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METHODS AND CIRCUITS TO REDUCE 
THRESHOLD VOLTAGE TOLERANCE AND 
SKEW IN MULTI-THRESHOLD VOLTAGE 

APPLICATIONS 

[0001] The present application is a continuation of US. 
patent application Ser. No. 11/424,961 ?led on Jun. 19, 2006. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the ?eld of inte 
grated circuits; more speci?cally, it relates to methods and 
circuits to reduce threshold voltage tolerance and skeW in 
integrated circuits utilizing devices having multiple different 
threshold voltages. 

BACKGROUND OF THE INVENTION 

[0003] In order to reduce poWer consumption and increase 
performance, circuits having devices With different threshold 
voltages have been used in different portions of the integrated 
circuit. Devices With loW threshold voltages are faster, but 
have greater sub-threshold voltage leakage (consume more 
poWer) compared With devices having high threshold volt 
ages but loW sub-threshold voltage leakage. Using a mix of 
high threshold voltage devices on non-performance critical 
circuit paths and loW threshold voltage devices on perfor 
mance critical circuit paths can result in loWer overall poWer 
consumption and higher performance than using devices hav 
ing the same threshold voltages. 
[0004] HoWever, it is critical that the designed relationship 
betWeen the different threshold voltage values of different 
threshold voltage devices be maintained in the fabricated 
integrated circuit in order to ease timing closure during design 
and avoid signal propagation timing issues. Therefore, there 
is a need for methods and circuits for maintaining the design 
values and/or relationships betWeen the different threshold 
voltage values of multiple threshold voltage devices. 

SUMMARY OF THE INVENTION 

[0005] A ?rst aspect of the present invention is a circuit, 
comprising: a ?rst set of ?eld effect transistors (FETs) having 
a designed ?rst threshold voltage and a second set of FETs 
having a designed second threshold voltage, the ?rst thresh 
old voltage different from the second threshold voltage; a ?rst 
monitor circuit containing at least one FET of the ?rst set of 
FETs and a second monitor circuit containing at least one 
FET of the second set of FETs; a compare circuit con?gured 
to generate a compare signal based on a performance mea 
surement of the ?rst monitor circuit and a performance mea 
surement of the second monitor circuit; and a control unit 
con?gured to generate a control signal to a voltage regulator 
based on the compare signal, the voltage regulator con?gured 
to supply a bias voltage to Wells of FETs of the second set of 
FETs, the value of the bias voltage based on the control signal. 
[0006] A second aspect of the present invention is the ?rst 
aspect, Wherein the compare circuit includes a ?rst edge 
counter connected betWeen the ?rst monitor circuit and a ?rst 
comparator and a second edge counter connected betWeen a 
reference clock and the ?rst comparator; and further includ 
ing: an additional compare circuit including a third edge 
counter connected betWeen the second monitor circuit and a 
second comparator and a fourth edge counter connected 
betWeen the reference clock and the second comparator; and 
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a ?rst memory device containing a ?rst performance speci? 
cation for the ?rst monitor circuit coupled to the ?rst com 
parator and a second memory device memory containing a 
second performance speci?cation for the second monitor cir 
cuit coupled to the second comparator. 

[0007] A third aspect of the present invention is a method, 
comprising: providing a ?rst set of ?eld effect transistors 
(FETs) having a designed ?rst threshold voltage and a second 
set of FETs having a designed second threshold voltage, the 
?rst threshold voltage different from the second threshold 
voltage; providing a ?rst monitor circuit containing at least 
one FET of the ?rst set of FETs and a second monitor circuit 
containing at least one FET of the second set of FETs; pro 
viding a compare circuit con?gured to generate a compare 
signal based on a performance measurement of the ?rst moni 
tor circuit and a performance measurement of the second 
monitor circuit; and providing a control unit con?gured to 
generate a control signal to a voltage regulator based on the 
compare signal, the voltage regulator con?gured to supply a 
bias voltage to Wells of FETs of the second set of FETs, the 
value of the bias voltage based on the control signal. 

[0008] A fourth aspect of the present invention is the third 
aspect Wherein the compare circuit includes a ?rst edge 
counter connected betWeen the ?rst monitor circuit and a ?rst 
comparator and a second edge counter connected betWeen a 
reference clock and the ?rst comparator; and further includ 
ing: providing an additional compare circuit including a third 
edge counter connected betWeen the second monitor circuit 
and a second comparator and a fourth edge counter connected 
betWeen the reference clock and the second comparator; and 
providing a ?rst p[device containing a ?rst performance 
speci?cation for the ?rst monitor circuit coupled to the ?rst 
comparator and a second memory device containing a second 
performance speci?cation for the second monitor circuit 
coupled to the second comparator. 
[0009] A ?fth aspect of the present invention is a method, 
comprising: (a) measuring the performance of a ?rst monitor 
circuit having at least one ?eld effect transistor (FET) of a ?rst 
set of FETs, each FET of the ?rst set of FETs having a 
designed ?rst threshold voltage; (b) measuring the perfor 
mance of a second monitor circuit having at least one ?eld 
effect transistor (FET) of a second set of FETs, each FET of 
the second set of FETs having a designed second threshold 
voltage, the second threshold voltage different from the ?rst 
threshold voltage; and (c) applying a bias voltage to Wells of 
the FETs of the second set of FETs based on comparing a 
measured performance of the ?rst and second monitor cir 
cuits to speci?ed performances of the ?rst and second moni 
tor circuits. 

[0010] A sixth aspect of the present invention is the ?fth 
aspect further including: (d) applying an additional bias volt 
age to Wells of FETs of the ?rst set of FETs based on the 
comparing the performances of the ?rst and second monitor 
circuits measured in steps (a) and (b) to speci?ed perfor 
mances of the ?rst and second monitor circuits. 

BRIEF DESCRIPTION OF DRAWINGS 

[0011] The features of the invention are set forth in the 
appended claims. The invention itself, hoWever, Will be best 
understood by reference to the folloWing detailed description 
of an illustrative embodiment When read in conjunction With 
the accompanying draWings, Wherein: 
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[0012] FIG. 1 is an exemplary circuit illustrating the prin 
ciple for threshold voltage control according to the embodi 
ments of the present invention; 
[0013] FIG. 2 is a cross-sectional view illustrating the 
physical structure of the inverter of FIG. 1; 
[0014] FIG. 3A is a schematic block circuit diagram of a 
circuit for threshold voltage control according to a ?rst 
embodiment of the present invention; 
[0015] FIG. 3B is a schematic block circuit diagram of a 
circuit for threshold voltage control according to a second 
embodiment of the present invention 
[0016] FIG. 4A is a block circuit diagram of an exemplary 
individual compare circuit of the compare unit of FIG. 3A; 
[0017] FIG. 4B is a block circuit diagram of an exemplary 
individual compare circuit of the compare unit of FIG. 3B; 
[0018] FIG. 5A is a diagram illustrating the control signal 
generated by the control unit of FIG. 3A according to the ?rst 
embodiment of the present invention; 
[0019] FIG. 5B is a diagram illustrating the control signal 
generated by the control unit of FIG. 3B according to the 
second embodiment of the present invention; 
[0020] FIG. 6 is a schematic block diagram of a typical 
voltage regulator used to adjust well bias according to 
embodiments of the present invention; 
[0021] FIG. 7A is a diagram illustrating an exemplary ?oor 
plan of an integrated circuit chip according to the embodi 
ments of the present invention; 
[0022] FIG. 7B is an exemplary cross-sectional diagram of 
multiple ?eld effect transistors formed in a common well; and 
[0023] FIG. 8 is a ?owchart of the methods of controlling 
threshold voltages of multiple-threshold voltage devices 
according to the embodiments of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0024] The performance of a ?eld effect transistor (PET) is 
de?ned as the switching speed of the PET and the perfor 
mance of a circuit is de?ned as the time delay of a signal 
propagated from an input to an output of the circuit. 
[0025] FIG. 1 is an exemplary circuit illustrating the prin 
ciple for threshold voltage control according to the embodi 
ments of the present invention. In FIG. 1, an inverter 100 
includes a P-channel ?eld effect transistor (PFET) P1 and an 
N-channel ?eld effect transistor (NFET) N1. The source of 
PFET P1 is connected to VDD, the source of NFET N1 is 
connected to ground (or VSS), the drains of PFET P1 and 
NFET N1 are connected to the output of the inverter and the 
gates of PFET P1 and NFET N1 are connected to the input of 
the inverter. PFET P1 is fabricated in an N-well and NFET N1 
is fabricated in a P-well as is well known in the art. VDD is 
de?ned as the most positive voltage level of the power supply 
and ground (or VSS) is de?ned as the most negative voltage 
level of the power supply. 
[0026] FIG. 2 is a cross-sectional view illustrating the 
physical structure of the inverter of FIG. 1. PFET P1 includes 
a gate 105, a source 110, a drain 115, an N-well 120 and an 
N-well contact 125. NFET N1 includes a gate 130, a source 
135, a drain 140, a P-well 145 and a P-well contact 150. The 
electrical connections described supra in reference to FIG. 1 
are illustrated in FIG. 2. The crosshatched regions indicate 
dielectric material. 
[0027] The threshold voltages (V ts) of PFET P1 and NFET 
N1 are determined during fabrication and are a function of the 
various doping levels of the source/drains, channel region and 
gate electrode. The V,s of PFET P1 and NFET N1 may be 
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adjusted (after fabrication of the integrated circuit containing 
PFET P1 and NFET N1 is complete) by applying bias volt 
ages VWBP and VWBN respectively to the N-well of PFET 
P1 and the P-well of NFET N1. Applying a positive (reverse) 
bias to the N-well of PFET P1 decreases its Vt (makes its Vt 
more negative) thus slowing down the PFET, while applying 
a negative (forward) bias to the N-well of PFET P1 increases 
its Vt (makes its Vt less negative) thus speeding up the PFET. 
Applying a positive (forward) bias to the P-well of NFET N1 
decreases its Vt (makes its Vt less positive) thus speeding up 
the NFET, while applying a negative (reverse) bias to the 
P-well of NFET N1 increases its Vt (makes its Vt more posi 
tive) thus slowing down the NFET. 
[0028] When integrated circuits having multiple Vt FETs 
are designed, the Vts of FETs are designed to be positive or 
negative fractions of VDD. For example, a ?rst FET may be 
designed to have a VtIVDD/3, a second FET may be designed 
to have a VtIVDD/ 4 and a third FET may be designed to have 
a VtIVDD/S. IfVDD:l .0 volt, then the Vts are 0.33, 0.25 and 
0.20 volts respectively. All other parameters being equal, a 
PET with a Vt of 0.20 volt will be faster than FETs having Vts 
of 0.25 volt and 0.33 volt. Further, the switching speeds of the 
different Vt devices are designed to be ratios of each other. 
However, due to process variations, there is a +/—tolerance on 
the actual Vt and therefore the switching speed obtained when 
the FETs are manufactured. This is called Vt tolerance. Fur 
ther, since each FETs Vt is typically set during independent 
manufacturing steps, the tolerances of different FET types do 
not necessarily track. For example, a ?rst Vt FET could be 
manufactured faster than design while a secondVt FET on the 
same integrated circuit chip could be manufactured slower 
than design. This is called Vt skew. Table I illustrates this 
problem. 

TABLE I 

THRESHOLD VOLTAGES VERSUS SWITCHING SPEED 

Threshold 
Voltage Relative Switching Switching Speed Switching Speed 
in volts Speed Tolerance Range 

0.20 0.75 +/—0.15 0.90-0.60 
0.25 1.00 +/—0.15 1.15-0.85 
0.30 1.25 +/—0.15 1.40-1.10 

[0029] In table I, the middle speed FET (V 70.25 volt) is the 
reference FET (Switching Speed:l .0). Thus, the actual 
switching speed of the fastest device (Vt:0.20 volt) can over 
lap the actual switching speed of the middle speed device 
(V 50.25 volt) and the actual switching speed of the middle 
speed device (V 50.25 volt) can overlap the actual switching 
speed of the slowest device (V 70.30 volt). This can compli 
cate timing closure of the integrated circuit design because all 
combinations of Vt skew and tolerance must be accounted for, 
or it could upset the timing of the circuit design if the switch 
ing speed ratios are assumed to be the designed values. 

[0030] In a ?rst embodiment of the present invention, the 
performance (switching speed) of the different Vt devices is 
monitored. OneVt device is chosen as a reference and the well 
bias of the other Vt devices adjusted (which adjusts the Vt 
which in turn adjusts the switching speed) until the design 
performance ratio (design switching speed ratio) of the other 
Vr devices versus the reference Vr device are brought to or 
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near to design values. PFETs and NFETs are monitored and 
adjusted separately. This removesVt skew, but does not adjust 
for Vt tolerance. 
[0031] In a second embodiment of the present invention the 
performance (switching speed) of the different Vt devices is 
monitored. The Well bias of all different Vt devices is adjusted 
(Which adjusts the Vt Which in turn adjusts the switching 
speed) of the different Vt devices until the design performance 
speci?cation (design sWitching speed speci?cation) of all the 
Vt devices are brought to or near to design values. PFETs and 
NFETs are monitored and adjusted separately. This removes 
Vt skeW and adjusts for Vt tolerance. 
[0032] FIG. 3A is a schematic block circuit diagram of a 
circuit for threshold voltage control according to a ?rst 
embodiment of the present invention. In FIG. 3A, a threshold 
voltage adjustment circuit 155A includes an adjustable volt 
age regulator unit 160A, a set of PFET monitor circuits P1 
through PN, a set of NFET monitor circuits N1 through NM, 
a compare unit 165A and a control unit 170A. In the example 
of FIG. 3A, reference monitor P1 monitors a reference PFET 
having a design Vt of P1 and reference monitor N1 monitors 
a reference NFET having a design Vt of N1. Adjustable volt 
age regulator unit 160A includes a separate N-Well bias volt 
age regulator for each of the other different Vt PFETs having 
respective designVts of P2 through PN and a different P-Well 
bias voltage regulator for each of the other different Vt NFETs 
having design Vts of N2 through NM. Compare unit 165A 
includes a separate compare circuit for each different Vt 
PFET (V t s P2 through PN) and for each different Vt NFET 
(Vt s N2 through NM) that compares the performance of the 
monitored FET to the performance of the reference FET. 
Adjustable voltage regulator unit 160A is coupled to a poWer 
supply (ultimately to an external poWer supply). 
[0033] Each N-Well and P-Well bias voltage regulator gen 
erates a Well bias voltage that is distributed throughout the 
integrated circuit chip to respective Vt devices as Well as to 
respective monitors P2 through PN. The output of each moni 
tor P2 through PN is connected to a respective compare cir 
cuit Within compare unit 165A as is the output of reference 
monitor P1. The output of each monitor N2 through NM is 
connected to a respective compare circuit Within compare 
unit 1 65A as is the output of reference monitor N1. The output 
of compare unit 165A is connected to control unit 170A 
Control unit 170A generates control signals supplied to 
respective Well bias voltage regulators in adjustable voltage 
regulator unit 160A. 
[0034] The number (n) of PFET monitor circuits is the 
number of different Vt PFETs in the integrated circuit that are 
to be monitored and there is one monitor for each. The num 
ber (m) of NFET monitor circuits is the number of different Vt 
NFETs in the integrated circuit that are to be monitored and 
there is one monitor for each. Reference monitor P1 monitors 
the performance of ?rst (and reference) Vt PFETs having a 
reference design threshold voltage of P1. Monitor P2 moni 
tors the performance of second Vt PFETs having a design 
threshold voltage of P2. Monitor circuit PN monitors the 
performance of nth Vt PFETs having a design threshold volt 
age of PN. Reference monitor N1 monitors the performance 
of ?rst (and reference) Vt NFETs having a reference design 
threshold voltage of N1. Monitor N2 monitors the perfor 
mance of second Vt NFETs having a design threshold voltage 
of N2. Monitor NM monitors the performance of mm Vt 
NFETs having a design threshold voltage of NM. 
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[0035] The value of n need not be the same as the value of 
m. Not every different Vt NFET or different Vt PFET on the 
integrated circuit need be monitored or connected to thresh 
old voltage adjustment circuit 155A. In one example, adjust 
able voltage regulator unit 160A, PFET monitor circuits P1 
through PN, NFET monitor circuits N1 through NM, com 
pare unit 165A and control unit 170A are physically located 
on the integrated circuit chip. In one example, PFET monitor 
circuits P1 through PN, NFET monitor circuits N1 through 
NM, compare unit 165A and control unit 170A are physically 
located on the integrated circuit chip While adjustable voltage 
regulator unit 160A is physically located off chip. 
[0036] FIG. 3B is a schematic block circuit diagram of a 
circuit for threshold voltage control according to a second 
embodiment of the present invention. FIG. 3B is similar to 
FIG. 3A except as noted. In FIG. 3B, a threshold voltage 
adjustment circuit 155B includes an adjustable voltage regu 
lator unit 160B, a set of PFET monitor circuits P1 through PN, 
a set of NFET monitor circuits N1 through NM, a compare 
unit 165B and a control unit 170B. Adjustable voltage regu 
lator unit 160B includes a separate N-Well bias voltage regu 
lator for each of the different Vt PFETs (being monitored) and 
a separate P-Well bias voltage regulator for each of the differ 
ent Vt NFETs (being monitored). 
[0037] Each voltage regulator unit generates a Well bias 
voltage that is distributed throughout the integrated circuit 
chip to respective Vt devices as Well as to respective monitors 
P1 through PN and N1 through NM. The output of each 
monitor P1 through PN and N1 through NM is connected to 
its respective compare circuit Within compare unit 165B 
Where it is compared to a performance target for that Vt FET 
(instead of to a performance of a reference Vt FET as in the 
?rst embodiment of the present invention). The output of 
compare unit 165B is connected to control unit 170B. Control 
unit 170B generates control signals supplied to respective 
Well bias voltage regulators in adjustable voltage regulator 
unit 160B. 

[0038] In one example, adjustable voltage regulator unit 
160B, PFET monitor circuits P1 through PN, NFET monitor 
circuits N1 through NM, compare unit 165B and control unit 
170B are physically located on the integrated circuit chip. In 
one example, PFET monitor circuits P1 through PN, NFET 
monitor circuits N1 through NM, compare unit 165B and 
control unit 170B are physically located on the integrated 
circuit chip While adjustable voltage regulator unit 160B is 
physically located off chip. 
[0039] FIG. 4A is a block circuit diagram of an exemplary 
individual compare circuit of compare unit 165A of FIG. 3A. 
In FIG. 4A, a compare circuit 180A includes a ?rst edge 
counter 185, a second edge counter 190, a third edge counter 
186, a comparator 195A, a programmable memory 200A and 
a voltage and temperature sense circuit 205. The output of a 
monitor ring oscillator 210 (monitoring an FET having a 
design Vt:P2 through PN or N2 through NM) is connected to 
the count input of ?rst edge counter 185. Ring oscillators are 
Well knoWn in the art and comprise an odd number of sequen 
tial inverters With the feedback of the output to the input of the 
?rst inverter. The output of ?rst edge counter 185 (a signal 
indicating the latest actual edge count) is connected to ?rst 
compare input of a comparator 195A. The output of a refer 
ence monitor ring oscillator 211 (monitoring an FET having 
a design Vt:P1 or N1) is connected to the count input of third 
edge counter 186. A precise reference clock (external or inter 
nal to the integrated circuit chip) is connected to the count 
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input of second edge counter 190. Second edge counter 190 
supplies three control signals (reset, start and stop) to ?rst and 
third edge counters 185 and 186, and a count valid signal to 
comparator 195A. A third compare input of comparator 195A 
is coupled to programmable memory 200A, Which contains 
predetermined target performance monitor ring oscillator 21 0 
to reference monitor oscillators 211 ratios. Voltage and tem 
perature sense circuit 205 is connected to programmable 
memory 200A and provides lookup values for selecting the 
appropriate target performance ratio based the temperature 
and the voltage supplied to the monitor ring oscillator. 

[0040] While each compare circuit may include its oWn 
programmable memory and a voltage and temperature sense 
circuit, a common programmable memory may be shared 
betWeen tWo or more of the compare circuits, a common 

voltage and temperature sense circuit may be shared betWeen 
tWo or more of the compare circuits, or both a common 

programmable memory and a common voltage and tempera 
ture sense circuit may be shared betWeen tWo or more of the 

compare circuits. 

[0041] Monitor ring oscillator 210 and reference monitor 
ring oscillator 211 are exemplary monitor circuits. Monitor 
ring oscillator 210 represents any of PFET monitors P2 
through PN or NFET monitors N2 through NM. If ring oscil 
lator 210 represents PFET monitor P2, then the PFETs in the 
signal delay path of the ring oscillator are PFETs designed to 
have threshold voltage P2. If ring oscillator 210 represents 
PFET monitor PN, then the PFETs in the signal delay path of 
the ring oscillator are PFETs designed to have threshold volt 
age PN. If ring oscillator 210 represents NFET monitor N2, 
then the NFETs in the signal delay path of the ring oscillator 
is NFETs designed to have threshold voltage N2. If ring 
oscillator 21 0 represents NFET monitor NM, then the NFETs 
in the signal delay path of the ring oscillator are NFETs 
designed to have threshold voltage NM. If reference ring 
oscillator 21 1 represents PFET reference monitor P1, then the 
PFETs in the signal delay path of the ring oscillator are PFETs 
designed to have threshold voltage P1. If reference ring oscil 
lator 211 represents NFET reference monitor circuit N1, then 
the NFETs in the signal delay path of the ring oscillator are 
NFETs designed to have threshold voltage N1. The delays 
through monitor ring oscillator 210 and reference ring oscil 
lator 211 varies as a function of Vt and Well bias voltage (and 
also temperature and supply voltages as described infra). 
[0042] In operation, second edge counter 190 issues a reset 
to ?rst and third edge counters 185 and 186 to reset its count 
to Zero. Then second edge counter 190 issues a start to ?rst 
and third edge counters 185 and the ?rst edge counter starts 
counting edges of the signal from monitor ring oscillator 210, 
second edge counter starts counting clock edges from the 
reference clock and third edge counter 186 starts counting 
edges of the signal from reference ring oscillator 211. When 
second edge counter 190 reaches a preset count value it issues 
a stop signal to ?rst and second edge counters 185 and 186 
and a count valid signal to comparator 195A. Comparator 
195A compares the ratio of the actual count from ?rst and 
second edge counters 185 and 186 to a value of a design ratio 
stored in programmable memory 200A and then issues a 
digital signal to control unit 170A (see FIG. 3A). The digital 
signal indicates the difference betWeen the actual ratio and the 
design ratio. For example, if after 100 reference clock edges, 
the monitor actual count is 80 and the reference actual count 
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is 20 then the ratio is 8:2. However, if the target ratio is 8:3, 
then the monitored FETs Vt needs to be changed to give 30 
actual counts. 

[0043] Since the design count is in?uenced by the actual (as 
opposed to the designed) VDD/VSS voltage levels (Which 
affects the voltages on the source, drain and gates of FETs) 
and PFET/NFET temperature, programmable memory 200A 
includes a lookup table Which comprises a tWo dimensional 
matrix of count ratios indexed in a ?rst axis by voltage level 
increments and in a second axis by temperature increments. 
Voltage and temperature sensor circuit 205 measures the sup 
ply voltage to and temperature of the monitor circuit and 
passes the information to programmable memory 200A so a 
temperature and voltage compensated design ratio can be 
passed on to comparator 195A. There is some rounding error, 
dependent upon the granularity of matrix. Ratios of count 
values in the matrix may be obtained by simulation of the 
design, for example by using a softWare program such as 
SPICE (simulation program for integrated circuits emphasis). 
SPICE is a circuit simulator that Was originally developed at 
the Electronics Research Laboratory of the University of 
California, Berkeley (1975) and noW has many commercial 
variations. The user inputs circuit topology in spice netlist 
format. The simulator calculates and plots nodal voltages and 
currents in both time and frequency domains. 
[0044] FIG. 4B is a block circuit diagram of an exemplary 
individual compare circuit of compare unit 165B of FIG. 3B. 
In FIG. 4B, a compare circuit 180B includes ?rst edge counter 
185, second edge counter 190, a comparator 195B, a pro 
grammable memory 200B and voltage and temperature sense 
circuit 205. The output of a monitor ring oscillator 210 (moni 
toring an FET having a design Vt:P1 through PN or N1 
through NM) is connected to the count input of ?rst edge 
counter 185. The output of ?rst edge counter 185 (a signal 
indicating the latest actual edge count) is connected to ?rst 
compare input of a comparator 195B. A precise reference 
clock (external or internal to the integrated circuit chip) is 
connected to the count input of second edge counter 190. 
Second edge counter 190 supplies three control signals (reset, 
start and stop) to ?rst edge counter 185 and a count valid 
signal to comparator 195B. A second compare input of com 
parator 195B is coupled to programmable memory 200B, 
Which contains pre-determined target performance values for 
the monitor ring oscillator 210. Voltage and temperature 
sense circuit 205 is connected to programmable memory 
200B and provides lookup values for selecting the appropri 
ate performance target based the temperature of monitor ring 
oscillator 210 and the voltage supplied to the monitor ring 
oscillator. 
[0045] While each compare circuit may include its oWn 
programmable memory and a voltage and temperature sense 
circuit, a common programmable memory may be shared 
betWeen tWo or more of the compare circuits, a common 
voltage and temperature sense circuit may be shared betWeen 
tWo or more of the compare circuits, or both a common 

programmable memory and a common voltage and tempera 
ture sense circuit may be shared betWeen tWo or more of the 
compare circuits. 
[0046] Monitor ring oscillator 210 has been described 
supra, hoWever monitor ring oscillator 210 in FIG. 4B may 
represent any of PFET monitors P1 through PN or NFET 
monitors N1 through NM. If ring oscillator 210 represents 
PFET monitor circuit P1, then the PFETs in the signal delay 
path of the ring oscillator are PFETs designed to have thresh 
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old voltage P1. If ring oscillator 210 represents PFET monitor 
P2, then the PFETs in the signal delay path of the ring oscil 
lator are PFETs designed to have threshold voltage P2. If ring 
oscillator 210 represents PFET monitor circuit PN, then the 
PFETs in the signal delay path of the ring oscillator are PFETs 
designed to have threshold voltage PN. If ring oscillator 210 
represents NFET monitor circuit N1, then the NFETs in the 
signal delay path of the ring oscillator are NFETs designed to 
have threshold voltage N1. If ring oscillator 210 represents 
NFET monitor circuit N2, then the NFETs in the signal delay 
path of the ring oscillator are NFETs designed to have thresh 
old voltage N2. If ring oscillator 210 represents NFET moni 
tor circuit NM, then the NFETs in the signal delay path of the 
ring oscillator are NFETs designed to have threshold voltage 
NM. The delay through ring oscillator 210 varies as a function 
of Vt and Well bias voltage (and also temperature and supply 
voltages as described infra). 
[0047] In operation, second edge counter 190 issues a reset 
to ?rst edge counter 185 to reset its count to Zero. Then second 
edge counter 190 issues a start to ?rst edge counter 185 and 
the ?rst edge counter starts counting edges of the signal from 
ring oscillator 210 and second edge counter starts counting 
clock edges from the reference clock. When second edge 
counter 190 reaches a preset count value it issues a stop signal 
to ?rst edge counter 185 and a count valid signal to compara 
tor 195B. Comparator 195B compares the value of the actual 
count from ?rst edge counter 185 to a value of a design count 
stored in programmable memory 200B and then issues a 
digital signal to control unit 170B (see FIG. 3B). The digital 
signal indicates the difference betWeen the actual edge count 
and the design edge count. For example, if after 100 reference 
clock edges, the actual count is 95 and the design count is 90 
then the difference is 5 counts, indicating the monitored FETs 
Vt needs to changed to give 90 actual counts. 
[0048] Since the design count is in?uenced by the actual (as 
opposed to the designed) VDD/VSS voltage levels (Which 
affects the voltages on the source, drain and gates of FETs) 
and PFET/NFET temperature, programmable memory 200B 
includes a lookup table Which comprises a tWo dimensional 
matrix of counts indexed in a ?rst axis by voltage level incre 
ments and in a second axis by temperature increments. Volt 
age and temperature sensor circuit 205 measures the supply 
voltage to and temperature of the monitor circuit and passes 
the information to programmable memory 200B so a tem 
perature and voltage compensated design count can be passed 
on to comparator 195B. There is some rounding error, depen 
dent upon the granularity of matrix. Count values in the 
matrix may be obtained by simulation of the design, for 
example by using a softWare program such as SPICE 
described supra. 

[0049] It should be understood that in FIGS. 4A and 4B, a 
ring oscillator is only one example of a circuit that may be 
used to monitor the performance of FETs and other monitor 
circuits and if appropriate, other types of compare circuits 
may be employed to compare the actual performance/switch 
ing speed of a PFET or and NFET to the designed perfor 
mance/sWitching speed of the PFET or NFET. 
[0050] FIG. 5A is a diagram illustrating the control signal 
generated by control unit 170A of FIG. 3A according to the 
?rst embodiment of the present invention. In FIG. 5A, control 
unit 170A generates control signals VREGP2 to VREGPN 
and VREGN2 to VREGNM that are sent to respective voltage 
regulators in adjustable voltage regulator unit 160A. 
VREGP2 adjusts N-Well bias voltage on PFETs designed to 
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have threshold voltage P2. VREGPN adjusts N-Well bias 
voltage on PFETs designed to have threshold voltage PN. 
VREGN2 adjusts P-Well bias voltage on NFETs designed to 
have threshold voltage N2. VREGNM adjusts P-Well bias 
voltage on NFETs designed to have threshold voltage NM. 
There is no VREGPI or VREGNl signal because PFETs 
designed to have threshold voltage P1 and NFETs designed to 
have threshold voltage N1 are reference devices. 
[0051] Control unit 170A includes logic circuits that “cal 
culate” or interface With on-chip stored softWare instructions 
to calculate an adjustment of Well bias voltage. The adjust 
ments re?ect changes (if any) to be made in the actual thresh 
old voltages of PFETs having design threshold voltages P2 
through PN so that, When changed threshold voltages P2' 
through PN' are divided by the actual threshold voltage P1', 
the design threshold ratios discussed supra (if not the actual Vt 
values) are restored to Within an acceptable tolerance range. 
For example (P2'/P1'):(P2/P1). The adjustments re?ect 
changes (if any) to be made in the actual threshold voltages of 
NFETs having design threshold voltages N2 through NM so 
that, When the changed threshold voltages N2' through NM' 
are divided by the actual threshold voltage N1', the design 
threshold ratios discussed supra (if not the actual Vt values) 
are restored to Within an acceptable tolerance range. For 

example (N2'/N1'):(N2/N1). 
[0052] The signals VREGP2 to VREGPN and VREGN2 to 
VREGNM may be tWo-bit or multiple-bit Words indicating 
an magnitude of increase, magnitude of decrease or no 
change in the Well bias to be applied voltage regulators of 
adjustable voltage regulator unit 160A. Control unit 170A 
also generates an out of range signal, When it is not possible to 
adjust an individual voltage regulators output voltage any 
further. 

[0053] FIG. 5B is a diagram illustrating the control signal 
generated by control unit 170B of FIG. 3B according to the 
second embodiment of the present invention. In FIG. 5B, 
control unit 170B generates control signals VREGPI to 
VREGPN andVREGNl to VREGNM that are sent to respec 
tive voltage regulators in adjustable voltage regulator unit 
160B. VREGPI adjusts N-Well bias voltage on PFETs 
designed to have threshold voltage P1. VREGPN adjusts 
N-Well bias voltage on PFETs designed to have threshold 
voltage PN.VREGN1 adjusts P-Well bias voltage on NFETs 
designed to have threshold voltage N1. VREGNM adjusts 
P-Well bias voltage on NFETs designed to have threshold 
voltage NM. 
[0054] Control unit 170B includes logic circuits that “cal 
culate” or interface With on-chip stored softWare instructions 
to calculate an adjustment of Well bias voltage. The adjust 
ments re?ect changes (if any) to be made in the actual thresh 
old voltages of PFETs having design threshold voltages P1 
through PN so that, When changed, the changed threshold 
voltages P1' through PN' should result in the performance 
(sWitching speeds) of PFETs having the design threshold 
voltages P1 through PN being the designed performance val 
ues or Within an acceptable tolerance range of the designed 
performance values, although the actual threshold voltages 
may not be the designed values. The adjustments re?ect 
changes (if any) to be made in the actual threshold voltages of 
NFETs having design threshold voltages N1 through NM so 
that, When changed, the changed threshold voltages N1' 
through NM' should result in the performance (sWitching 
speeds) of NFETS having design threshold voltages N1 
through NM being the designed performance values or Within 
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an acceptable tolerance range of the designed performance 
values, although the actual threshold voltages may not be the 
designed values. 
[0055] The signals VREGPI to VREGPN and VREGNl to 
VREGNM may be tWo-bit or multiple-bit Words indicating a 
magnitude of increase, magnitude of decrease or no change in 
the Well bias to be applied to voltage regulators of adjustable 
voltage regulator unit 160B. Control unit 170B also generates 
an out of range signal, When it is not possible to adjust an 
individual voltage regulators output voltage any further. 
[0056] FIG. 6 is a schematic block diagram of a typical 
voltage regulator used to adjust Well bias according to 
embodiments of the present invention. In FIG. 6, a voltage 
regulator 215 includes a bandgap voltage reference 220, a 
digital to analog converter 225 an operational ampli?er 230, 
a PFET 235 and a resistor 240. The output of bandgap voltage 
reference 220 is connected to an input of digital to analog 
converter 225 and controls signals VREGPX or VREGNY 
(Where XII to N and YIl to M) are connected to control pins 
of the digital to analog converter. The output of digital to 
analog converter 225 is connected to a ?rst input of opera 
tional ampli?er 230 and the output of the operational ampli 
?er is connected to the gate of PFET 235. The source of PFET 
235 is connected to VDD and the drain of PFET 235 is con 
nected to ground though resistor 240, to a second input of 
operational ampli?er 230 and to the output of voltage regu 
lator 215. The output voltage regulator 215 is connected to 
Well PX or NY corresponding to the VREG signal applied to 
the input of the voltage regulator. 
[0057] FIG. 7A is a diagram illustrating an exemplary ?oor 
plan of an integrated circuit chip according to the embodi 
ments of the present invention. While the different Vt NFETs 
and PFETs may be placed anyWhere on the integrated circuit 
chip this requires extensive Wiring to distribute the Well bias 
voltages. In one option, illustrated ion FIG. 7A, PFETs of the 
same Vt are formed in common N Wells 245A1 to 245AN and 
NFETs of the same Vt are formed in common P Wells 245B1 
to 245BM on integrated circuit chip 250. This reduces the 
amount of Well bias Wiring from threshold voltage control 
circuit 155B. Notice that if threshold voltage control circuit 
155B is replaced by threshold voltage control circuit 155A 
(see FIG. 3A) then there are no Wires to P-Well 245A1 and 
N-Well 245B1 and in fact, those transistors need not be in a 
common Well, but may be dispersed throughout the integrated 
circuit chip. 
[0058] FIG. 7B is an exemplary cross-sectional diagram of 
multiple ?eld effect transistors formed in a common Well. In 
FIG. 7B, a group of PFETs P2 are formed in a common 
N-Well 255, Which is connected to VREGP2. The cross 
hatched regions indicate dielectric material. 
[0059] FIG. 8 is a ?owchart of the methods of controlling 
threshold voltages of multiple-threshold voltage devices 
according to the embodiments of the present invention. In 
FIG. 8, after poWer-up, in step 300, the performance monitor 
circuits monitor the performance of the various Vt NFETs and 
PFETs and in step 305 tWo options are presented. The ?rst 
option is to adjust performance ratios of different Vt PFETs/ 
NFETs relative to a reference threshold PFET/NFET perfor 
mance (the reference PFET/NFET is one of the different Vt 
PFETs/NFETs) and the second option is to adjust the perfor 
mance of all different Vt PFETs/NFETs to design values. If 
the ?rst option is chosen, the method proceeds to step 310, in 
Which the ?rst embodiment of the present invention described 
supra is employed. If the second option is chosen the method 
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proceeds to step 315, in Which the second embodiment of the 
present invention described supra is employed. After step 310 
or 315 is performed tWo additional options are presented in 
step 320. The ?rst additional option is to perform a one-time 
performance correction, and the second additional option is to 
perform continuous performance corrections. If the ?rst addi 
tional option is chosen, the Well bias voltages are adjusted by 
a single amount and the method terminates. Of course, the 
method using the ?rst additional option may be repeated 
periodically. If the second additional option is chosen, the 
Well bias voltages are adjusted incrementally by small 
amounts, and the monitors re-sampled and the Well bias volt 
ages adjusted incrementally in a continuous loop. If no adjust 
ment is required (the monitor performance is already accept 
able), the voltage regulators are not changed. 
[0060] Thus, the embodiments of the present invention pro 
vide methods and circuits for maintaining the design values 
and/or relationships betWeen the different threshold voltage 
values of multi-threshold voltage devices. 
[0061] The description of the embodiments of the present 
invention is given above for the understanding of the present 
invention. It Will be understood that the invention is not lim 
ited to the particular embodiments described herein, but is 
capable of various modi?cations, rearrangements and substi 
tutions as Will noW become apparent to those skilled in the art 
Without departing from the scope of the invention. Therefore, 
it is intended that the folloWing claims cover all such modi 
?cations and changes as fall Within the true spirit and scope of 
the invention. 

What is claimed is: 
1. A circuit, comprising: 
a ?rst set of ?eld effect transistors (FETs) having a 

designed ?rst threshold voltage and a second set of FETs 
having a designed second threshold voltage, said ?rst 
threshold voltage different from said second threshold 
voltage; 

a ?rst monitor circuit containing at least one FET of said 
?rst set of FETs and a second monitor circuit containing 
at least one FET of said second set of FETs; 

an adjustable voltage regulator having an adjustable Well 
bias voltage regulator, an output of said Well bias voltage 
regulator connected to Wells of said second set of FETs, 
a voltage level of said output of said Well bias regulator 
based on a control signal; 

a compare circuit con?gured to generate a compare signal 
based on a performance measurement of an output sig 
nal of said ?rst monitor circuit and on a performance 
measurement of an output signal of said second monitor 
circuit; and 

a control unit con?gured to generate said control signal to 
said Well bias voltage regulator based on said compare 
signal. 

2. The circuit of claim 1, Wherein said compare circuit 
includes a ?rst edge counter connected betWeen said ?rst 
monitor circuit and a ?rst comparator, a second edge counter 
connected betWeen a reference clock and said ?rst compara 
tor and third edge counter connected betWeen said second 
monitor circuit and said comparator; and further including: 

a memory device containing a ratio of said ?rst perfor 
mance speci?cations of said ?rst monitor circuit to a 
second performance speci?cation of said second moni 
tor device, said memory device coupled to said compara 
tor. 
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3. The circuit of claim 2, wherein said control unit is 
con?gured to generate said control signal such that a ratio of 
a performance of FETs of said ?rst set of FETs and a perfor 
mance of FETs of said second set of FETs is equal to a 
performance ratio speci?cation or is Within an acceptable 
tolerance range of said performance ratio speci?cation 

4. The circuit of claim 1, Wherein 
said compare circuit includes a ?rst edge counter con 

nected betWeen said ?rst monitor circuit and a ?rst com 
parator and a second edge counter connected betWeen a 
reference clock and said ?rst comparator; and further 
including: 

an additional compare circuit including a third edge 
counter connected betWeen said second monitor circuit 
and a second comparator and a fourth edge counter 
connected betWeen said reference clock and said second 
comparator; and 

a ?rst memory device containing a ?rst performance speci 
?cation for said ?rst monitor circuit coupled to said ?rst 
comparator and a second memory device containing a 
second performance speci?cation for said second moni 
tor circuit coupled to said second comparator. 

5. The circuit of claim 4, further including: 
an additional adjustable Well bias voltage regulator, an 

output of said additional Well bias voltage regulator con 
nected to Wells of said ?rst set of FETs, a voltage level of 
said output of said additional Well bias regulator based 
on an additional control signal, a voltage level of said 
output of said additional Well bias regulator based on an 
additional control signal; 

said compare circuit con?gured to generate said additional 
compare signal based on said performance measurement 
of said output signal of said ?rst monitor circuit and on 
said performance measurement of an output signal of 
said second monitor circuit; and 

said control unit con?gured to generate said additional 
control signal to said additional Well bias voltage regu 
lator based on said additional compare signal. 

6. The circuit of claim 5, Wherein said control unit is 
con?gured to generate said control signal and said additional 
control signal such that a performance of FETs of said ?rst set 
of FETs is equal to a ?rst performance speci?cation or is 
Within an acceptable tolerance range of said ?rst performance 
speci?cation and such that a performance of FETs of said 
second set of FETs is equal to a second performance speci? 
cation or is Within an acceptable tolerance range of said 
second performance speci?cation. 

7. The circuit of claim 1, further including: 
means for adjusting expected values of said performance 

measurements of said ?rst and second monitor circuits 
based on a temperature of and supply voltage to said ?rst 
and second monitor circuits. 

8. A method, comprising; 
providing a ?rst set of ?eld effect transistors (FETs) having 

a designed ?rst threshold voltage and a second set of 
FETs having a designed second threshold voltage, said 
?rst threshold voltage different from said second thresh 
old voltage; 

providing a ?rst monitor circuit containing at least one FET 
of said ?rst set of FETs and a second monitor circuit 
containing at least one FET of said second set of FETs; 

providing an adjustable voltage regulator having an adjust 
able Well bias voltage regulator, an output of said Well 
bias voltage regulator connected to Wells of said second 
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set of FETs, a voltage level of said output of said Well 
bias regulator based on a control signal; 

providing a compare circuit con?gured to generate a com 
pare signal based on a performance measurement of an 
output signal of said ?rst monitor circuit and on a per 
formance measurement of an output signal of said sec 
ond monitor circuit; and 

providing a control unit con?gured to generate said control 
signal to said Well bias voltage regulator based on said 
compare signal. 

9. The method of claim 8, Wherein said compare circuit 
includes a ?rst edge counter connected betWeen said ?rst 
monitor circuit and a ?rst comparator, a second edge counter 
connected betWeen a reference clock and said ?rst compara 
tor and third edge counter connected betWeen said second 
monitor circuit and said comparator; and further including: 

providing a memory device containing a ratio of said ?rst 
performance speci?cations of said ?rst monitor circuit 
to a second performance speci?cation of said second 
monitor device, said memory device coupled to said 
comparator. 

10. The method of claim 9, Wherein said control unit is 
con?gured to generate said control signal such that a ratio of 
a performance of FETs of said ?rst set of FETs and a perfor 
mance of FETs of said second set of FETs is equal to a 
performance ratio speci?cation or is Within an acceptable 
tolerance range of said performance ratio speci?cation. 

11. The method of claim 8, Wherein said compare circuit 
includes a ?rst edge counter connected betWeen said ?rst 
monitor circuit and a ?rst comparator and a second edge 
counter connected betWeen a reference clock and said ?rst 
comparator; and further including: 

providing an additional compare circuit including a third 
edge counter connected betWeen said second monitor 
circuit and a second comparator and a fourth edge 
counter connectedbetWeen said reference clock and said 
second comparator; and 

providing a ?rst memory device containing a ?rst perfor 
mance speci?cation for said ?rst monitor circuit coupled 
to said ?rst comparator and a second memory device 
memory containing a second performance speci?cation 
for said second monitor circuit coupled to said second 
comparator. 

12. The method of claim 11, further including: 
providing an additional adjustable Well bias voltage regu 

lator, an output of said additional Well bias voltage regu 
lator connected to Wells of said ?rst set of FETs, a 
voltage level of said output of said additional Well bias 
regulator based on an additional control signal, a voltage 
level of said output of said additional Well bias regulator 
based on an additional control signal; 

Wherein said compare circuit is con?gured to generate said 
additional compare signal based on said performance 
measurement of said output signal of said ?rst monitor 
circuit and on said performance measurement of an out 
put signal of said second monitor circuit; and 

Wherein said control unit is con?gured to generate said 
additional control signal to said additional Well bias 
voltage regulator based on said additional compare sig 
nal. 

13. The method of claim 12, Wherein said control unit is 
con?gured to generate said control signal and said additional 
control signal such that a performance of FETs of said ?rst set 
of FETs is equal to a ?rst performance speci?cation or is 
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Within an acceptable tolerance range of said ?rst performance 
speci?cation and such that a performance of FETs of said 
second set of FETs is equal to a second performance speci? 
cation or is Within an acceptable tolerance range of said 
second performance speci?cation. 

14. The method of claim 8, further including: 
providing means for adjusting expected values of said per 

formance measurements of said ?rst and second monitor 
circuits based on a temperature of and supply voltage to 
said ?rst and second monitor circuits. 

15. A method, comprising: 
(a) measuring a performance of a ?rst monitor circuit hav 

ing at least one ?eld effect transistor (FET) of a ?rst set 
of FETs, each FET of said ?rst set of FETs having a 
designed ?rst threshold voltage; 

(b) measuring a performance of a second monitor circuit 
having at least one ?eld effect transistor (FET) of a 
second set ofFETs, each FET ofsaid second set ofFETs 
having a designed second threshold voltage, said second 
threshold voltage different from said ?rst threshold volt 
age; and 

(c) applying a bias voltage to Wells of said FETs of said 
second set of FETs based on comparing said perfor 
mances of said ?rst and second monitor circuits mea 
sured in steps (a) and (b) to speci?ed performances of 
said ?rst and second monitor circuits. 

16. The method of claim 15, further including: 
(d) applying an additional bias voltage to Wells of FETs of 

said ?rst set of FETs based on said comparing said 
performances of said ?rst and second monitor circuits 
measured in steps (a) and (b) to speci?ed performances 
of said ?rst and second monitor circuits. 
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17. The method of claim 16, step (d) further including: 
causing a sWitching speed of FETs of said ?rst set of FETs 

to be equal to a ?rst performance speci?cation or Within 
an acceptable tolerance range of said ?rst performance 
speci?cation and causing a sWitching speed of FETs of 
said second set of FETs to be equal to a second perfor 
mance speci?cation or Within an acceptable tolerance 
range of said second performance speci?cation by said 
applying said bias voltage and said additional bias volt 
age. 

18. The method of claim 16, step (d) further including, 
incrementally increasing, incrementally decreasing or not 
incrementing said bias voltage and said additional bias volt 
age and repeating steps (a) through (d) continuously While 
poWer is applied to an integrated circuit containing said ?rst 
and second monitor circuits. 

19. The method of claim 15, step (d) further including: 
causing a ratio of a sWitching speed of FETs of said ?rst set 

of FETs and a sWitching speed of FETs of said second 
set of FETs to be equal to a performance ratio speci? 
cation or Within an acceptable tolerance range of said 
performance ratio speci?cation by said applying said 
bias voltage. 

20. The method of claim 15, step (d) further including, 
incrementally increasing, incrementally decreasing or not 
incrementing said bias voltage and repeating steps (a) 
through (d) continuously While poWer is applied to an inte 
grated circuit containing said ?rst and second monitor 
circuits. 


