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(57) ABSTRACT 
Methods and apparatus are provided for varying one or more 
of a supply voltage and reference voltage in an integrated 
circuit, using independent control of a diode voltage in an 
asymmetrical double-gate device. An integrated circuit is 
provided that is controlled by one or more of a supply 
voltage and a reference voltage. The integrated circuit 
comprises an independently controlled asymmetrical 
double-gate device to adjust one or more of the supply 
voltage and the reference voltage. The independent control 
may comprise, for example, a back gate bias. The indepen 
dently controlled asymmetrical double-gate device may be 
employed in a number of applications, including voltage 
islands, static RAM, and to improve the poWer and perfor 
mance of a processing unit. 
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METHODS AND APPARATUS FOR VARYING A 
SUPPLY VOLTAGE OR REFERENCE VOLTAGE 
USING INDEPENDENT CONTROL OF DIODE 
VOLTAGE IN ASYMMETRICAL DOUBLE-GATE 

DEVICES 

STATEMENT OF GOVERNMENT RIGHTS 

[0001] This invention Was made With Government support 
under Contract No. NBCH3039004 awarded by Defense 
Advanced Research Projects Agency (DARPA). The Gov 
ernment has certain rights in this invention. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to tech 
niques for varying a voltage by a diode voltage in various 
integrated circuits and, more particularly, to techniques for 
providing a variable diode voltage using independently 
controlled asymmetrical double-gate devices. 

BACKGROUND OF THE INVENTION 

[0003] A number of techniques have been proposed or 
suggested for containing poWer/leakage, improving perfor 
mance, and extending scaling, including voltage islands, 
dynamic VDD, and separate supplies for logic and SRAM. 
For example, one commonly used technique drops the 
supply voltage (or raises the Ground voltage) through a 
metal oxide semiconductor (MOS) diode by one threshold 
voltage, VT. MOS diodes are also Widely used in poWer 
gating structures for logic and static random access memo 
ries (SRAM) to clamp the virtual VDD or virtual Ground (or 
both) to maintain adequate voltage across the memory 
elements for proper state retention, as illustrated in FIG. 1. 
FIG. 1 is a circuit diagram of a conventional CMOS circuit 
100 having an integrated circuit 150, such as logic or 
memory elements, a poWer-gating sWitch 110 and a diode 
clamp 120. 

[0004] It is desirable to have a variable VT diode to 
compensate for process variations, VT ?uctuations or both. 
Furthermore, in SRAM applications, it is desirable to have 
a higher supply voltage during a read operation to maintain 
adequate noise margin, and a loWer supply voltage during a 
Write operation to facilitate Writing. While Well/body bias in 
bulk CMOS or PD/SOI devices have been proposed for used 
in modulating the threshold voltage, VT, the effect, in 
general, is quite limited. FIG. 2 is a schematic cross-section 
of a bulk-Si (or SOI) ?eld effect transistor (FET) 200. As 
shoWn in FIG. 2, a large reverse Well/body bias 220 causes 
an exponential increase in the reverse junction leakage 
including band-to-band tunneling current, While a forward 
Well/body bias 210 results in an exponential increase in the 
forWard diode leakage. Furthermore, it is knoWn that the VT 
modulation effect diminishes With device scaling due to a 
loW body factor in the scaled, loW VT transistor. Finally, the 
distributed RC for the Well/body contact limits the viable 
operating frequency. 
[0005] E. NoWak et al., “Tuming Silicon on its Edge, 
”IEEE Circuits Devices Mag. 20-31 (January/February, 
2004), incorporated by reference herein, discloses a VT 
modulation technique that employs double-gate devices. 
The disclosed VT modulation technique uses asymmetrical 
gates, Where the tWo gate electrodes consist of materials of 
differing Work functions. FIG. 3 is a schematic cross-section 
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of an asymmetrical double-gate nF ET 300. As shoWn in FIG. 
3, the front gate 310 typically uses n+ polysilicon and the 
back gate 320 typically consists of p+ polysilicon. For an 
asymmetrical pFET, a p+ polysilicon gate Would be used for 
the front-gate and an n+ polysilicon gate Would be used for 
the back-gate. In such an implementation, the predominant 
front-channel has a signi?cantly loWer VT and much larger 
current drive compared With the “Weak” back-channel. 

[0006] As shoWn in FIG. 3, the disclosed asymmetrical 
double-gate devices couple the front gate and back gate 
using a connection 330. The threshold voltage, VT, is a 
function of the ?xed back gate voltage. Thus, the disclosed 
asymmetrical double-gate devices cannot be used to provide 
a variable VT diode and thereby control the virtual VDD or 
virtual Ground in the integrated circuit 100 of FIG. 1. Aneed 
exists for improved techniques for variable VT modulation. 
A further need exists for techniques for varying a supply 
voltage or a reference voltage (or both) using independently 
controlled asymmetrical double-gate devices. 

SUMMARY OF THE INVENTION 

[0007] Generally, methods and apparatus are provided for 
varying one or more of a supply voltage and reference 
voltage in an integrated circuit, using independent control of 
a diode voltage in an asymmetrical double-gate device. 
According to one aspect of the invention, an integrated 
circuit is provided that is controlled by one or more of a 
supply voltage and a reference voltage. The integrated 
circuit comprises an independently controlled asymmetrical 
double-gate device to adjust one or more of the supply 
voltage and the reference voltage. The independent control 
may comprise, for example, a back gate bias. In a pMOS 
implementation, the asymmetrical double-gate device com 
prises a p+ polysilicon gate for a ?rst gate; and an n+ 
polysilicon gate for a second gate, Wherein the threshold 
voltage, VT, is independently controlled by a bias of the ?rst 
or second gates. 

[0008] According to another aspect of the invention, a 
plurality of voltage islands may be provided in an integrated 
circuit that each provide a different voltage level. Each 
voltage island comprises an independently controlled asym 
metrical double-gate device to provide one of the different 
voltage levels. According to yet another aspect of the 
invention, a poWer gating circuit is provided that comprises 
at least one integrated circuit; and an independently con 
trolled asymmetrical double-gate device that provides a 
variable threshold voltage, VT. The poWer gating circuit may 
also comprise an asymmetrical double-gate device to serve 
as a poWer sWitch. The independently controlled asymmetri 
cal double-gate device of the present invention may also be 
employed in static RAM devices having a plurality of 
memory cells. Each memory cell has an independently 
controlled asymmetrical double-gate device that provides a 
variable threshold voltage, VT. 

[0009] In addition, the adjusted back-gate bias can be 
employed in a processing unit to improve poWer and per 
formance of the processing unit. A processor unit according 
to the present invention comprises: (i) an oscillator; (ii) at 
least one independently controlled asymmetrical double 
gate device that provides a variable threshold voltage, VT; 
(iii) a phase detector to compare an output of the oscillator 
to a reference signal; and (iv) a charge pump to adjust a 
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back-gate bias of the at least one independently controlled 
asymmetrical double-gate device based on the comparison. 

[0010] A more complete understanding of the present 
invention, as Well as further features and advantages of the 
present invention, Will be obtained by reference to the 
following detailed description and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a circuit diagram of a CMOS circuit; 

[0012] FIG. 2 is a schematic cross-section ofa bulk-Si (or 
SOI) ?eld effect transistor; 

[0013] FIG. 3 is a schematic cross-section of an asym 
metrical double-gate nFET employed by the present inven 
tion; 
[0014] FIG. 4 is a circuit diagram of a CMOS circuit 
incorporating features of the present invention; 

[0015] FIG. 5 illustrates a plurality of voltage islands 
incorporating one or more independently controlled asym 
metrical double-gate devices of the present invention; 

[0016] FIG. 6 illustrates a poWer gating structure incor 
porating one or more independently controlled asymmetrical 
double-gate devices of the present invention; 

[0017] FIG. 7 illustrates the relevant portions of an SRAM 
incorporating one or more independently controlled asym 
metrical double-gate devices in each cell according to the 
present invention; 

[0018] FIG. 8 illustrates a column based dynamic VDD 
scheme for Read/ Write operations in an SRAM using one or 
more independently controlled variable diode-drop asym 
metrical double-gate devices; and 

[0019] FIG. 9 depicts an “on-the-?y” virtual supply regu 
lator that optimiZes the poWer-performance of a processor 
unit using the independently controlled variable diode-drop 
asymmetrical double-gate device of the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0020] The present invention provides techniques for 
varying a supply voltage or a reference voltage using one or 
more independently controlled asymmetrical double-gate 
devices. The present invention recogniZes that the front 
channel VT (and current) of the asymmetrical double-gate 
devices can be modulated using independent control, such as 
back-gate biasing, through gate-to-gate coupling. This VT 
modulation mechanism is signi?cantly stronger than the 
existing Well/body bias in bulk CMOS and PD/SOI devices, 
as discussed above in conjunction With FIG. 2. Furthermore, 
the effect improves With device scaling due to stronger 
gate-to-gate coupling in thinner ?lm or thinner gate oxides 
(or both), and the frequency is only limited by the gate RC, 
in the same manner as core logic. 

[0021] According to one aspect of the invention, a variable 
threshold voltage, VT, is provided using independently con 
trolled asymmetrical double-gate devices. FIG. 4 is a circuit 
diagram of a CMOS circuit 400 incorporating features of the 
present invention. As shoWn in FIG. 4, the CMOS circuit 
400 comprises an integrated circuit 450, such as logic or 
memory elements, and one or more asymmetrical double 
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gate nFET devices 410, for example, associated With the 
virtual ground (footer) or virtual supply voltage (header), or 
both. 

[0022] In the exemplary embodiment of FIG. 4, the virtual 
ground (V GND) is clamped by the diode connected front 
gate of an asymmetrical double-gate nFET device 410 that 
uses an n+ polysilicon gate for the front-gate and a p+ 
polysilicon gate for the back-gate. In addition, the drain 
terminal of the asymmetrical double-gate nFET device 410 
is coupled to the front gate, as shoWn in FIG. 4. The back 
gate of the asymmetrical double-gate device 410 is used to 
independently control the voltage drop across the MOS 
diode 420, using a bias signal, VGND control. 

[0023] It is noted that the circuit 415 is an equivalent 
representation of the asymmetrical double-gate NFET 
device 410. The diode 420 represents the strong current 
associated With the front gate of the asymmetrical double 
gate NFET device 410, and the open circuit 430 represents 
the very small current associated With the back gate of the 
asymmetrical double-gate nFET device 410. 

[0024] Although not shoWn in FIG. 4, the virtual VDD 
(VV DD) can also be clamped by an independently con 
trolled asymmetrical double-gate pFET device that uses a p+ 
polysilicon gate for the front-gate and an n+ polysilicon gate 
for the back-gate. The back gate of the asymmetrical double 
gate device 410 Would be used to independently control the 
voltage drop across the MOS diode 420, using a bias signal, 
VVDD control. 

[0025] As previously indicated, the exemplary back-gate 
biasing of the asymmetrical double-gate device 410 is used 
to modulate the front-gate VT through gate-to-gate coupling. 
Since the diode drop (V d) is physically associated With VT 
and the VT modulation effect is signi?cant, the disclosed 
independently controlled asymmetrical double-gate devices 
410 can provide a Wide range of diode voltage for clamping 
VGND or VVDD (or both). 

[0026] Among other bene?ts, the disclosed asymmetrical 
double-gate devices are scalable as the gate-to-gate coupling 
effect improves With device scaling (for thin silicon ?lm and 
thin gate dielectric). In addition, the operating frequency is 
only limited by the gate RC (in a similar manner to the core 
logic. The disclosed asymmetrical double-gate devices are 
area e?icient since a single device is used for the diode and 
tuning. Moreover, in poWer-gating applications, the diode 
can also serve as the poWer sWitch, thus further improving 
the area, density, poWer, and performance. The back-gate 
bias does not increase the junction leakage, While Well-body 
bias can cause signi?cant increase in reverse/forward junc 
tion leakage and band-to-band tunneling leakage. Finally, in 
dynamic VDD applications, the burden of charge movement 
to charge/discharge of voltage rail capacitance is smaller 
than that of an equivalent parallel pass gate voltage sWitch. 
As a result, the virtual supply settling time can be shorter in 
design. 
[0027] As discussed hereinafter, the Wide tuning range for 
the diode voltage makes the present invention useful for the 
folloWing applications: 

[0028] (1) Dynamic VDD; 
[0029] (2) Voltage islands; 
[0030] (3) PoWer gating; 
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[0031] (4) Separate VDD for logic and SRAM; 

[0032] (5) Dynamic VDD for SRAM Read/Write (High 
VDD for Read; loW VDD for Write); and 

[0033] (6) Compensation for process variations and VT 
?uctuation. 

[0034] The present invention is Well suited for emerging 
asymmetrical double-gate technologies including planar 
double-gate devices, FinFETs, and TriGate technologies. 
The present invention is also applied to fully depleted SOI 
devices With back-gating capability. 

[0035] Voltage Islands 

[0036] FIG. 5 illustrates an integrated circuit 500 having a 
plurality of voltage islands 510-1 through 510-3 incorporat 
ing one or more independently controlled asymmetrical 
double-gate devices 520 of the present invention. As shoWn 
in the exemplary embodiment of FIG. 5, individual inde 
pendently controlled diode-connected asymmetrical double 
gate pFETs 520-1 through 520-3, each With different back 
gate biases, bias I through bias III, are used to provide 
different virtual VDDs for corresponding individual voltage 
islands 510-1 through 510-3. For example, each sub-circuit 
530-1 through 530-3 may need a different supply voltage, 
provided by a corresponding voltage island 510. 

[0037] PoWer Gating 

[0038] FIG. 6 illustrates a poWer gating structure 600 
incorporating one or more independently controlled asym 
metrical double-gate devices 610 of the present invention. 
The poWer gating structure 600 of FIG. 6 improves the 
speed, relative to the implementation of FIG. 4. Generally, 
tWo transistors are employed to provide higher currents and 
faster speed. The poWer sWitches 605 are embodied as front 
gate to back gate coupled asymmetrical double-gate devices 
300 (FIG. 3). 

[0039] In an active mode, the corresponding poWer sWitch 
605 is ON and the back gate is ON. The poWer sWitch 605 
shunts the diode and the virtual GND is close to GND (and 
the virtual VDD is close to VDD). In a standby mode, the 
poWer sWitch 605 is OFF, and the back-gates are biased to 
provide the proper diode voltages to clamp the virtual GND 
and virtual VDD at the desired levels. It is noted that due to 
the capability of Wide range diode voltage provided by the 
present invention, the poWer sWitches 605 can actually be 
removed. With the back-gate biased at full VDD to the footer 
or at full “0” to the header, the diode voltage drops are 
negligible, and the diodes themselves can serve as the poWer 
sWitches as Well. 

[0040] Separate VDD for Logic and SRAM 

[0041] FIG. 7 illustrates the relevant portions of an SRAM 
700 incorporating one or more independently controlled 
diode-connected asymmetrical double-gate devices 710 
according to the present invention in one or more cells 720-1 
through 720-n. In the implementation shoWn in FIG. 7, the 
independently controlled diode-connected asymmetrical 
double-gate devices 710 serve both as the poWer sWitches 
and the variable diode-voltage clamps. In a standby mode, 
the diode voltages can be tuned to maintain adequate voltage 
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across the cells for state retention and to reduce the leakage 
current. FIG. 7 illustrates the levels for VGND control and 
the levels for VVDD control Would be complementary, as 
Would be apparent to a person of ordinary skill. 

[0042] Dynamic VDD for SRAM Read/Write 

[0043] According to another aspect of the invention, the 
disclosed back-gate controlled variable diode-drop scheme 
can be applied to a dynamic Read/Write supply voltage for 
SRAM. As previously indicated, for SRAMs in scaled 
technologies, it is desirable to have a higher supply voltage 
during a read operation, to maintain an adequate noise 
margin, and a loWer supply voltage during a Write operation, 
to facilitate Writing. 

[0044] FIG. 8 illustrates a column based dynamic VCC 
scheme for Read/Write operations in an SRAM 800 using 
one or more independently controlled variable diode-drop 
asymmetrical double-gate devices 810. The implementation 
shoWn in FIG. 8 has the folloWing advantages: 

[0045] (a) only one regular supply is required and the 
back-gate bias is used to control/change the voltage across 
the SRAM cells (conventional techniques require tWo exter 
nal poWer supplies, or the use of on-chip voltage generator/ 
regulator to provide the extra supply level); 

[0046] (b) requires only a header diode or a footer diode 
(conventional techniques require tWo pass transistors to 
perform the MUX ?lnction); 

[0047] (c) it is only necessary to route either the virtual 
GND control line or the virtual VDD control line (conven 
tional techniques require routing tWo supply lines); and 

[0048] (d) the virtual supply control line only needs to 
charge/discharge the back-gate capacitance, and the voltage 
rail is charged/discharged by the front-gate current. Thus, 
the virtual supply settling time is shorter (conventional 
techniques require the drain of the pass transistors to be 
connected directly to the virtual supply line, hence a large 
amount of charges have to be moved to charge/discharge the 
voltage rail capacitance). 

[0049] FIG. 9 depicts an “on-the-?y” virtual supply regu 
lator 900 that optimiZes the poWer-performance of a pro 
cessing unit 950 using the back-gate controlled variable 
diode-drop asymmetrical double-gate device 910 of the 
present invention. When a Whole processor unit is gated, an 
oscillator (OSC) 960 is designed to match the unit cycle time 
Within a prede?ned margin. As shoWn in FIG. 9, the output 
of the oscillator 960 goes through a level shifter 920, and is 
then compared With a clock signal CLKG through a phase 
detector 930. If the output of the oscillator 960 is sloWer than 
CLKG, the charge pump 940 Will loWer the back-gate bias 
for the pFET header diode to speed up the unit. If the output 
of the oscillator 960 is faster than CLKG, the charge pump 
940 Will raise the back-gate bias to sloW it doWn. Thus, the 
unit 950 Will maintain its required performance at the loWest 
supply voltage (hence loWest poWer). 

[0050] It is to be understood that the embodiments and 
variations shoWn and described herein are merely illustrative 
of the principles of this invention and that various modi? 
cations may be implemented by those skilled in the art 
Without departing from the scope and spirit of the invention. 
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What is claimed is: 
1. An integrated circuit controlled by one or more of a 

supply voltage and a reference voltage, comprising: 

an independently controlled asymmetrical double-gate 
device to adjust one or more of said supply voltage and 
said reference voltage. 

2. The integrated circuit of claim 1, Wherein said inde 
pendent control comprises a back gate bias. 

3. The integrated circuit of claim 1, Wherein said asym 
metrical double-gate device is a pMOS device comprising: 

a p+ polysilicon gate for a ?rst gate; and 

an n+ polysilicon gate for a second gate, Wherein a 
threshold voltage, VT, is independently controlled by a 
bias of said ?rst or second gates. 

4. The integrated circuit of claim 1, Wherein said reference 
voltage is a ground voltage. 

5. The integrated circuit of claim 1, Wherein said inte 
grated circuit is a CMOS circuit. 

6. The integrated circuit of claim 1, Wherein said inde 
pendently controlled asymmetrical double-gate device 
employs a second gate to control a diode voltage. 

7. An integrated circuit controlled by one or more of a 
supply voltage and a reference voltage, comprising: 

a back-gate controlled fully depleted Silicon-On-lnsulator 
(SOI) device to adjust one or more of said supply 
voltage and said reference voltage. 

8. An integrated circuit comprising: 

a plurality of voltage islands each providing a different 
voltage level, each voltage island comprising: 

an independently controlled asymmetrical double-gate 
device to provide one of said different voltage levels. 

9. The integrated of claim 8, Wherein each of said of said 
different voltage levels are obtained using a corresponding 
back-gate bias. 

10. A poWer gating circuit, comprising: 

at least one integrated circuit; and 

an independently controlled asymmetrical double-gate 
device that provides a variable threshold voltage, VT. 

11. The poWer gating circuit of claim 10, further com 
prising an asymmetrical double-gate device to serve as a 
poWer sWitch. 
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12. The poWer gating circuit of claim 11, Wherein in an 
active mode, said poWer sWitch is ON and said indepen 
dently controlled asymmetrical double-gate device is ON. 

13. The poWer gating circuit of claim 11, Wherein in a 
standby mode, said poWer sWitch is OFF, and said indepen 
dently controlled asymmetrical double-gate device is biased 
to provide a diode voltage to clamp virtual GND and virtual 
VDD at prede?ned levels. 

14. A static RAM device, comprising: 

a plurality of memory cells, each having an independently 
controlled asymmetrical double-gate device that pro 
vides a variable threshold voltage, VT. 

15. The static RAM device of claim 14, Wherein said 
independently controlled asymmetrical double-gate devices 
serve as a poWer sWitch and a variable diode-voltage clamp. 

16. The static RAM device of claim 14, Wherein in a 
standby mode, diode voltages of said independently con 
trolled asymmetrical double-gate devices can be tuned to 
compensate for one or more process variations or VT ?uc 
tuation and to reduce leakage currents. 

17. The static RAM device of claim 14, Wherein a 
back-gate bias on said independently controlled asymmetri 
cal double-gate devices is used to control a voltage across 
said plurality of cells. 

18. A processor unit, comprising: 

an oscillator; 

at least one independently controlled asymmetrical 
double-gate device that provides a variable threshold 
voltage, VT; 

a phase detector to compare an output of said oscillator to 
a reference signal; and 

a charge pump to adjust a back-gate bias of said at least 
one independently controlled asymmetrical double 
gate device based on said comparison. 

19. The processor unit of claim 18, Wherein said adjusted 
back-gate bias improves a poWer performance of said pro 
cessing unit. 

20. The processor unit of claim 18, Wherein said adjusted 
back-gate bias maintains a required performance With a 
reduced supply voltage. 

* * * * * 


