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ABSTRACT 

As various portable systems get popular, the reduction of the power dissipation in LSIs is becoming more 

essential. The scaling down of both the supply voltage and threshold voltage is effective in reducing the power without a 

serious degradation of operating speed. The static leakage current, however, enlarges the power in the sleep period when 

the LSI is not operating. To avoid such undesirable leakage, two methods have been reported recently. One is the “multi-

threshold (MT) CMOS” which utilizes dual threshold voltages for both p- and n-channel transistors. This method, 

however, requires some means of holding the latched data in the sleep period which increases the design complexity and 

the chip area. The other is the “variable-threshold (VT) CMOS” which controls the back gate bias to increase the threshold 

voltage of transistors during the sleep period [3]. Although it holds the latched data, it requires a triple-well structure and 

an additional circuit to control the substrate bias. This work presents an in depth analysis of potential leakage paths, and 

yields several efficient MTCMOS flip flop implementations including a novel approach that utilizes a leakage feedback 

gate to enable state retention during standby modes in dynamic flip flops. 
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INTRODUCTION 

Scaling and power reduction trends in future technologies will cause subthreshold leakage currents to become an 

increasingly large component of total power dissipation. This paper presents several dual-threshold voltage techniques for 

reducing standby power dissipation while still maintaining high performance in static and dynamic combinational logic 

blocks. MTCMOS sleep transistor sizing issues are addressed, and a hierarchical sizing methodology based on mutual 

exclusive discharge patterns is presented. The multi-threshold CMOS (MT-CMOS) circuit (1) is an effective powering-

down scheme in the low supply voltage range, but it needs extra circuits for the data holding in the sleep mode, such as the 

Balloon Circuits (2) or the intermittent power supply scheme (3).  

In addition, these approaches need complex timing design of the control signals at the activehleep mode change, 

and inherently extra process steps for the implementation of the high Vt transistors. To overcome these problems, we 

propose the Virtual power/ground Rails Clamp (VRC) scheme which realizes both the off-leakage current reduction and 

the data holding in the sleep mode, with the extra elements of the two MOS transistors and the two diodes only. As the 

VRC scheme has one control signal for the active/sleep mode change and the data holding, there is no need for the timing 

design of the control signals. Moreover, the VRC scheme has no operation speed degradation as the MTCMOS 

configuration does.  

International Journal of Semiconductor 

Science & Technology (IJSST)  

ISSN 2250-1576 

Vol. 3, Issue 3, Aug 2013, 13-24 

© TJPRC Pvt. Ltd. 



14                                                                                                                      P. Sreenivasulu, Y. Amulya, K. Srinivasa Rao & A.Vinaya Babu 

The data holding circuits which use an Intermittent Power Supply (IPS) scheme are proposed for sub1V Multiple 

Threshold CMOS technology. This scheme can use low VT transistors without any increase of leakage currents. As a 

result, no extra data holding circuit and no degradation of Operating speed will be achieved. MT-CMOS technology is an 

effective method to achieve sub-1V high speed circuits. This can use low VT transistors without increase of off-leakage 

current. However, MT-CMOS circuits inherently can't hold the data during standby period. This is because the virtual 

power lines in MT-CMOS circuits are cut off from the power supply lines. The Balloon Circuits using an extra holding 

circuit were reported[2]. But this inevitably c a w s an intolerable area penalty and needs complicated control scheme to 

Ific timing of changing from active to standby mode.  

We adopted an IPS scheme which cuts off the virtual power lincs from the power supply and connects them 

intermittently during a standby penal. As a result, we rcali7A new data holding circuirs without increase of area and off-

leakage current. 

In these devices, the power supply voltage has to be reduced, because of their low source-drain breakdown 

voltage. Therefore, in these future devices, the threshold voltage will certainly be reduced because highspeed operation is 

also needed at a low power supply voltage. Although lowering the threshold voltage reduces the delay, at the same time, it 

also exponentially increases the standby leakage current due to the subthreshold characteristics. In recent mobile 

equipment, many power-down techniques have been introduced to reduce power consumption.  

In these techniques, the clock is slowed or stopped in order to lower the frequency of operation when the system is 

not in use. However, these techniques are not sufficient in low- LSI’s because power is wasted by the standby leakage 

current even if the circuit operation is stopped. Therefore, we have developed a multithreshold-voltage CMOS circuit 

(MTCMOS) technology [1] to lower threshold voltage and reduce standby leakage current by using a powerdown 

technique. This power-down technique uses high-MOS transistors to cut off leakage paths because of their low leakage 

current. In the sleep mode for power-down, however, data in the circuit is lost because the power supply for the logic 

circuits is cut off by these high- MOS transistors. The data in the circuit should be preserved during the sleep mode to 

guarantee continuous circuit operation. The conventional MTCMOS D-flip/flop (DFF) [1] has been proposed to solve this 

problem, but it creates a bottleneck during high-speed operation because high- MOS transistors are in its critical path for 

preserving data. 

 

Figure 1: MTCMOS Circuit Structure (Drives another MTCMOS Lock)  

with Input Buffer. Logic Block with an nMOS Sleep Transistor 
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ABC-MT-CMOS Circuit 

 

Figure 2: Concept of ABC-MT-CMOS 

For a Figure 2 shows the concept of ABC-MT-CMOS. This circuit requires two voltage sources, Vddl for the 

internal circuit and Vdd2 for the input/output (I/O) circuit. The internal circuit consists of transistors with lower threshold 

voltage than the switch transistors, Q1 and 42. We assume that the voltages of Vddl and Vdd2 are 1.OV and 3.3V, 

respectively. In the active period when the circuit is operating, Q1 and 42 turn on. The virtual voltage source lines, VVDD 

and VGND, become 1.OV and O.OV, respectively. Therefore, the internal circuit operates with low power dissipation by a 

1.OV supply. In the sleep period, Q1 and Q2 turn off, and at the same time, the voltage source switches to Vdd2. In this 

condition the potential of VVDD and VGND begin to rise by the leakage current that flows from Vdd2 to GND through 

the internal circuit. This rise stops when both the diode currents of diodes, D1 and D2, which are inserted between Vdd2 

and VVDD, and VGND and GND, respectively, become equal to the leakage current of the internal circuit. In Figure 2, 

because we assume that both D1 and D2 consist of two series diodes, the voltages of VVDD and VGND are around 2V 

and 1V, respectively. Then, the threshold voltage of every transistor in the internal circuit increases because their backgates 

are reversely biased by around 1V. 

Therefore, the leakage current of the internal circuit decreases. Because this circuit preserves all the levels of 

internal nodes, the latched data do not disappear. Figure 2 depicts a circuit diagram of ABC-MT-CMOS realizing the 

above functions. There are two additional p-channel transistors, Q3 and Q4, with high threshold voltages. The back gate 

node, BP, of the internal p channel transistors is connected to the node between Q3 and Q4. The sleep control signal, SL, 

switches between the active and sleep modes. When SL is low, the circuit is in the active state because 41-43 turn on and 

44 turns off. Both the voltages of VVDD and BP become 1.OV. When SL is high, the voltage of BP becomes 3.3V 

because Ql-Q3 turn off and only Q4 turns on. Therefore, the circuit changes to sleep mode as shown in Figure 2 Figure 3 

shows the simulated waveforms of the internal voltages and the leakage current. The horizontal axis indicates that 0-

2OOps and 800- lOOOys are active periods, and 200-8OOys is a sleep period. In the simulation we assumed the sizes of 

Q1 and 42 to be 2000pm and 1200pm, respectively, and that the internal circuit was constructed with 300 gates.  

We also assumed D1 and D2 to be high threshold transistors with their gates connected to their own drains. We 

used the simulation parameters of 0.35pm CMOS technology. The upper graph shows that the voltages of BP, VVDD and 

VGND are 3.3V, 2.4V and 0.9V, respectively, in the sleep period. Therefore, the backgate bias of every transistor in the 

internal circuit is -0.9V. The lower graph shows the leakage current of the internal circuit. Because the backgate is 

reversely biased, the leakage current in the sleep period decreases more than two orders of magnitude than in the active 

period. Thus the power dissipation is greatly reduced. 
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MTCMOS FLIP FLOP LEAKAGE PATHS 

The basic latch structure used in this flip flop is similar to that of the MTCMOS latch first presented in [2], where 

a helper high Vt inverter is used to preserve state during the standby mode.  

However, here low Vt devices are used throughout the critical path while high Vt devices are used in peripheral 

circuitry that simply holds state. By making passgate P2 high Vt, the performance of the master latch actually improves 

because during the transparent state, I1 would not have to fight against I5 through an off low Vt passgate. However, the 

drawback is that when CLK goes high, I5 and P2 need to be strong enough to correctly hold the state at node N2 because 

N2 and N1 might be driven to opposite rails.  

Other than this sizing condition, the active operation of this flip flop is straightforward. During the standby state, 

all leakage current paths are also eliminated to minimize power dissipation. 

One of the problems with sequential circuits that utilize feedback and parallel devices is that sneak leakage paths 

may  exist. The flip flop of Figure 2 is a good example of how distributed high Vt sleep transistors and dual polarity sleep 

devices are needed to eliminate sneak leakage currents during the standby condition.  

Sneak leakage paths can arise in MTCMOS circuits whenever the output of an MTCMOS gate is electrically 

connected to the output of a CMOS gate. In fact, the interfacing between MTCMOS type circuits and CMOS type circuits 

is what gives rise to potential leakage paths. For example, if a datapath block is implemented with only MTCMOS gates, 

then a single high Vt switch (either PMOS or NMOS) is sufficient to eliminate subthreshold leakage currents during the 

standby state because all current paths from VCC to GND must pass through an off high Vt device.  

However, if CMOS gates and MTCMOS gates are combined together, sneak leakage paths can arise that bypass 

the off high Vt devices.  

 

Figure 3: Potential Sneak Leakage Paths with Only one Polarity Sleep Device 

LEAKAGE FEEDBACK GATE  

The helper sleep device that is kept on will simply correspond to the one that continues to drive the output signal 

to the appropriate rail. As a result, during the standby state the output node will still be driven to one rail or the other, yet 

because any path from power to ground must encounter a strongly turned off high Vt Figure 3. Potential sneak leakage 

paths with only one polarity sleep device (dual cases leak device, the leakage currents will be reduced by several orders of 

magnitude. This provides a mechanism where an MTCMOS gate can be put in a low leakage state, yet still actively drive 

its outputs. 
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Figure 4: Reverse Conduction Sneak Leakage Path 

Even if the input signal to a leakage feedback gate does transition or float after the gate is placed in the standby 

mode, the output voltage will still be held to the same logic value (through a leakage path). This occurs because the output 

of the leakage feedback gate will be determined by the relative strengths of the leakage current through an “on” high Vt 

device in series with an “off” low Vt device pulling against the leakage current of an “off” high Vt device in series with an 

“on” low Vt device. As long as the high threshold voltages are larger than the low threshold voltages, then the path with 

the “on” high Vt device and “off” low Vt device will dominate and thus continue to pull the output voltage to the same rail 

as before. Because the functionality of this leakage feedback selectively enables either the virtual power or virtual ground 

lines depending on the last data present, leakage feedback gates must utilize local high Vt sleep devices. However, utilizing 

local sleep devices may already be desirable for sensitive circuits like flip flop and latches that should be decoupled from 

the switching activities of neighboring gates. 

An immediate use of the leakage feedback gate is that it can be used as an interface circuit between MTCMOS 

and CMOS logic blocks. For example the last stage of any MTCMOS block can be implemented as a leakage feedback 

gate such that during the standby mode the output is still driven. As a result, this stage can safely drive a standard CMOS 

gate without creating short circuit currents due to floating inputs. 

 

Figure 5: Leakage Feedback Gate 

This gives an expected discharge current value. The switching activity of a gate is computed by multiplying the 

probability that the output of the gate will be at zero by the probability it will be at one [13]. If the switching activity is not 

accounted for, the design problem would be very pessimistic and the sleep transistor will be oversized, causing substantial 

increase in leakage and dynamic power dissipation as well as in the die size. It is very unlikely that the clustered gates 

would have their worst-case current discharge at the same time. This has been deduced by exhaustively applying all input 

vectors to the CLA adder benchmark. 
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LEAKAGE FEEDBACK STATIC FLIP FLOP  

 

Figure 6: Leakage Feedback MTCMOS Flip Flop 

Another use of the leakage feedback gate is to modify the static MTCMOS flip flop to eliminate the need for the 

parallel inverter to recirculate data. The leakage feedback structure can be used instead, which does not slow down the 

critical path because no extra capacitances are introduced on internal nodes as seen in Figure 6. The addition of the helper 

sleep devices only add load to the outputs of I4 and I5 which are not part of the critical path, so the speed of the MTCMOS 

flip flop is not compromised. 

When the dynamic flip flop is placed in a sleep condition however, the leakage feedback mechanism retains the 

data even if the internal dynamic nodes change. However, because the input voltage to the leakage feedback gate can float, 

the timing requirement coming out of the sleep state requires that the phase of the master latch sleep signals, Smaster and 

Smaster, lag the main sleep signals, Sleep and Sleep, by one half cycle. This is because when transitioning from the sleep 

state to the active mode state, one cannot immediately turn on the master latch high Vt sleep transistors because that might 

accidentally cause the data to flip state. 

 

Figure 7: Leakage Feedback Dynamic Flip Flop 

SIMULATION RESULTS 

Because leakage currents will be large when using low Vt devices, the clock period must be made fast enough 

such that the node voltages can be stable over the clock periods of interest. 
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Figure 8: MTCMOS Circuit Structure  

During the active switching mode, the leakage feedback dynamic flip flop operates like a conventional one, where 

the state of the master and slave latches are simply stored on the dynamic nodes at the inputs of I1 and I2 

Dual-threshold voltage domino provides the performance equivalent of a purely low- design with the standby 

leakage characteristic of a purely high- implementation [15]. Because of the fixed transition directions in domino logic, 

one can easily place the dual- domino gate into a low leakage state, and can imbed high- devices in noncritical transition 

directions without impacting performance. In effect, the dual- domino gate allows one to trade-off reduced pre charge time 

for lower standby leakage currents. 

 

Figure 9: MTCMOS Circuit Layout 
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The total leakage currant decreases dramatically. When ACTII signal cuts off Vvdd and Vvss from the power 

supply lincs, the levels of Vdd and VVSS change gradually and a gate-source voltage of low VT transistor Qn l becomes 

ncgativc. Also a dcep bulk-source voltage increases the threshold voltage. 

 

Figure 10: Leakage Feedback Gate 

This memory cell contains low VT transistors (Qn3.Qn4) to achieve high speed operation. And it has a virtual 

power line Vvss to lower thc leakage currents. Three types of leakage current exist in this memory cell in this condition. 

During standby period, Vvss is floating and lcvel of Vvss is pulicd up by these leakage currents. Figure 10 shows the 

leakage currents of this memory cell circuit. The largest current is I2 flowing through a low VT transistor at Vvss of 0V. In 

the range beyond Vvss of O.W, I2 is lower than I1 or 13 which arc high VT transistor's leakage currents. 

 

Figure 11: Leakage Feedback Gate 
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Power grid noise is caused by simultaneous switching of the core logic and I/O buffers. Sleep transistors introduce 

power-gating noise when they are switching on and off. 

 

Figure 12: Leakage Feedback MTCMOS Flip Flop 

 

Figure 13: Leakage Feedback Dynamic Flip Flop 

 

Figure 14: Output Waveforms of MTCMOS 
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Figure 15: Output Waveforms of Leakage Feedback Gate 

 

This shows the block diagram of MT-CMOS chip with an IPS scheme. This chip contains a conventional MT-

CMOS logic circuit and an 11's data holding circuit. The ACT-gen-Block generates two types of ACT signals. Onc is a 

normal ACT signals and the other is an ACT signal with refresh function. The memory  block and the  latch circuit block 

are controlled by ACTR signals. 

 

Figure 16: Leakage Feedback Dynamic Flip Flop 

 

Figure 17: Leakage Feedback MTCMOS Flip Flop 
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CONCLUSIONS 

In This paper presented several dual-threshold voltage circuit techniques that can help reduce sub threshold 

leakage currents during standby modes for combinational logic blocks. MTCMOS was shown to be an effective standby 

leakage control technique for static logic, but difficult to implement since sleep transistor sizing is highly dependent on 

discharge patterns within the circuit block. A hierarchical transistor sizing methodology based on mutual exclusive 

discharge patterns was then presented that gives a computationally tractable, although not optimum, solution for 

MTCMOS sleep transistor sizing. This methodology provided an upper bound on the sleep transistor size needed to 

guarantee a specified performance level compared to the original CMOS counterpoint. Finally, a special case of imbedded 

dual- applied to domino logic was presented, which took advantage of the fixed transition directions in domino logic to 

provide the performance benefits of an all low- design yet still maintain the low sub threshold leakage characteristics of an 

all high- design during the standby mode. 
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