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Motivation

caused due to temperature 
and process variations

S.Borkar [Intel]
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Problem Statement
�� Determine the right amount of body bias to Determine the right amount of body bias to 

compensate forcompensate for
� process variations
� temperature variations

�� Generalized framework forGeneralized framework for
� one-time compensation
� run-time compensation

�� Provide a CAD level solution to the problem Provide a CAD level solution to the problem 
of determining the exact body bias values.of determining the exact body bias values.
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Our approach
Temperature Adaptive 

Body Bias (TABB)
Process Adaptive 
Body Bias (PABB)

Ideal Process Conditions Ambient Temperature Conditions

Determine voltages 
(vbn,vbp)TABB

Determine voltages 
(vbn,vbp)PABB

Works at all temperatures 
for within-die variations

Process Temperature Adaptive Body Bias (PTABB)

Compute voltages 
(vbn,vbp)PTABB
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System Level Block Diagram

WID 
RegionBBG

BBG: Body Bias Generator
(can be central or local)

vbn

ROM (Look up Table)

From Body 
Bias Generator

To Body Bias 
Generator

Circuit Block with Biasable 
NWELL and PWELL

Critical Path Replica and Phase 
Detector Circuitry

Temperature Sensor

vbp

To N
W

E
LL

To P
W

E
LL
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Independence of Variations
Variations

Process Variations Temperature Variations

Channel length
Oxide thickness 
Dopant concentration
Threshold voltage

Mobility of electrons 
and holes
On-current

Can we isolate their effects? How does this help?
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Simulation Results for a Ring 
Oscillator

Temperature = 50ºC Process Corner = Low Vt Nominal Delay = 151ps

Delay through SPICE simulations = 145.6ps

∆Delay = -5.4ps

Delay at T=50ºC & nominal 
process corner = 154.9ps

∆Delay = 3.9ps

Delay at low Vt process corner & 
nominal temperature = 141.8 ps

∆Delay = -9.2ps

Delay using the principle of superposition = 145.7 ps
∆Delay = 3.9ps – 9.2ps = – 5.3ps

% Error = 1.8
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Temperature Compensation

Determine the exact body bias 
voltage (vbn,vbp)TABB at each 
temperature point assuming 

ideal process conditions.

Performed using 
deterministic simulations

Bounded enumeration 
based TABB

Mathematically 
assisted TABB

vbn

vbp

vbnmin

vbnmax

vbpmin

vbpmax

Delay increases
Leakage decreases

Set of points which 
do not meet delay

Set of points which 
meet delay
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Bounded Enumeration based TABB

Final  
Solution
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Mathematically Assisted TABB
zz Problem statement (NLPP) :Problem statement (NLPP) :

zz Minimize Minimize L(vbn,vbp) s.ts.t..
z D(vbn,vbp) ≤ D*
z vbnmin ≤ vbn ≤ vbnmax

z vbpmin ≤ vbp ≤ vbpmax.
zz Need models for Need models for L(vbn,vbp)

and and D(vbn,vbp).
zz Use 2Use 2ndnd order polynomial order polynomial 

best fit expressions.best fit expressions.
zz Measure leakage and delay Measure leakage and delay 

at sample points through at sample points through 
deterministic simulations.deterministic simulations.

Find the exact solution which 
lies along the blue line.

vbn

vbp

vbnmin

vbnmax

vbpmin

vbpmax

Delay increases
Leakage decreases

Set of points which 
do not meet delay

Set of points which 
meet delay
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Solving the NLPP

Express delay as  a product of 
two independent polynomials

Eliminate one variable (say vbn)

Express L in terms of vbp and 
find the minimum value using 
Newton Raphson method.
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Comparing the 2 methods

zz Bounded Enumeration Bounded Enumeration 
based TABBbased TABB
z Highlights

z Simple
z Few computations

z Drawbacks
z Depends on the 

granularity of the 
voltages

z Worst case 
complexity O(n2)

z Round-off error due to 
minimum voltage 
resolution

zz Mathematically assisted TABBMathematically assisted TABB
z Highlights

z No elaborate search
z Does not depend on the 

voltage resolution
z Exact solution (which 

can be added with 
PABB)

z Drawbacks
z 1% modeling error
z Overkill for P-well 

processes
z Can be slower than 

TABB (if search space is 
limited)
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Process Compensation

zz Problem Statement:Problem Statement:
zz Determine the body bias pair Determine the body bias pair (vbn,vbp) for each WID for each WID 

variational region of each die at room temperaturevariational region of each die at room temperature..

Measure the delay and leakage of each WID variational 
region at room temperature.

D ≥ D* D ≤ D*

Apply Forward Body BiasApply Forward Body Bias Apply Reverse Body BiasApply Reverse Body Bias
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Adaptive Body Bias (ABB)

Bias
Gen.

PD PDPD

PDPD

PD PDPD

Circuit
Block

Accounts for WID variation

Apply Ftarget

Apply NMOS bias

Pick best PMOS bias

Die Pleak < Pleak,max?

Reduce Ftarget

YES

NO

Measure F and
Pleak of die

Pick best NMOS/
PMOS bias

Apply PMOS bias

[Intel]
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PABB (Process Adaptive Body Bias)

Critical Path Replica

Circuit Block

vbp

vbn Measure delay & leakage

Build models for 
delay and leakage

Formulate NLPP
Min L(vbn,vbp) s.t.

D(vbn,vbp) ≤ D*
vbnmin ≤ vbn ≤ vbnmax

vbpmin ≤ vbp ≤ vbpmax

Determine (vbn,vbp)PABB

Performed at nominal 
(room) temperature
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Simulation Set-up for PTABB
zz ISCAS85 benchmarks used.ISCAS85 benchmarks used.

z Simulations performed with 
BPTM 100nm technology and 
Vdd=1.0V.

zz Synthesis performed using Synthesis performed using 
SIS.SIS.
z Library of 26 gates (10 NOT 

gates, 5 NAND2 gates, 5 NOR2 
gates, 3 NAND3 gates and 3 
NOR3 gates) of different sizes.

zz Each benchmark placed in a Each benchmark placed in a 
different WID zonedifferent WID zone
z Can be independently 

compensated.
zz Bias range (Bias range (--0.5 to 0.5V) for 0.5 to 0.5V) for 

vvbnbn and and vvbpbp. . 
z vstep = 0.1V

C17C17 C432C432 C880C880

C1355C1355 C3540C3540

C5315C5315 C6288C6288

Test structure show ing each 
WID variational zone.
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Results of TABB
Math TABBMath TABBEnumEnum TABBTABBNo ABBNo ABBBenchBench

markmark

1.751.750.460.460.370.370.50.50.40.457.757.73.993.997575C6288C6288
0.470.470.190.190.170.170.20.20.20.224.724.73.823.823.643.645050C6288C6288
1.171.170.380.380.400.400.50.50.30.335351.301.307575C5315C5315
0.420.420.190.190.190.190.20.20.20.214.914.91.251.251.201.205050C5315C5315
0.890.890.320.320.370.370.40.40.30.337.537.51.451.457575C3540C3540
0.410.410.080.080.190.190.10.10.20.216161.391.391.331.335050C3540C3540
3.103.100.50.50.50.50.50.50.50.511.911.90.8790.8797575C1355C1355
0.550.550.240.240.170.170.30.30.20.25.065.060.8410.8410.830.835050C1355C1355
3.113.110.440.440.490.490.50.50.50.56.856.850.8380.8387575C880C880
0.520.520.240.240.160.160.30.30.20.22.902.900.8010.8010.7630.7635050C880C880
1.631.630.420.420.360.360.40.40.40.411.211.20.9860.9867575C432C432
0.510.510.130.130.130.130.20.20.20.24.784.780.9410.9410.9020.9025050C432C432

Run time Run time 
Ratio Ratio 

((ttMathMath/t/tEnumEnum))
vvbp bp 
(V)(V)

vvbnbn
(V)(V)

vvbp bp 
(V)(V)

vvbn bn 
(V)(V)

LkgLkg
((uWuW))

DlyDly
(ns)(ns)

D* D* 
(ns)(ns)

T T 
(C)(C)
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Process Compensation
zz PABB actually performed PABB actually performed 

using postusing post--silicon tuning.silicon tuning.
zz Simulations provide an Simulations provide an 

overview of the utility of our overview of the utility of our 
method.method.

zz Test structure (critical path Test structure (critical path 
replica) is a RO simulated replica) is a RO simulated 
using 100nm BPTM.using 100nm BPTM.
zz RO used to determine RO used to determine Go-

No Go for each WID.for each WID.
zz Monte Carlo simulations Monte Carlo simulations 

(50) done using Gaussian (50) done using Gaussian 
distributions for distributions for vvtn0tn0 and and 
vvtp0tp0..

Simulations show  that the 
yield is ≈ 50%  at room 
temperature and decreases 
gradually w ith increase in T.
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Process Compensation

zz For each WID region, for each die, calculate the For each WID region, for each die, calculate the 
voltages (voltages (vvbnbn,v,vbpbp) by solving the NLPP.) by solving the NLPP.

zz For simulation purposes, we assume that all WID For simulation purposes, we assume that all WID 
regions have the same regions have the same vvtn0tn0 and and vvtp0tp0 distribution.distribution.
zz One set of simulations on the RO can be extended to One set of simulations on the RO can be extended to 

all ISCAS benchmarks.all ISCAS benchmarks.

00

NMOSNMOS--FBBFBB
PMOSPMOS--RBBRBB

22424266No of No of 
diesdies

NMOSNMOS--FBBFBB
PMOSPMOS--FBBFBB

NMOSNMOS--RBBRBB
PMOSPMOS--FBBFBB

NMOSNMOS--RBBRBB
PMOSPMOS--RBBRBB



2121

PTABB Compensation

7575
5050
7575
5050
7575
5050
7575
5050
7575
5050
7575
5050

TempTemp

7878
100100

7676
100100

9292
100100

4848
100100

5454
100100

7676
100100

%Yield%Yield

393900003939C6288C6288
23230027275050C6288C6288
383800003838C5315C5315
21210029295050C5315C5315
464600004646C3540C3540
464644005050C3540C3540
242400002424C1355C1355
26260024245050C1355C1355
272700002727C880C880
26260024245050C880C880
383800003838C432C432
15150035355050C432C432

PP--FBB FBB 
NN--FBBFBB

PP--RBB RBB 
NN--RBBRBB

PP--FBB FBB 
NN--RBBRBB

Accepted Accepted 
Dies (out of 50)Dies (out of 50)
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Conclusion

zz Bidirectional Adaptive Body Bias can be used to Bidirectional Adaptive Body Bias can be used to 
improve the yield of dies for reasonable ranges improve the yield of dies for reasonable ranges 
of operating temperatures.of operating temperatures.

zz New scheme to determine the exact values of New scheme to determine the exact values of 
body bias, body bias, PTABB compensationPTABB compensation developed.developed.

zz OneOne--time compensation for process variations time compensation for process variations 
and runand run--time compensation for temperature time compensation for temperature 
variations performed.variations performed.



Backup
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Independence of Variations 
zz Delay of a combinational circuit in the presence of Delay of a combinational circuit in the presence of 

temperature and process variations: temperature and process variations: D=f (x ,T)
z x is the vector of process variablesis the vector of process variables
z T is the operating temperature.is the operating temperature.

z x0 and and T0 are the nominal values : are the nominal values : f(x0,T0)=D*..
zz At any other point At any other point (x1,T1) ∆D can be written ascan be written as

∆D = f(x1,T1) – f(x0,T0)
zz If If xx and and TT are independent variables,are independent variables,

� � � � T
T
fTTfD ' 
w
w
�' 

w
w
 ' .xxx.

x
00

> @ > @),x(),x(),x(),x( 00100001 TfTfTfTfD ���|'
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Bounded Enumeration based TABB
Lmin = ∞; Set initial solution to maximum bias

Apply NMOS Bias

Apply maximum PMOS bias

Apply PMOS bias

Is delay OK?

Is leakage OK?

Update Solution

Reduce 
NMOS bias

Reduce 
PMOS bias

Return Final Soln

Is delay OK?

No

No

No

No

No

Final Solution
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PTABB Computations

7575
5050
2525

vvbpbpvvbnbnTempTemp

(vbn,vbp)PTABB = (vbn,vbp)PABB + (vbn,vbp)TABB(vbn,vbp)PTABB = (vbn,vbp)PABB + (vbn,vbp)TABB

(vbn,vbp)PABB

vvbpbpvvbnbnT=25T=25ºº

vvbpbpvvbnbnT=50T=50ºº

vvbpbpvvbnbnT=75T=75ºº

++

TABB values for 
each circuit block 

determined through 
simulations.

PABB values for each 
circuit block 

determined through 
post-silicon tuning.

PTABB values 
programmed into the 
ROM for each WID 
variational region.
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Results of Simulation on RO

0.517.818.3158.6161.2169.3High Vt75

-0.3-1.5-1.8158.6141.8149.2High Vt75

0.114.214.3154.9161.2165.3Low Vt50

-0.1-5.3-5.4154.9141.8145.6Low Vt50

DiffDiff∆∆DelayPDelayP
+ + 

∆∆DelayTDelayT

∆∆DelayPTDelayPTDelayTDelayT
f(xf(x00,T,T11))

DelayPDelayP
f(xf(x11,T,T00))

DelayPTDelayPT
f(xf(x11,T,T11))

Process Process 
CornerCorner

TempTemp

Simulation using BPTM 100nm model files

RO delay with nominal temperature and process conditions = 151ps


