAY becomes shorter at high leakage conditions and vice versa. The SRAM block is activated (VGND = 0) immediately 
upon access and is deactivated (VGND > 0) by the periodic SLEEP pulse. This action significantly reduces the number of 
unnecessary VGND transitions without sacrificing the leakage savings. Transistor M2 is biased in sub-threshold region by 
having VBIAS smaller than device Vt. The precharged VDECAY drops due to the M2 leakage, and once it reaches the reference 
level VREF, the comparator output is flagged and sampled by the system clock (CLK). The output of the comparator is the 
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SLEEP pulse signal that sends the entire SRAM array to a sleep mode. Once the clock-synchronized SLEEP pulse is fired, 
it is fed back to precharge VDECAY via M1 and the same procedure is repeated. Since the decay rate is determined by the 
leakage of M2 in Figure 2(c), TDECAY becomes shorter at high leakage conditions and vice versa.  
 
Figure 16 shows organization of a 16 KB SRAM for active leakage reduction based on the self-decay scheme. The SRAM 
is divided into 64 blocks, each having 4 by 512 cells. VGND of each SRAM block is separated for independent control and 
the sleep transistors are shared among the SRAM cells for dense layout. Issues of current crowding and ground bounce are 
resolved by having the sleep transistors distributed across the SRAM block. When the block enters sleep mode, VGND is 
raised to VSB via device MP1 (Figure 16). Since entering sleep mode is not time critical, MP1 is sized to be 6 percent of the 
total sleep transistor width and is physically placed inside the row decoder block. This ensures that the peak current for 
turning off the entire SRAM is low. The crossed-coupled inverters in Figure 3 preserve the previous state for 

SELBLOCK_ =Vdd and SLEEP=0, maintaining a once activated SRAM block in active mode. For entering sleep mode, a 
self-decay circuit depicted in Figure 15(c) generates a sleep pulse which periodically deactivates the entire SRAM except 
for the block that is being accessed. G1 in Figure 16, masks SLEEP when SELBLOCK_ =0 so the accessed block remains in 
active mode regardless of the sleep pulse. The SRAM block is activated ahead of time using the predecoder signals, and 
thus the only delay penalty comes from the bounce in VGND (<50mV) during the read operation which affects the read 
access time by less than 2 percent (Figure 20).  

 
Figure 16. Organization of 16KB SRAM with self-decay circuit. Sleep transistors are distributed across the SRAM block to avoid current crowding or 
ground bounce issues. 
 
Figure 17 shows decay period (TDECAY) versus total leakage savings (overhead included) for a 64 KB L1 instruction cache 
at slow (+3σ Vt) and fast (-3σ Vt) process corners. SimpleScalar-3.0 [41] was used to run SPEC2000 benchmark 
applications for the cache access pattern and a predictive 70 nm technology [42] was used for the circuit parameters. Since 
the slow corner leakage is less than 1/10 of fast corner leakage, it is optimal to have a long TDECAY (>400 cycles) that will 
seldom turn off the SRAM. The relatively large dynamic overhead energy will not be wasted for the small leakage savings. 
For maximum leakage savings in the fast corner dies however, the block must enter the sleep mode more frequently by 
having a shorter TDECAY (~60 cycles) since the overhead power is relatively small compared to the leakage power. 
Depending on the amount of leakage with respect to the dynamic power overhead, there is a large difference in TDECAY for 
maximum leakage savings. The designed self-decay circuit in Figure 15(c) is capable of tracking the process and 
temperature fluctuations during run-time to provide a near-optimal TDECAY under varying conditions. To compare the 
effectiveness of the proposed self-decay scheme with prior-art, statistical studies were carried out based on measured 
leakage data, i.e., the spread of the original leakage distribution in Figure 18 is from experiment data. Again, the cache 
access pattern was acquired from SPEC2000 benchmark applications and the overhead energy and leakage in the active 
portion of the cache is also considered. A fixed decay scheme [37] whose decay period is optimized for high leakage 
conditions shows 52 percent reduction in average leakage. The proposed self-decay circuit that automatically tracks the 
near-optimal TDECAY offers 27 percent lower leakage power (overhead included) compared to a fixed decay scheme.  
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       (a) slow corner                             (b) fast corner 

Figure 17. Relationship between decay period and leakage energy (overhead included) for (a) slow and (b) fast corner dies. Optimal TDECAY for maximum 
leakage reduction depends on process corner.  SimpleScalar-3.0 [20] was used to run SPEC2000 benchmark applications for the cache access pattern and 
predictive 70nm technology [21] was used for the circuit parameters. 
 

 
Figure 18. Statistical leakage reduction (overhead included) of proposed self-decay scheme compared to conventional and fixed decay scheme. Proposed 
self-decay scheme offers 27 percent lower leakage power compared to previous fixed decay scheme. 
 
 
3.3 Experimental Results 
 
A 16 KB SRAM testchip with the proposed self-decay scheme was fabricated in a 0.18 μm, 1.8 V, 6-metal CMOS 
technology. The threshold voltages of NMOS and PMOS were 0.53V and -0.53V, respectively. A microphotograph of the 
6.94 mm2 testchip is shown in Figure 19. A conventional 8 KB SRAM array without sleep transistors was also 
implemented to compare the SRAM access time. The read access cycle of the testchip was 984 MHz at 1.8 V (Figure 20) 
and the performance penalty of the proposed SRAM with sleep transistors was measured to be less than 2 percent. The 
active power consumption was 0.14 mW/MHz and the area overhead for the sleep transistors, self-decay circuit and 
additional peripheral circuits was 6 percent of total SRAM area. In order to accurately measure the reduction in SRAM 
leakage, a separate 16 KB array with probe pads was built (Figure 21). SRAM leakage components under different bias 
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conditions were measured from the array using a semiconductor parameter analyzer. Figure 22 shows the measured leakage 
data at 1.8 V and 45˚ C while sweeping VGND from 0 V to 1.2 V. Bitline leakage is virtually zero for a VGND higher than 
0.2 V leaving just the cell leakage and the junction leakage (N-well-substrate, drain-body). Leakage savings becomes 
moderate for VGND above 0.9 V since the reduction in cell leakage levels off and junction leakage becomes a significant 
portion. The measured leakage current of the 16 KB SRAM at VGND = 0.9 V was 0.42 µA. This is only 5.8 percent 
compared to the conventional SRAM leakage. Leakage components illustrated in Figure 23 shows that both bitline and cell 
leakage are significantly reduced by raising VGND. This technique is also effective in reducing gate tunneling leakage 
since the voltage stress in each device is lowered. TDECAY was measured from the fabricated self-decay circuit at different 
temperatures and the results are shown in Figure 24. An external VREF of 0.9 V and VBIAS of 0.2 V were applied (Figure 
15(c)). The dynamic range of TDECAY was 7.6X as the temperature is changed from 20˚ C (TDECAY = 8.24 µs) to 75˚ C 
(TDECAY = 1.25 µs). As leakage gets higher with temperature, TDECAY is reduced which in turn makes the SRAM enter the 
sleep state more frequently. Vice versa, the longer TDECAY at low temperatures reduces the number of transitions between 
active and sleep mode. VBIAS and VREF in Figure 15(c) can be changed to get a desired reference TDECAY.  
 

       
 

Figure 19. Chip microphotograph and details of the 16KB SRAM testchip with self-decay based leakage reduction scheme. 
 

 
Figure 20.  Measured 16 KB SRAM frequency versus Vdd with and without sleep transistor.  Performance penalty due to the sleep transistor is less than 
two percent. 
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Figure 21. 16 KB SRAM array for leakage measurements. Connecting each terminal of SRAM cells together yields larger leakage current levels for 
effective probe measurements. 
 
 
 

 
Figure 22. Leakage components versus virtual ground voltage (VGND) of 16 KB SRAM measured at 1.8 V and 45˚ C. Total leakage reaches minimum 
for VGND > 0.9 V. 
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Figure 23. Leakage reduction of 16 KB SRAM measured at 1.8 V, 45˚ C. 94.2 percent SRAM cell leakage reduction is achieved using the proposed 
source-biased SRAM cell technique. 
 

 
Figure 24. Self-decay period measured at different temperatures. As leakage gets higher with temperature, the decay period becomes shorter, cutting off 
the SRAM leakage more aggressively. 
 
As supply voltage scales and process variation get worse, maintaining a reasonable SNM during read operation is one of the 
greatest technological challenges in high-density SRAM designs [43]. SNM of an SRAM cell is defined by Seevinck [21] 
as the minimum dc noise voltage necessary to change the state of a cell. The test circuit in Figure 25 was implemented in 
the testchip for studying the impact of sleep transistor on SNM. The sleep transistor width can be changed from 0.05WN to 
7.55WN using digital control signals IN0-IN4. The measurement results in Figure 26 show that interestingly, the read SNM 
improves with a sleep transistor. For GSIZE of 1.0 that gives two percent performance penalty in the designed 16 KB SRAM, 
the improvement in read SNM was 25 percent. Here, GSIZE indicates the size of the sleep transistor normalized to the size of 
the NMOS driver in the 6T SRAM cell. To understand this counter-intuitive observation better, voltage transfer curves and 
VGND of a 6T SRAM cell with and without a sleep transistor is shown in Figure 27. The SNM can be visualized as the 
maximum width of the enclosed square in the superimposed voltage transfer curves of VQ and VQB. When a sleep transistor 
is used, VGND rises at the right end of the figure (VQ = 1.8 V) causing VQB to rise (denoted in (A) in Figure 27 which has a 
degrading effect on read SNM. However, the rise in VGND at the center of the figure (VQ = 0.8 V) makes it harder for the 
SRAM to flip since the source voltage of the NMOS driver transistor also rises. This results in an increase in DC gain 
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(denoted in (B) in Figure 27) opening the transfer curve window and improving the overall read SNM by 25 percent. The 
reason why the effect of (B) prevails over (A) is because VGND always rises higher at the center (VQ~0.8V, VQB~1.8V) 
than at the right end (VQ~1.8V, VQB~0.2V) due to larger pull-up current. Finally, we verified the improvement in SNM for 
different SRAM cell structures to show that the principle holds general for different SRAM designs. Simulation results in 
Figure 28 show that for a predictive 70nm process, the improvement in SNM is 18-129mV depending on the beta ratios Q 
(βaccess/βPMOS) and R (βdriver/βaccess).  
 

 
 

 Figure 25. Test circuit with programmable sleep transistors for static noise margin measurements.  
 

 
Figure 26. Static noise margin versus sleep transistor size measured at 1.8 V and room temperature. 

Sleep transistors for leakage reduction offers 25 percent higher SRAM read stability. 
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Figure 27. Measured SRAM butterfly curves and virtual ground voltage with and without sleep transistor (GSIZE=1.0). VGND is highest at the center, 

increasing the DC gain (effect (B)) and improving SRAM cell static noise margin. 
 
 

 
(a)       (b) 

 
Figure 28. (a) Static noise margin with and without sleep transistor for different SRAM sizing.  

(b) Improvement in SNM ranges from 18 to 129 mV (70 nm, Vdd = 1.0 V, RT, Vtn = 0.29 V, Vtp = -0.31 V). 
 
To further investigate how the rise in VGND affects SNM, we compare the proposed SRAM having sleep transistors with 
the case where the VGND is fixed to a positive voltage (0.16 V and 0.08 V). 0.16 V corresponds to the maximum VGND at 
the center of Figure 27 and 0.08 V corresponds to the VGND at the right end of Figure 27. SNM of the conventional 
SRAM cell and proposed gated-ground SRAM cell are 215 mV and 261 mV, respectively. As the results in Figure 29 
indicate, a constant VGND of 0.16 V degrades the SNM (215 mV 195 mV) since the effect of (A) becomes larger due to 
the higher VGND at the right end of the transfer curve plot. SNM is also reduced (215 mV 201 mV) when VGND is 
0.08 V because the effect of (B) in Figure 27 is not as prominent as in the proposed SRAM. From these observations, we 
can conclude that the improvement in SNM attributes to the VGND profile in Figure 27 where (1) a peak value at the center 
increases effect (B), and (2) lower value at the right end suppresses effect (A).  
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          (a) 

 
       (b) 

 
Figure 29. (a) SRAM butterfly curves with and without a sleep transistor. (b) Comparison with constant virtual ground 
biases of 0.16 V and 0.08 V (70 nm, Vdd = 1.0 V, RT, Vtn = 0.29 V, Vtp = -0.31V). Static noise. 
 
 
3.4  Conclusion 
 
Reducing cache leakage in active mode is challenging because of the short time to control and the large dynamic power 
overhead required for the sleep and wake up process. The amount of leakage current that can saved varies by more than 
100X due to PVT fluctuations, while the dynamic power overhead for applying the technique does not change much with 
PVT variations. As leakage variation becomes worse with technology scaling, effectiveness of an active leakage reduction 
scheme heavily depends on the amount of leakage with respect to the dynamic power overhead. In this report, we have 
proposed a self-decay scheme that can track the leakage of an SRAM memory and generate a sleep pulse which puts the 
SRAM into a sleep mode at an optimal rate. For high leakage conditions, the period of the sleep pulse is shortened for 
aggressive leakage reduction whereas at low leakage conditions, the period is longer so that the large dynamic power 
overhead is not wasted for marginal savings in leakage. A 16 KB SRAM testchip with the proposed scheme has been 
fabricated in a 0.18 μm CMOS technology. Measurement results show 94.2 percent cell leakage reduction at a performance 
penalty and area overhead of two percent and six percent, respectively. Designing robust SRAM cells is another important 
challenge circuit designers face for low voltage operation. To avoid the SRAM cell data from flipping during read 
operation, SNM must be maximized while keeping the cell size minimum. In this work we have also discovered that 
counter-intuitively, the proposed source-biased gated-ground SRAM cell has 25 percent higher SNM compared to 
conventional SRAM cells.  

SNM (w/o sleep)=215mV 
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4.  CONCLUSION 
 
Previous low-leakage SRAM architectures faced inherent limitations. Problems they suffered included: (1) delay overhead, 
(2) reduced cell stability, (3) multiple cache hit times, and (4) insignificant leakage reduction.  Even state-of-the-art 
techniques such as source biasing still pay large performance penalties and see significant soft error rates (SER).   The 
present research addresses these problems using two general approachs: the forward body-biased low-leakage SRAM cache 
and the low-leakage source-biased cache. 
 
The forward body-biased low-leakage SRAM cache approach starts from the simple idea of using super high Vt devices for 
low-leakage.  Then we forward body-bias these devices to achieve high performance. We have endeavored to optimize the 
leakage/performance tradeoff at three different design levels: (1) device, (2) circuit and (3) architecture.  
 

(1) At the device level, the super high Vt doping profile was optimized to improve the DIBL and Vt roll-off while 
suppressing the JBTBT leakage component.  

 
(2) At the circuit level, transition latency associated with FBB was hidden by modifying the decoder circuit to give an 

early notice to the subarray that is to be accessed.  
 
(3)  At the architectural level, the general cache access pattern is exploited to lower the body-bias transition energy.  

 
These combined device-circuit-architecture techniques achieve 64 percent total leakage reduction (overhead included) and 
7.3 percent improved bit line delay over prior art for the forward body-biased low-leakage SRAM cache approach.  Cell 
stability is not impacted. 

 
The low-leakage source-biased cache approach addresses the challenges of reducing cache leakage in active mode.  Control 
times are short, and large dynamic power is required for the sleep and wake up processes. The amount of leakage current 
that can be saved varies by more than 100X due to fluctuations in Process, Voltage and Temperature (PVT).  Dynamic 
power for applying this technique, however, does not change much with PVT variations. Now with technology scaling, 
leakage variation becomes worse.  Consequently, any successful active leakage reduction scheme must take into 
consideration the amount of leakage saved versus the dynamic power consumed.   

We have proposed a self-decay scheme that can track the leakage of an SRAM memory and generate a sleep pulse which 
puts the SRAM into a sleep mode at an optimal rate. For high leakage conditions, the period of the sleep pulse is shortened 
for aggressive leakage reduction.  For at low leakage conditions, the period is longer so that the large dynamic power 
overhead is not wasted for marginal savings in leakage. A 16 KB SRAM testchip with the proposed scheme has been 
fabricated in a 0.18 μm CMOS technology. Measurement results show 94.2 percent cell leakage reduction at a performance 
penalty and area overhead of two percent and six percent, respectively.  

Designing robust SRAM cells is another important challenge circuit designers face for low voltage operation. To avoid the 
SRAM cell data from flipping during read operation, SNM must be maximized while keeping the cell size minimum. In 
this work we have also discovered that counter-intuitively, the proposed source-biased gated-ground SRAM cell has 25 
percent higher SNM compared to conventional SRAM cells.  
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LIST OF ACRONYMS AND ABBREVIATIONS 
ACRONYM DESCRIPTION 
6M CMOS Six-Metal Complementary Metal-Oxide-Semiconductor 

6T SRAM Six Transitor Static Random Access Memory 

BSIM4 An electronic design simulation tool 

CMOS Complementary Metal-Oxide-Semiconductor 

DIBL Drain Induced Barrier Lowering 

DVSRAM Dynamic VDD SRAM  

FBB Forward Body-Biased 

FBSRAM Forward Body-biased Static Random Access Memory 

GIDL Gate Induced Drain Leakage  

HSPICE An electronic design simulation tool 

HVB Hole tunneling from the Valence Band 

JBTBT Junction Band-To-Band Tunneling 
LEFF Effective channel Length 

MEDICI An electronic design simulation tool 

MOSFET Metal-Oxide-Semiconductor Field Effect Transistor 

MSB Most Significant Bit 

NMOS N-channel Metal-Oxide-Semiconductor 

PAC/C Power-Aware Computing and Communications 

PMOS P-channel Metal-Oxide-Semiconductor 

PVT Process, Voltage and Temperature 

RBB Reverse Body-Bias 

RC Resistor-Capacitor 

SBSRAM Source-Biased Static Random Access Memory 

SER Soft Error Rate 

SNM Static Noise Margin 

SoC System on Chip 

SPEC2000 A computer performance test suite 

SRAM Static Random Access Memory 

VLIW Very Long Instruction Word 

ZBB Zero Body-Bias 
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