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ADAPTIVE BODY BIASING CIRCUIT AND 
METHOD 

FIELD 

[0001] The present invention relates generally to inte 
grated circuits, and more speci?cally to integrated circuits 
having biased transistor bodies. 

BACKGROUND 

[0002] Variations in transistor performance occur for a 
variety of reasons, including statistical variations in manu 
facturing processes. Variations can eXist betWeen transistors 
in separate integrated circuit dies, as Well as betWeen tran 
sistors on the same integrated circuit die. One such variation 
occurs in the threshold voltage of transistors. Threshold 
voltage (Vt) is the gate voltage at Which a transistor turns on. 
If an integrated circuit design has a nominal Vt, some 
transistors Will exhibit a Vt higher than the nominal Vt, and 
some transistors Will exhibit a Vt loWer than the nominal Vt. 
When Vt is high, the transistor is sloWer to turn on and 
leakage currents are loW When the transistor is off. When Vt 
is loW, the transistor is faster to turn on and leakage currents 
are higher When the transistor is off. 

[0003] AWide variation in Vt betWeen different integrated 
circuit dies can cause some parts from a manufacturing run 
to fail a minimum operating frequency test, While other parts 
from the same manufacturing run pass the minimum oper 
ating frequency test. For eXample, from a single manufac 
turing run, some parts may be rated to operate at a frequency 
of 900 MegahertZ (MHZ), While others may be rated to 
operate at 1 GigahertZ (GHZ). It may be that parts capable 
of functioning at 1 GHZ are more pro?table, and so parts 
rated at 900 MHZ produce less pro?t. 

[0004] Variations in Vt can also needlessly Waste poWer. It 
may be that some parts rated to operate at 1 GHZ can actually 
run at 1.1 GHZ because of loW Vt across critical portions of 
the circuit. The part may be rated at 1 GHZ, and the eXcess 
capability is not utiliZed. Along With the eXcess speed 
capability, loW Vt can cause an increase in leakage currents. 
When Vt is loWer than necessary, the leakage currents are 
higher than necessary, resulting in Wasted poWer. 

[0005] Transistor Vt can also change over time as a result 
of time varying phenomena such as hot carrier degradation. 
An integrated circuit die that operates just over 1 GHZ may 
be characteriZed as a 900 MHZ part to take into account the 
changing Vt over the life of the integrated circuit. An 
inability to modify Vt during the life of the integrated circuit 
can cause devices to be rated beloW their actual capability 
When fabricated. This costs manufacturers money. 

[0006] Various approaches have been attempted to miti 
gate the aforementioned problems. MiyaZaki utiliZes a 
reverse biasing technique to “squeeze” the distribution of 
device delays. See M. MiyaZaki et al., “A Delay Distribution 
Squeezing Scheme With Speed-Adaptive Threshold-Voltage 
CMOS (SA-Vt CMOS) for LoW Voltage LSIs,” 1998 Inter 
national Symposium on LoW PoWer Electronics and Design 
Proceedings, pp. 48-53, 1998. Kao utiliZes Dual Gate Sili 
con On Insulator technologies for biasing circuits. See J. 
Kao, “SOIAS For Temperature and Process Control,” Mas 
sachusetts Institute of Technology, 6.374 Project, Dec. 1996. 

[0007] For the reasons stated above, and for other reasons 
stated beloW Which Will become apparent to those skilled in 
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the art upon reading and understanding the present speci? 
cation, there is a need in the art for reducing variations in 
threshold voltages of transistors. 

SUMMARY 

[0008] In one embodiment, a method of biasing the body 
of a transistor, includes measuring a parameter of the tran 
sistor, and responsive to the parameter, forWard biasing the 
body of the transistor. The parameter being measured can be, 
among other things, a voltage threshold of the transistor, or 
a delay characteristic of the transistor. 

[0009] In another embodiment, a method of biasing a 
compensated circuit includes measuring a delay in a 
matched circuit, the matched circuit including a replica of a 
signal path Within the compensated circuit, and comparing 
the delay With a predetermined delay to generate a bias 
value. The method further includes biasing the matched 
circuit and the compensated circuit in response to the bias 
value. 

[0010] In another embodiment, a method of delay match 
ing includes partitioning an integrated circuit into a plurality 
of blocks capable of being independently biased and mea 
suring characteristic circuit delays Within each of the plu 
rality of blocks. The method further includes independently 
biasing each of the plurality of blocks in response to the 
characteristic circuit delays Within each of the plurality of 
blocks. 

[0011] In another embodiment, an adaptive bias generator 
includes a matched circuit having a clock input node, a clock 
output node, and a bias input node. The adaptive bias 
generator further includes a phase comparator having a ?rst 
input node coupled to the clock output node of the matched 
circuit, a second input node coupled to the clock input node 
of the matched circuit, and an output node, and also further 
includes a digital-to-analog converter responsive to an error 
value on the output node of the phase comparator, the analog 
to digital converter having an output node coupled to the 
bias input node of the matched circuit. 

[0012] In another embodiment, an integrated circuit 
includes at least one circuit block, the at least one circuit 
block comprising at least one transistor disposed Within a 
Well, the Well having a bias input node, and an adaptive bias 
generator for each of the at least one circuit block, the 
adaptive bias generator being con?gured to provide a volt 
age value on the bias input node responsive to a measured 
parameter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a cross section of a transistor according 
to one embodiment of the present invention; 

[0014] FIG. 2 is an adaptive body bias circuit according to 
one embodiment of the present invention; 

[0015] FIG. 3 is an integrated circuit according to one 
embodiment of the present invention; 

[0016] FIG. 4 is a ?oWchart of a method for biasing the 
body of a transistor according to one embodiment of the 
present invention; 

[0017] FIG. 5 is a ?oWchart of a method for biasing a 
compensated circuit according to one embodiment of the 
present invention; and 
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[0018] FIG. 6 is a ?owchart of a method for delay 
matching according to one embodiment of the present 
invention. 

DESCRIPTION OF EMBODIMENTS 

[0019] In the following detailed description of the embodi 
ments, reference is made to the accompanying draWings 
Which, by Way of illustration, shoW speci?c embodiments in 
Which the invention may be practiced. In the draWings, like 
numerals describe substantially similar components 
throughout the several vieWs. These embodiments are 
described in sufficient detail to enable those skilled in the art 
to practice the invention. Other embodiments may be uti 
liZed and structural, logical, and electrical changes may be 
made Without departing from the scope of the present 
invention. Moreover, it is to be understood that the various 
embodiments of the invention, although different, are not 
necessarily mutually exclusive. For example, a particular 
feature, structure, or characteristic described in one embodi 
ment may be included Within other embodiments. The 
folloWing detailed description is, therefore, not to be taken 
in a limiting sense, and the scope of the present invention is 
de?ned only by the appended claims, along With the full 
scope of equivalents to Which such claims are entitled. 

[0020] FIG. 1 shoWs a cross section of a transistor in 
accordance With one embodiment of the invention. Inte 
grated circuit 100 includes a transistor formed by gate 120, 
insulator 118, and diffusion regions 114 and 116 Within Well 
112. Well 112 is in turn Within substrate 110. Well 112 and 
diffusion regions 114 and 116 are of tWo different material 
types. For example, When the transistor is a PMOS FET, 
diffusion regions 114 and 116 Which form a source and drain 
region are P+diffusion regions, and Well 112 is an N Well. In 
this embodiment, substrate 110 can be a P substrate, or other 
substrate capable of accepting an N Well, such as a substrate 
used in Silicon On Insulator (SOI) technologies. Substrate 
110 can also be a P Well disposed betWeen Well 112 and 
another substrate. Also for example, When the transistor is an 
NMOS FET, diffusion regions 114 and 116 Which form a 
source and drain region are N+ diffusion regions, and Well 
112 is a P Well. In this embodiment, substrate 110 can be an 
N substrate, or other substrate capable of accepting a P Well, 
such as a substrate used in Silicon On Insulator (SOI) 
technologies. Substrate 110 can also be an N Well disposed 
betWeen Well 112 and another substrate such as a P substrate, 
such as in a triple-Well process. 

[0021] One skilled in the art Will understand that many 
transistors can be included Within a single Well. For 
example, groups of PMOS transistors can be built Within a 
single N Well, and groups of NMOS transistors can be built 
Within a single P Well. Alternatively, each transistor can have 
its oWn Well, With bias voltages distributed to groups of 
transistors. 

[0022] Node 124 is coupled to Well 112. Conventional 
methods for coupling node 124 to Well 112 are contem 
plated, including the addition of a separate diffusion region 
Within Well 112. Typically, Wells (or bodies) of PMOS 
transistors are tied to Vcc, the highest potential Within the 
circuit, and Wells of NMOS transistors are tied to Vss, the 
loWest potential Within the circuit. Abias voltage other than 
Vcc or Vss can be applied to node 124, thereby changing the 
voltage of Well 112, and applying a “body bias” to transistors 
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included Within Well 112. Body biasing can have multiple 
effects on transistors, including modifying Vt, the voltage 
threshold of the device; modifying the speed at Which the 
device operates; and also changing leakage currents. 

[0023] For example, in a PMOS device, When a body bias 
is applied above the most positive supply voltage (Vcc), the 
PMOS device has a reverse body bias. When a reverse body 
bias exists, Vt is raised, the device is sloWer, and leakage 
currents are smaller. When a body bias beloW Vcc is applied 
to a PMOS device, the PMOS device has a forWard body 
bias resulting in loWer Vt, faster operation, and increased 
leakage currents. Also for example, in an NMOS device, 
When a body bias is applied above the least positive supply 
voltage (Vss), the NMOS device has a forWard body bias 
resulting in loWer Vt, faster operation, and increased leakage 
currents. When a body bias is applied beloW Vss to an 
NMOS device, the NMOS device has a reverse body bias 
resulting in higher Vt, sloWer operation, and decreased 
leakage currents. 

[0024] Transistors turn on When the gate voltage is larger 
than the threshold voltage. Therefore, for smaller threshold 
voltages, transistors turn on When smaller gate voltages are 
applied. LoWer Vt devices are higher performance devices 
because they turn on quicker. Leakage currents increase 
exponentially as Vt drops, and as a result, as Vt drops, speed 
performance increases at the expense of additional poWer 
Edissipation. LoWer Vt is becoming more important, 
because as supply voltages become smaller, Vt in devices is 
also falling so that the devices can operate Within the loWer 
supply voltages. 
[0025] FIG. 2 shoWs an adaptive body bias circuit in 
accordance With one embodiment of the present invention. 
Adaptive body bias circuit 200 includes matched circuit 204, 
phase detector 206, body bias generator 212, and digital-to 
analog converter (D/A) 222. Adaptive body bias circuit 200 
functions to bias a circuit such as one included Within 

integrated circuit 100 (FIG. 1). A bias voltage is produced 
on node 224 Which is coupled to a circuit node, such as bias 
node 124 (FIG. 1), thereby biasing a circuit. For ease of 
explanation, the circuit being biased is herein referred to as 
the “compensated circuit.” In FIG. 2, the compensated 
circuit receives at least one bias voltage from node 224. 

[0026] Matched circuit 204 receives a signal on node 202. 
In the embodiment of FIG. 2, the signal on node 202 is a 
clock signal. The clock signal impressed on node 202 is a 
“target clock” having a frequency substantially equal to a 
desired frequency of operation of the compensated circuit. 
Matched circuit 204 includes a replica of a critical signal 
path included Within the compensated circuit. For example, 
When the compensated circuit is a ripple carry adder, the 
critical signal path can be the carry path from the least 
signi?cant bit of the adder to the most signi?cant bit of the 
adder. In this embodiment, matched circuit 204 includes a 
replica of the circuit elements included Within the carry path 
of the compensated circuit. 

[0027] The signal path replica included Within matched 
circuit 204 serves as a test circuit to determine the salient 
circuit characteristics of the compensated circuit. For 
example, the compensated circuit may be fast or sloW based 
on the process used in manufacturing or based on normal 
variations in the manufacturing process. If the compensated 
circuit is very fast, the signal path replica included Within 
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matched circuit 204 Will also be very fast. Likewise, if the 
compensated circuit is very sloW, the signal path replica 
included Within matched circuit 204 Will also be very sloW. 
Matched circuit 204 introduces a delay betWeen node 202 
and node 208 substantially equal to the delay of the signal 
path of the compensated circuit. 

[0028] If the delay introduced by matched circuit 204 is 
greater than one period of the target clock impressed on node 
202, the integrated circuit may be too sloW to meet prede 
termined speci?ed operating limits. In this case, biasing the 
circuit for increased speed can bring the device back Within 
speci?ed limits. On the other hand, if the delay introduced 
by matched circuit 204 is substantially less than one period 
of the target clock impressed on node 202, the integrated 
circuit may be needlessly fast, and as a result, may need 
lessly dissipate eXcess poWer. In this case, biasing the circuit 
for decreased speed can save poWer While maintaining the 
device Within speci?ed operating limits. 

[0029] Matched circuit 204 also includes bias input node 
205. Bias input node 205 is coupled to bias input nodes such 
as node 124 (FIG. 1) of transistors included Within matched 
circuit 205. Abias voltage on node 224 biases circuits Within 
matched circuit 205. In one embodiment, node 224 includes 
multiple nodes such that multiple bias voltages can be 
provided on bias input node 205 of matched circuit 204. In 
this embodiment, one bias voltage can be provided to PMOS 
devices and another bias voltage can be provided to NMOS 
devices. 

[0030] Phase detector 206 receives the target clock 
impressed on node 202, and also receives a delayed clock on 
node 208 from matched circuit 204. The delayed clock on 
node 208 has undergone a delay substantially equal to the 
delay of the signal path of the compensated circuit. When the 
delayed clock has undergone a delay substantially equal to 
one period of the target clock, the phase difference betWeen 
the target clock and the delayed clock Will be substantially 
Zero. When the delayed clock has undergone a delay differ 
ent than one period of the target clock, the phase difference 
betWeen the target clock and the delayed clock Will not be 
Zero. 

[0031] In some embodiments phase detector 206 com 
pares the phase of the target clock on input node 202 and the 
phase of the delayed clock on node 208, and produces an 
error value on node 210. The error value on node 210 has a 
parameter such as magnitude proportional to the phase 
difference betWeen the target clock and the delayed clock. In 
other embodiments, phase detector 206 compares the phase 
of the target clock on input node 202 and the phase of the 
delayed clock on node 208, and produces one or more digital 
control signals on node 210. The digital control signals can 
be signals that take on three values corresponding to the 
conditions of “increase the delay,”“decrease the delay,” and 
“keep the delay constant.” In one such embodiment, body 
bias generator 212 includes a digital counter circuit, and the 
control signals on node 210 cause the counter to count up, 
count doWn, or stay constant. 

[0032] In the embodiment of FIG. 2, the error value on 
node 210 is one component of a negative feedback loop that 
controls a body bias of matched circuit 204. The feedback 
loop operates to modify the body bias of the signal path 
circuit to either increase or decrease the speed of the circuit 
such that the error value on node 210 is driven to a state that 
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no longer causes body bias generator 212 to change the bias 
value on node 214. When this is the case, the delay through 
the signal path of the compensated circuit is substantially 
equal to one clock period of the target clock on node 202. 

[0033] Body bias generator 212 receives the error value on 
node 210 and generates a bias value on node 214. In one 
embodiment, body bias generator 212 produces digital val 
ues representing bias values on node 214. In one embodi 
ment, node 214 is capable of carrying a single bias value. In 
this embodiment, body bias generator 212 generates a single 
bias value for body biasing a single transistor or group of 
transistors. In another embodiment, node 214 can carry 
multiple bias values. In this embodiment, the bias values on 
node 214 can body bias multiple transistors or multiple 
groups of transistors. For ease of explanation, node 214 is 
hereinafter described as having a single bias value impressed 
thereon. In all cases, multiple bias values can be included on 
node 214. 

[0034] Body bias generator 212 includes a transfer func 
tion to map an error value to one or more appropriate bias 
values. The transfer function Within body bias generator 212 
can be implemented using one of many possible methods 
including dedicated circuits that implement a mathematical 
function, or a memory circuit functioning as a look-up table 
that produces bias values as a function of error values. Body 
bias generator 212 also includes enable input node 220. 
Enable input 220 functions to command body bias generator 
212 to drive a bias value on node 204. Enable input 220 also 
functions to command body bias generator 212 to not drive 
a bias value on node 214. When body bias generator 212 
does not drive a bias value on node 214, a value can be 
driven onto node 214 by other circuits connected thereto. 
One embodiment incorporating this functionality is dis 
cussed in more detail With reference to FIG. 3 beloW. 

[0035] Digital-to-analog converter (D/A) 222 receives the 
bias value on node 214 and produces an analog bias voltage 
on node 224. As discussed above, node 224 can include 
multiple nodes, each including a different bias voltage. For 
eXample, When body bias generator 212 produces tWo digital 
bias values on node 214, D/A 222 produces tWo analog 
voltages on node 224. Voltages on node 224 are bias 
voltages used to bias the bodies of transistors in both 
matched circuit 204 and in the compensated circuit. In other 
embodiments, D/A 222 and body bias circuit 200 are 
replaced With a continuously running charge pump. 

[0036] The operation of the negative feedback loop in 
adaptive body bias circuit 200 serves to adjust the delay of 
matched circuit 204 such that operation at a target clock 
frequency is possible. Because matched circuit 204 includes 
circuit elements matched to elements in the compensated 
circuit, adaptive body bias circuit 200 produces bias volt 
ages on node 224 that bias the compensated circuit such that 
it Will operate ef?ciently at the frequency of the target clock. 
If the compensated circuit Was originally too sloW, bias 
voltages on node 224 increase the speed of the circuit by 
applying a forWard body bias to make operation at the target 
clock frequency possible. Alternatively, if the speed of the 
circuit is needlessly fast, bias voltages on node 224 decrease 
the speed of the circuit by applying a reverse body bias, 
thereby saving poWer While still alloWing operation at the 
target clock frequency. 
[0037] By selectively applying forWard and reverse biases 
to transistors or groups of transistors, some transistors are 
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reduced in speed While others are increased in speed. As 
technology scaling continues, and transistors continue to get 
smaller, Vt variations are likely to increase. Reverse biasing 
alone can sloW doWn devices that are too fast for a particular 
implementation, but reverse biasing can also Worsen varia 
tion in Vt, resulting in even greater Vt variation. By pro 
viding both forWard and reverse body biasing, the method 
and apparatus of the present invention reduces the effective 
Vt variation. 

[0038] Adaptive body bias circuit 200 can be used to 
adjust bias voltages during testing of a device or during 
burning-in of a device to compensate for variations in the 
manufacturing process. In this embodiment, enable input 
node 220 of body bias generator 212 causes body bias 
generator 212 to hold a bias value on node 214. During 
testing, enable input node 220 is used to command body bias 
generator 212 to function as a component Within the loop. 
During this time, the loop is closed, and the operation of 
adaptive body bias circuit 200 is as previously described. 
The loop operates for a period of time and the body bias 
values converge to stable values. After bias voltages on node 
224 are stable, enable input node 220 is used to command 
body bias generator 212 to hold a static bias value on node 
214 regardless of the error value received on node 210. This 
effectively locks the bias value to a static value for the 
remainder of the life of the integrated circuit Within Which 
adaptive body bias circuit 200 eXists. 

[0039] In another embodiment, adaptive body bias circuit 
200 can be utiliZed throughout the life of the integrated 
circuit Within Which adaptive body bias circuit 200 eXists. In 
this embodiment, adaptive body bias circuit 200 can be used 
during testing to compensate for manufacturing variances as 
previously described, and can also be used at multiple times 
throughout the life of the integrated circuit to compensate 
for time varying phenomena that have effects on circuit 
characteristics such as Vt. Examples of time varying effects 
include hot carrier degradation and threshold voltage drift. 
One embodiment that alloWs for operation of adaptive body 
bias circuit 200 throughout the life of the integrated circuit 
is discussed With reference to FIG. 3 beloW. 

[0040] FIG. 3 shoWs an integrated circuit in accordance 
With one embodiment of the present invention. Integrated 
circuit 300 includes at least one adaptive body bias circuit 
210. Adaptive body bias circuit 210 can be any embodiment 
disclosed herein, such as adaptive body bias circuit 200 
(FIG. 2). Adaptive body bias circuit 210 is bi-directionally 
coupled to memory 302 via node 214. Node 214 carries bias 
values betWeen adaptive body bias circuit 210 and memory 
302. Adaptive body bias circuit 210 is also coupled to 
control circuit 304 via enable node 220. Enable node 220 is 
output from control circuit 304, and input to adaptive body 
bias circuit 210. 

[0041] Each adaptive body bias circuit 210 included 
Within integrated circuit 300 functions to bias a portion of 
integrated circuit 300. In one embodiment, each of adaptive 
body bias circuit 210 determines bias voltage values appro 
priate for the portion of integrated circuit 300 to Which it is 
coupled. Those bias values are used to bias circuits, and are 
also output on node 214. This alloWs delays Within different 
portions of the integrated circuit to be matched. 

[0042] In operation, control circuit 304 commands adap 
tive body bias circuit and memory 302. Control circuit 304 
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can include a hardWare timer that periodically asserts a 
signal on enable node 220, thereby causing adaptive body 
bias circuits 210 to adaptively adjust bias values and to 
output those values on node 214. Alternatively, control 
circuit 304 can be a processor Within integrated circuit 300, 
or can be a processor interface that alloWs integrated circuit 
300 to communicate With a processor eXternal to integrated 
circuit 300 for the purposes of controlling memory 302 and 
adaptive body bias circuits 210. 

[0043] In one embodiment, control circuit 304 commands 
adaptive body bias circuits 210 to adaptively generate bias 
voltages When integrated circuit 300 is being tested or 
burned-in. At this time, control circuit 304 also commands 
memory 302 via commands on node 306 to accept bias 
values on node 214. Memory 302 is capable of storing many 
bias values received on node 214. In one embodiment, each 
adaptive body bias circuit 210 is commanded separately by 
control circuit 304 to output bias values on node 214. Also 
in this embodiment, memory 302 is commanded by control 
circuit 306 to accept each of the bias values output in turn 
on node 214 by each of the adaptive body bias circuits 210. 
After memory 302 has received bias values on node 214, 
control circuit 304 commands adaptive body bias circuits 
210 to accept and use bias values from node 214. Memory 
302 is commanded by control circuit 304 to output bias 
values onto node 214 for use by adaptive body bias circuits 
210. 

[0044] In one embodiment, control circuit 304 periodi 
cally commands adaptive body bias circuits 210 to adap 
tively generate bias values and output them on node 214. In 
this manner, bias values stored Within memory 302 are 
updated to take into account circuit changes that affect the 
speed of portions of integrated circuit 300. Bias values 
included Within memory 302 can be updated often, or very 
infrequently. 
[0045] Integrated circuit 300 can be any type of integrated 
circuit capable of bene?ting from the method and apparatus 
of the present invention. For eXample, integrated circuit 300 
can be a processor such as a microprocessor, digital signal 
processor, microcontroller, or the like. Integrated circuit 300 
can also be a memory device, a synchronous memory 
device, or an application-speci?c integrated circuit (ASIC). 

[0046] Having multiple adaptive body bias circuits 210 
can help to create a tight distribution of Vt values across a 
large integrated circuit. Integrated circuits have Vt variations 
that exist across the entire die. When the die is subdivided 
into regions, each region is likely to have a smaller Vt 
variation than the Whole die. Each of the body bias circuits 
210 can then Work to control the smaller Vt variation that 
eXists in the region. 

[0047] FIG. 4 is a ?oWchart of a method for biasing the 
body of a transistor according to one embodiment of the 
present invention. Method 400 begins With action boX 410 
When a parameter of the transistor is measured. The mea 
sured parameter can be one of many possible parameters, 
including a voltage threshold or a delay. In action boX 420, 
the body of the transistor is forWard or reverse biased 
responsive to the parameter. The transistor of method 400 
can be the transistor of FIG. 1. When the transistor of 
method 400 is the transistor of FIG. 1, the body is forWard 
or reverse biased by applying a bias voltage to bias node 
124. ForWard biasing a transistor can loWer the threshold 



US 2002/0005750 A1 

voltage and decrease delay, thereby increasing the speed 
With Which the transistor operates. 

[0048] FIG. 5 is a ?owchart of a method for biasing a 
compensated circuit according to one embodiment of the 
present invention. Method 500 begins in action boX 510 
When a delay in a matched circuit is measured. The matched 
circuit of action boX 510 includes a replica of a signal path 
Within a compensated circuit. The matched circuit of action 
boX 510 can be matched circuit 204 (FIG. 2). 

[0049] In action boX 520, the delay measured in action boX 
510 is compared With a predetermined delay to generate a 
bias value. The predetermined delay of action boX 520 can 
be substantially equal to a period of a target clock. The 
comparison can be performed by a phase detector such as 
phase detector 206 (FIG. 2). The bias value generated can 
change in either a positive direction or a negative direction 
as a function of the delay values being compared. 

[0050] In action boX 530, the matched circuit and the 
compensated circuit are biased responsive to the bias value. 
The matched circuit is biased in action boX 530, and as a 
result, the delay measured in action boX 510 may change. 
This is analogous to a closed loop, such as the negative 
feedback loop as shoWn in FIG. 2. 

[0051] In action boX 540, the bias value generated in 
action boX 520 is stored in a memory. The bias value stored 
in the memory can be used to bias the matched circuit and 
the compensated circuit. In one embodiment, method 500 is 
performed once When an integrated circuit is tested or 
burned-in. The bias value stored in the memory is used from 
then on to bias the compensated circuit. In another embodi 
ment, method 500 is performed periodically, and the bias 
value in the memory is periodically updated. In this embodi 
ment, time varying changes in the compensated circuit can 
be detected and further compensated for. 

[0052] FIG. 6 is a ?oWchart of a method for delay 
matching according to one embodiment of the present 
invention. Method 600 begins in action boX 610 When an 
integrated circuit is partitioned into a plurality of blocks 
capable of being independently biased. In one embodiment, 
this corresponds to partitioning the circuit along functional 
boundaries. For eXample, a processor may be partitioned 
such that a multiplier is in one block, and a register ?le is in 
another block. Transistors in each block are capable of being 
biased as a group. Transistors in each block can share a Well 
such as Well 112 (FIG. 1), or each of the transistors in a 
block can eXist in a separate Well, each Well having a bias 
input node coupled to a common node. 

[0053] In action boX 620, a delay through a matched 
circuit is compared to a desired delay. The comparison 
results in an error value. The comparison of action boX 620 
can be performed by a phase detector, such as phase detector 
206 (FIG. 2), and the resulting error value can be the error 
value produced on node 210. The actions performed Within 
action boX 620 are performed for each of the plurality of 
blocks. For eXample, each block includes a matched circuit 
having a delay. Each block also compares the desired delay 
to the delay of the matched circuit included therein. Also, 
each block generates a separate error value. The plurality of 
blocks as described in action boXes 610 and 620 can be 
adaptive body bias circuits 210 (FIG. 3). 

[0054] In action boX 630 digital bias values are generated 
for each of the error values. Digital bias values can be 
generated from error values in multiple possible manners, 
including the use of a mathematical function or look-up 
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table. In action boX 640, each of the digital bias values is 
stored in a memory. The memory of action boX 640 can be 
memory 302 (FIG. 3). In this embodiment, a single memory 
holds digital bias values for each of the plurality of blocks. 
In action boX 650, a bias voltage is generated from the digital 
bias values Within each of the plurality of blocks. In one 
embodiment, the bias voltage is generated With a D/A 
converter such as D/A converter 222 (FIG. 2). In action boX 
660, the bias voltage is applied to a transistor Well Within 
each of the plurality of blocks. The transistor Well can 
include multiple transistors such that multiple transistors are 
biased at once. The transistor Well can also include a single 
transistor. 

Conclusion 

[0055] Because of variations in manufacturing, some inte 
grated circuits operate faster than others. One possible factor 
contributing to the differences is varying threshold voltage 
among different transistors across the device. By utiliZing 
the method and apparatus of the present invention, the 
variations in threshold voltage across the device can be 
reduced, thereby alloWing multiple integrated circuits sub 
ject to manufacturing variations to be closer in performance 
and poWer consumption. 

[0056] When device to device variations are so great that 
speci?ed operating boundaries are crossed, devices are sepa 
rated into bins during testing such that some devices are sold 
as loWer performance devices. This is analogous to a loW 
ered yield, and can cost manufacturers money. The method 
and apparatus of the present invention can speed up the 
sloWer devices, thereby improving yield, and can sloW doWn 
the faster devices, thereby decreasing unnecessarily high 
poWer consumption. The result is a narroWer distribution of 
performance and poWer consumption Within a batch of 
integrated circuits. 

[0057] It is to be understood that the above description is 
intended to be illustrative, and not restrictive. Many other 
embodiments Will be apparent to those of skill in the art 
upon reading and understanding the above description. The 
scope of the invention should, therefore, be determined With 
reference to the appended claims, along With the full scope 
of equivalents to Which such claims are entitled. 

What is claimed is: 
1. Amethod of biasing the body of a transistor, the method 

comprising: 
measuring a parameter of the transistor; and 

responsive to the parameter, forWard biasing the body of 
the transistor. 

2. The method of claim 1 Wherein measuring a parameter 
comprises measuring a voltage threshold of the transistor. 

3. The method of claim 1 Wherein measuring a parameter 
comprises measuring a delay characteristic of the transistor. 

4. The method of claim 1 Wherein the transistor is a 
PMOS FET disposed Within an N Well, and the N Well is 
biased beloW a more positive supply voltage. 

5. The method of claim 1 Wherein the transistor is a 
NMOS FET disposed Within a P Well, and the P Well is 
biased above a less positive supply voltage. 

6. Amethod of biasing a compensated circuit, the method 
comprising: 

measuring a delay in a matched circuit, the matched 
circuit including a replica of a signal path Within the 
compensated circuit; 
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comparing the delay With a predetermined delay to gen 
erate a bias value; and 

responsive to the bias value, biasing the matched circuit 
and the compensated circuit. 

7. The method of claim 6 further comprising storing the 
bias value in a memory. 

8. The method of claim 6 Wherein biasing includes reverse 
biasing the matched circuit and the compensated circuit to 
increase a threshold voltage for devices included Within the 
matched circuit and the compensated circuit. 

9. The method of claim 6 Wherein biasing includes 
forWard biasing the matched circuit and the compensated 
circuit to decrease a threshold voltage for devices included 
Within the matched circuit and the compensated circuit. 

10. A method of delay matching comprising: 

partitioning an integrated circuit into a plurality of blocks 
capable of being independently biased; 

measuring characteristic circuit delays Within each of the 
plurality of blocks; and 

responsive to the characteristic circuit delays Within each 
of the plurality of blocks, independently biasing each of 
the plurality of blocks. 

11. The method of claim 10 Wherein measuring charac 
teristic circuit delays comprises: 

Within each of the plurality of blocks, comparing a desired 
delay to a delay through a matched circuit; and 

responsive to the comparing, generating an error value 
Within each of the plurality of blocks. 

12. The method of claim 11 Wherein biasing includes: 

Within each of the plurality of blocks, generating a bias 
voltage from the error value; and 

Within each of the plurality of blocks, applying the bias 
voltage to a transistor Well. 

13. The method of claim 11 further comprising: 

generating a digital bias value for each of the error values; 
and 

storing each of the digital bias values in a memory. 
14. The method of claim 13 Wherein the method is 

periodically performed, such that the digital bias values are 
periodically updated in the memory. 

15. The method of claim 10 Wherein at least one of the 
plurality of blocks is forWard biased. 

16. An adaptive bias generator comprising: 

a matched circuit having a clock input node, a clock 
output node, and a bias input node; 

a phase comparator having a ?rst input node coupled to 
the clock output node of the matched circuit, a second 
input node coupled to the clock input node of the 
matched circuit, and an output node; and 

a digital-to-analog converter responsive to an error value 
on the output node of the phase comparator, the analog 
to digital converter having an output node coupled to 
the bias input node of the matched circuit. 

17. The adaptive bias generator of claim 16 further 
comprising a body bias generator coupled betWeen the 
output node of the phase comparator and the analog to 
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digital converter, the body bias generator being con?gured 
to map the error value to at least one bias value, Wherein the 
analog to digital converter is responsive to the at least one 
bias value. 

18. The adaptive bias generator of claim 17 further 
comprising a memory con?gured to receive and to store the 
at least one bias value. 

19. The adaptive bias generator of claim 18 further 
comprising a control circuit con?gured to command the 
adaptive bias generator to update the at least one bias value 
for storing in the memory. 

20. The adaptive bias generator of claim 17 Wherein the 
output node of the analog to digital converter is coupled to 
an N Well having a PMOS transistor disposed therein. 

21. The adaptive bias generator of claim 17 Wherein the 
output node of the analog to digital converter is coupled to 
a P Well having an NMOS transistor disposed therein. 

22. An integrated circuit comprising: 

at least one circuit block, the at least one circuit block 
comprising at least one transistor disposed Within a 
Well, the Well having a bias input node; and 

an adaptive bias generator for each of the at least one 
circuit block, the adaptive bias generator being con?g 
ured to provide a voltage value on the bias input node 
responsive to a measured parameter. 

23. The integrated circuit of claim 22 Wherein the tran 
sistor is a PMOS transistor, and the Well is an N Well. 

24. The integrated circuit of claim 22 Wherein the tran 
sistor is an NMOS transistor, and the Well is a P Well. 

25. The integrated circuit of claim 22 Wherein the inte 
grated circuit is of a silicon-on-insulator (SOI) type. 

26. The integrated circuit of claim 22 Wherein the mea 
sured parameter is a characteristic delay of the at least one 
circuit block, and the adaptive bias generator comprises: 

a matched circuit that includes a replica of a signal path 
Within the at least one circuit block; and 

a phase comparator coupled to the matched circuit and 
responsive thereto, the phase comparator con?gured to 
produce an error value. 

27. The integrated circuit of claim 26 Wherein the adap 
tive bias generator is con?gured to generate at least one 
digital bias value from the error value, and the adaptive bias 
generator includes a digital-to-analog converter con?gured 
to produce the voltage value responsive to the at least one 
digital bias value. 

28. The integrated circuit of claim 27 further comprising: 

a memory to store the at least one digital bias value from 
the adaptive bias generator; and 

a control circuit con?gured to command the memory to 
store the at least one bias value. 

29. The integrated circuit of claim 28 Wherein the control 
circuit is a processor interface adapted to communicate With 
a processor eXternal to the integrated circuit. 

30. The integrated circuit of claim 28 Wherein the control 
circuit includes a hardWare timer such that the memory is 
commanded to store the at least one bias value at ?Xed 
periodic intervals. 


