460 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 25, NO. 3, AUGUST 2012
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Abstract—Reliability and variability have become big design
challenges facing submicrometer high-speed applications and
microprocessors designers. A low area overhead adaptive body
bias (ABB) circuit is proposed in this paper to compensate for
negative-bias temperature instability (NBTI) aging and process
variations to improve the system reliability and yield. The
proposed ABB circuit consists of a threshold voltage-sensing
circuit and an on-chip analog controller. In this paper, post-layout
simulation results, referring to an industrial hardware-calibrated
STMicroelectronics 65-nm CMOS technology transistor model,
are presented. The transistor model contains process variations
and NBTI aging model cards, which are declared by STMicro-
electronics to be Silicon verified. Cadence RelXpert, Virtuoso
Spectre, and Virtuoso UltraSim tools are used to estimate the
NBTI aging and process variations impacts on a circuit block case
study, extracted from a real microprocessor critical path. These
results show that the proposed ABB compensates effectively for
NBTI aging and process variations. For example, the proposed
ABB improves the timing yield from 74.4% to 99.7% at zero
aging time and from 36.6% to 97.1% at 10 years aging time. In
addition, the proposed ABB increases the total yield from 67 %
to 99.5% at zero aging time and from 35.9% to 97.1% at 10
years aging time.

Index Terms—Adaptive body bias, deep submicrometer,
negative-bias temperature instability, process variations.

I. INTRODUCTION

ELIABILITY is one of the major design challenges

facing high-speed applications and microprocessors de-
signers. Shrinking geometries, lower power supplies, higher
clock frequencies, and higher density circuits all have a great
impact on reliability. As CMOS technology scales, negative-
bias temperature instability (NBTI) becomes a significant
reliability concern.

NBTI is the generation of interface traps under negative-
bias conditions (i.e., Vgs = —Vpp) at elevated temperatures in
pMOS transistors. NBTI is a growing threat to circuit relia-
bility in scaled CMOS technologies [1]-[6]. These interface
traps are formed due to crystal mismatches at the Si-SiO,
interface. During Si oxidation, the majority of the atoms are
bonded to oxygen, whereas some of the atoms are bonded with
hydrogen, leading to the formation of weak Si—H bonds. When
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a pMOS transistor is negatively biased, the holes in the channel
dissociate these weak Si—H bonds and the interface traps are
formed. These traps are electrically active physical defects
with their energy distributed between the valence band and
the conduction band in the band diagram [1], [7], resulting in
an increase in the absolute pMOS transistor threshold voltage,
|Vipl. This |V,,| increase results in performance degradation
and timing yield loss over aging time.

The aggressive scaling of CMOS technology toward the
nanometer regime has created large statistical process vari-
ations in the transistor parameters, such as threshold voltage,
channel length, and mobility [8]-[10]. Therefore, the process
variations are considered one of the most important design
challenges for sub-100-nm CMOS technologies [8], [9], [11].
These process variations are classified into die-to-die (D2D)
variations and within-die (WID) variations. In D2D variations,
all the devices on the same die are assumed to have the same
parameters. However, the devices on the same die are assumed
to behave differently for WID variations [9].

Adaptive body bias (ABB) allows the tuning of the transistor
threshold voltage, V;, by controlling the transistor body-to-
source voltage, Vps. A forward body bias (FBB) (i.e., Vs > 0)
reduces V;. Alternatively, a reverse body bias (RBB) (i.e., Vgs
< 0) increases V;. Therefore, the impacts of NBTI and process
variations are mitigated by adopting the ABB technique.
Practically, the implementation of the ABB is desirable to
bias each device in a design independently (local ABB), to
mitigate D2D and WID variations. However, supplying so
many separate voltages inside a die results in a large area
overhead. On the other hand, using the same body bias for all
devices on the same die (global ABB) limits the capability to
compensate for WID variations [12].

In [12] and [13], ABB is used to compensate for process
variations and yield improvement by estimating the process pa-
rameters and using a digital controller to control the body bias.
Recently, several NBTI monitoring circuits are introduced in
[14]-[16]. These monitoring circuits output can be fed to
an ABB circuit to compensate for the NBTI impact. These
monitoring circuits utilize a phase-locked loop technique to
determine the pMOS transistor deviation digitally and require
a digital-to-analog converter to convert this digital deviation to
the appropriate body-bias voltage, which is obtained by using
a digital control module. These requirements impose large area
overhead that limits the applicability of these circuits.

In this paper, a global ABB circuit is adopted for NBTI
compensation. It is based on estimating the stressed pMOS
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transistor threshold voltage, |V, . ..|, in conjunction with an
ABB control circuit, achieved by an on-chip analog circuit.
This analog circuit generates the appropriate body-bias volt-
age, based on the |V, .| deviations due to NBTI. The main
advantage of this ABB circuit is its lower area overhead
compared to the NBTI monitoring circuits published in [14]-
[16]. All the results reported in this paper are post-layout sim-
ulation results, referring to an industrial hardware-calibrated
STMicroelectronics 65-nm CMOS technology, where process
variations and NBTI stress are included in the transistor model
card and declared by STMicroelectronics to be Silicon verified.
In addition, the process and temperature variations impact on
the pMOS transistor threshold voltage is reduced due to this
global ABB circuit adoption as well.

This paper is organized as follows. Section II explains the
proposed ABB circuit design. Simulation results are given in
Section III. Finally, some conclusions are drawn in Section I'V.

A. NBTI Aging

In [14] and [17], it is stated that the pMOS transistor thresh-
old voltage increase due to NBTI, A|Vj,.|, under constant dc
stress (i.e., the pMOS transistor gate voltage is grounded),
follows a power law model with respect to the aging time as
follows [14], [17]:

AlVipoe| = Kpe x 1°1°

ey

where Kpc is a technology-dependent parameter (i.e., Kpc is a
function of temperature, supply voltage, device geometry, and
interfacial traps density) and 7 is the aging time in seconds.
There exist several models for the NBTI that are based on
different physical explanations. Recently, in [17], new expla-
nation of the NBTI, based on switching oxide traps mechanism
rather than the reaction—diffusion mechanism, explains most of
the experimental data that were inconsistent with the reaction—
diffusion model.

In real circuit operation, the effective ON time of the pMOS
transistor is bounded by the operating frequency and the
gate input probability. During the OFF time (i.e., the pMOS
transistor gate voltage is connected to the supply voltage), the
pMOS transistor experiences a recovery process, where |V,|
decreases back to its original value before stress. Accordingly,
the pMOS transistor threshold voltage increase due to NBTI,
AlVip,l, under dynamic ac stress, is a scaled version of
A|Vipy| and is given by [14], [17]

AlVipl & a x AVl =a x Kpe x 11

@

where « is a prefactor dependent on the operating frequency
and the gate input probability. It is reported that the pMOS
transistor life time is much longer under ac stress than dc stress
by a factor of 4X.

B. Process Variations

The primary sources of process variations are random
dopant fluctuations (RDFs) and channel length variations. The
RDF variations are classified as random variations, whereas
the channel length variations are classified as systematic
variations.
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1) RDF: The number of dopants in the MOSFET deple-
tion region decreases as technology scales. Due to the
discreteness of the dopant atoms, there is a statistical
random fluctuation of the number of dopants, within a
given volume, around their average value. This fluctua-
tion in the number of dopants in the transistor channel
results in device threshold voltage variations. It has
been shown that the threshold voltage variation, due to
RDF, is normally distributed, and its standard deviation,
ov, rDF, 18 inversely proportional to the square root of
the transistor active area.

2) Channel Length Variations: For sub-90-nm nodes, opti-
cal lithography requires light sources with wavelengths
much larger than the minimum feature sizes for the
technology. Therefore, controlling the critical dimension
(CD) at these technology nodes becomes so difficult.
The variation in CD (i.e., channel length of the transis-
tor) impacts directly the transistor V;. In short-channel
devices, the threshold voltage, V;, has an exponential de-
pendence on the channel length, L, due to charge sharing
and drain-induced barrier lowering (DIBL) effects [17].
Thus, a slight variation in L introduces large variation
in V; due to this exponential dependence.

The system timing yield is affected by the process variations
and the temperature variations as well as the aging NBTI
effect.

II. PROPOSED ABB CIRCUIT

In the proposed ABB circuit, the effect of NBTI on |V, is
compensated by estimating the actual value of |V;,|, which is
impacted by NBTI, by using an estimation circuit. Then, the
analog controller generates the appropriate body-bias voltage,
Vsg, to mitigate the NBTI impact. The analog controller is
a direct implementation of the relationship between |V;,| and
Vsg. In [17] and [18], the relationship between |V;,| and Vsp
for a pMOS transistor is given by

|Vrp| = |Vrpo| + A|th|BB
and  AlV,ls = y(v/2¢r —Vss — V2¢r) (3

where |V, is the pMOS transistor threshold voltage at zero
body bias (i.e., when Vsg = 0), A|V;,|gp is the body-bias effect
on |V,|, y is the body effect coefficient, and ¢ is the Fermi
potential with respect to the midgap in the substrate [17], if
|Vipol is increased due to NBTI by A|V,,|ngri- Therefore, the
body-bias voltage, Vsg, compensates for this NBTI by produc-
ing a threshold voltage change, A|V,,|gg, that cancels out the
NBTI change, A|Vi,|ngT1 (€., A|Viyles = —A|VjpInpT1). The
value of Vsp that compensates for the NBTI change is given
by

“

Vs =

2v2¢r
14

1
x A|Vi|NBTI — ?(A|th|NBTI)2

where A|V,|npr1 is the difference between the estimated
threshold voltage, |Vj,....|» Which is impacted by the NBTI,
and the nominal threshold voltage, |V,,,|. Typically, the source
of the pMOS transistor is connected to the supply voltage,
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Fig. 1. Proposed ABB circuit for NBTI compensation.

Vpp. Therefore, the body-bias voltages of the pMOS transistor,
Vgp, which result in NBTI compensation, is given by

2y2¢F

Vepb = Vop— T[szmmﬁ — [Vipoll %)

1
+ ; [| ‘/lpsuesscd | - | tha |]2 :

The proposed ABB circuit is depicted in Fig. 1 for the bias
voltage Vp,. The sensing circuit, shown in Fig. 1, is used
to estimate the actual value of |V,,|, which is impacted by
the NBTTI under full stress (the worst-case NBTI effect). This
sensing circuit outputs an estimate for the pMOS threshold
voltage, denoted by Vou =7 (Vbp — |Vipyewea|) that is applied
to an amplifier circuit and a squaring circuit to produce the
required bias voltage, which is capable of reducing the impact
of NBTIL.

In Fig. 1, the voltage source of the value r (Vpp — |Vipol)
is a dc-bias voltage representing the ratio » multiplied by the
difference between the supply voltage, Vpp, and the pMOS
transistor nominal threshold voltage value at zero body bias.
The dc supply voltages of the amplifiers are set to (Vpp+ Vp,)
and (Vpp + Vp_) to limit the body-bias voltage, Vp,, and to
implement (5). According to Fig. 1 and recalling (5), the gains
Kip, K5p, and K3, are given by

KleKg,p:% and szXKg,p:—ﬁ. (6)
The implementations of the sensing circuit, the amplifiers, and
the squaring circuit are given in the following discussions.

A. Sensing Circuit

The sensing circuit, displayed in Fig. 2, is used to esti-
mate the actual value of the threshold voltage of the pMOS
transistor, which is impacted by NBTI under static dc stress.
In this circuit, the pMOS transistor is sized with the same
sizing as the pMOS transistor in the test circuit and the
nMOS transistor is a native transistor. Native transistors are
manufactured without additional threshold voltage implanta-
tion in the channel area and thus exhibit a natural threshold
voltage in the manufacturing process. This natural threshold

Voo
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Vout=r (VDD-thm.ssad)
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Fig. 2. pMOS transistor |Vj,| sensing circuit.
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Fig. 3. Output of the pMOS threshold voltage sensing circuit shown in
Fig. 2.

voltage is typically around OV [19]. The minimum size of
the native transistor as introduced by the industrial hardware-
calibrated STMicroelectronics 65-nm CMOS technology is
500 nm/300 nm that is used in this sensing circuit.

By using the «—power law model, introduced in [20], and
equating the dc currents of the nMOS and pMOS transistors,
the output voltage of this circuit, Vo, is expressed as

Vou = Vu+rx[Vpp— |‘/7P>lrcsscd 1]

7 X [Vbb — [ Vipgessea ] (7)

1
ro= (kp’ VLV|p> ‘

kn' % |n

where k, and k, are the technological parameters, and %In
and %| p are the sizes of the nMOS and the pMOS transistors,
respectively. It should be noted that the native nMOS transistor
threshold voltage, V;,, is assumed to be OV in (7) [19].

Fig. 3 displays the output voltage of the sensing circuit,
Vou» versus (Vpp — |Vipol). This figure is obtained from
SPICE simulations by sweeping the threshold voltage of
the industrial STMicroelectronics 65-nm CMOS technology
transistor model and using Vpp = 1.0V and r =~ 0.54. Good
agreements between the estimated threshold voltage values and
their actual values prove that the threshold voltage sensing
circuit is effective, when used in nanometer technologies. The
maximum error between the estimated threshold voltage values

and their corresponding actual values is 5.4%, and the average
error is 3.2%.

%
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Fig. 4. Proposed two-stage amplifier circuit.

B. Amplifier Circuit

In the proposed ABB circuit in Fig. 1, two amplifiers with
different gains and a large output voltage swing, (Vg — Vp_),
are required. Therefore, the two-stage configuration amplifier
circuit, shown in Fig. 4, is utilized. The advantage of this
configuration is that it isolates the gain and the output voltage
swing requirements. The first stage is configured in a differ-
ential pair topology to provide the high-gain requirements.
Typically, the second stage is configured as a common source
stage to allow maximum output voltage swings [21]. Long
channel transistor operation is assumed by making all the
amplifier transistors lengths equal 130nm, and therefore, all
transistors are assumed to be in the pinch-off saturation region
and the following transistors pairs, (M1 and M2), (M3 and
M4), and (M6 and M7), are designed to be matched.

According to [22], the mismatch between these transistors
threshold voltages is inversely proportional to the square root
of the channel area (WL). Thus, by designing all the amplifier
and squaring circuit transistors widths larger than 195nm
(the minimum width for STMicroelectronics 65-nm transistor
is 120nm) and lengths of 130nm (the minimum length for
STMicroelectronics 65-nm transistor is 60 nm), this mismatch
effect is reduced.

Correspondingly, the amplifier gain, K, is written as

K = 8ml 8m8 (8)
8d2 t 844 8a71 t 848
—_—

where the first term represents the differential pair gain, the
second term represents the second stage gain, g, is the
transistor transconductance, and g, is the transistor drain-to-
source output conductance. g,, and g, are designed to achieve
the required gain, which is achieved by the first stage, and the
output voltage swing, which is achieved by the second stage,
in each amplifier. It should be noted that the amplifier shown
in Fig. 4 is a noninverting amplifier. However, this amplifier
is configured as an inverting amplifier by changing the input
terminals (i.e., Viy, and Vi,— become the inputs to transistors
M1 and M2, respectively).
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Fig. 6. Simulated squaring circuit output with V;, is varied from —0.15V
to 0.15V and the gain is 10.0.

C. Squaring Circuit

One of the essential building blocks in the ABB circuit,
shown in Fig. 1, is the squaring circuit. Several squaring
circuits are reported in the literature [23], [24]. Fig. 5 depicts
the squaring circuit used in the proposed ABB circuit. The
proposed squaring circuit consists of a differential voltage
generator circuit and a basic common source differential pair
squaring circuit. The differential voltage generator circuit
is utilized to adjust the squaring circuit output voltage dc-
offset and the squaring circuit gain. Assuming long channel
transistor operation, all transistors are operating in the pinch-
off saturation region, and the transistors pairs, (Md1 and Md2),
(Md6, Md7, Md10, and Mdl11), (Md5, Md9, and Md13),
(Md3 and MdS8), and (Md4 and Md12), are matched. The
small signal current flowing through Mdl is g, Vin/2 that
is equal to the small signal current flowing through MdS,
which is g,,6V,1/2 due to the current mirror action between
these transistors. Therefore, V,; = (gmn1/8me6)Vin- Similarly,
due to the current mirror action between transistors Md4 and
Md12, the voltage V,» is —(gm1/8&m10)Vin. Since transistors
Md6, Md7, Md10, and Mdl1 are matched, the two output
voltages, V,; and V,;,, are given by

Vol = _V02 = (gml/gm6)vin- (9)
These two output voltages, V,; and V,;, have an equal
common-mode voltage, Vrery,. When these two output volt-
ages are applied to the basic squaring circuit, the resultant
output voltage, Vour,, 18 given by [24]

(Vs — [Vip))? — (VREFso + |Vip])?

2(Vpy — VREFsq — 21Vip))

(gml/gmﬁ)2 X V]%]

2(V+ — VreFsq — 2[Vipl)

VOUlsQ = VDD

(10)

where the transistors pairs, (Msl and Ms2) and (Ms4 and
Ms5) are matched. It is evident that the squaring circuit output
voltage dc-offset can be adjusted through Vrgry,, whereas the
squaring circuit gain can be adjusted through the transcon-
ductance ratio, (gm1/gme), and Vrers,. Fig. 6 displays the
simulation results for the squaring circuit in Fig. 5, where
Vin is varied from —0.15V to 0.15V and the squaring circuit
gain is 10.0.
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the process variations and the NBTI stress effects that are
declared by STMicroelectronics to be Silicon verified. The
supply voltage, Vpp, equals 1.0 V. The reliability analysis is

Fig. 5. Squaring circuit that consists of the differential voltage generator and the basic squaring circuit.
wlhe e l ol
~
\
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| Global ABB |

Fig. 7. Test circuit used in the simulation setup.

III. SIMULATION RESULTS AND DISCUSSIONS

In the following simulation results, the layout of a circuit
block, extracted from a real microprocessor critical path, is uti-
lized to verify the proposed ABB effectiveness in NBTI aging
and process variations compensation. This circuit block con-
sists of 15 CMOS gates including CMOS inverter gates, NAND
gates, NOR gates, and Transmission gates, similar to the test
circuits used in [12] and [13]. Fig. 7 portrays the test circuit,
which consists of 30 critical paths and a global ABB circuit.

This circuit block is selected to model the effect of the
proposed ABB on the reliability and yield improvement
of a real microprocessor design [13]. The figures of merit
considered in this experiment are the oscillation frequency
(Fek), the dynamic power (Pgy,) of the circuit block when
configured as a ring oscillator, and the leakage power (Pieqk)
of the circuit block when operating in static conditions [13].
The circuit block and the ABB circuits are implemented by
using an industrial hardware-calibrated STMicroelectronics
65-nm CMOS transistor model. This model card includes

performed by using Cadence RelXpert, Virtuoso Spectre, and
Virtuoso UltraSim tools.

The pMOS transistor parameters such as |V, ¢r, and y
are determined from the transistor model card at a temperature
T =125°C and equal 0.204V, 0.439V, and 0.18, respectively.
Accordingly, The ABB circuit parameters K;,, K»,, and K3,
equal —1.8, 10.0, and —10.6, respectively. All the above
parameters are calculated at 7 = 125 °C and r = 0.54. It should
be mentioned that the technology parameter ¢ is linearly
proportional to the temperature 7 in °K, accordingly, the ABB
design is performed at the worst-case temperature 7' = 125 °C.

The junction leakage current and the breakdown consider-
ations determine the RBB voltage bound, while the FBB is
limited by the subthreshold leakage current and the forward
biasing of the drain—bulk junction. According to [25] and [26],
the upper limit of the FBB voltage for latch-up-free operation,
in 65-nm CMOS technology with Vpp ranges from 0.9V to
1.2V, is 0.6V. Also, SPICE simulations are conducted by
sweeping the FBB voltage for the pMOS transistor and show
that the upper limit of the FBB voltage to prevent latch-up
triggering for the pMOS transistor is 0.59 V. Therefore, the
maximum FBB voltage used in this ABB is set to 0.5V to
ensure latch-up-free operation in case of fluctuations of the
FBB voltage around 0.5 V. Accordingly, the FBB and the RBB
maximum voltages (i.e., Vpp + Vp; and Vpp + Vp_) are set to
1V£0.5V [12]. The dc supply voltage r(Vpp — |vspol) is used
as an off-chip supply voltage that can be tweaked during the
chip-testing process to search for the best match of (6). This
tweaking of this dc voltage helps in compensating for all the
factors that affect the match of (6) such as process variations
and power supply noise. Once this voltage is known, it can be
programmed into the chip [12].
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Post-layout simulation results for the NBB case and the ABB case versus aging time at 7 = 125°C considering (a) clock frequency (Fcik),

(b) dynamic power (Pgyn), (c) leakage power (Piea), (d) Fek yield, (€) Payn yield, (f) Pleak yield, and (g) total yield.

The effectiveness of the proposed ABB circuit in mitigating
the NBTI stress impact and the process variations is examined
by performing post-layout simulations for the circuit block
without the adoption of the ABB circuit. Then, the same
simulations are repeated while the ABB circuit is adopted and
the results are compared to the case when the ABB circuit
is not utilized. In these simulations, the temperature used is
T = 125 °C with the aging time changes from 0 to 10 years in 1
year step. The effect of changing the temperature is discussed
later in this section.

The Monte Carlo analysis generates 5000 different dies.
In each Monte Carlo statistical run (which is corresponding
to a certain die), the die frequency is calculated as the

minimum frequency of the die critical paths. Since the real
microprocessor die contains hundreds of critical paths, the
die power (i.e., the dynamic power and the leakage power)
is calculated as the average power per critical path. This is
performed by summing the critical paths powers and dividing
by the number of critical paths per die.

A. NBTI Aging Mitigation

The effectiveness of the proposed ABB on mitigating F¢x
degradation with aging time is displayed in Fig. 8(a). In this
figure, Fgk is degraded due to NBTI aging at the NBB case by
4.4% at 1 year aging time and by 8.7% at 10 years aging time.
It is evident that the ABB circuit not only keeps F. constant
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but also improves it with aging up to 5 years aging time. This is
because the ABB sensing circuit is represented by a dc stressed
PMOS transistor, whereas the actual PMOS transistors are un-
der dynamic ac stress. Accordingly, the ABB circuit provides
more FBB than required that improves F . After 5 years
aging, the ABB case exhibits some Fx reduction because the
ABB is limited to a body-bias voltage of 0.5 V. Accordingly,
the NBTI |V,,| increase is larger than the |V,,| reduction
amount supplied by the ABB when the body-bias voltage
becomes 0.5 V. However, this F, degradation percentage is
1.7% at 10 years aging compared to 8.7% for the NBB case.

Fig. 8(b) and (c) shows that Pyy, and P, are improved
with aging time at the expense of degraded performance for
the no body bias (NBB) case. Adopting the ABB circuit
slightly increases Pgyn, and P up to 5 years aging time. For
example, at 4 years aging time, Pgy, and P, are improved
by 10.1% and 33.7%, respectively, for the NBB case whereas
no improvement occurs in the ABB case (actually, Pyy, and
Pk increase for the first 5 years with ABB adoption). At 10
years aging time, Pgyp, and P,y are improved by 13.2% and
41.9%, respectively, for the NBB case and improved by 3.2%
and 12.1%, respectively, for the ABB case.

B. Process Variations Mitigation

The Fek, Payn, and Py yields are calculated by conducting
5000-point post-layout Monte Carlo statistical analysis by
setting the target Fuy, Payn, and Ppey values to 1.6 GHz,
85 uW, and 6.5 uW, respectively, [12], [13]. It is evident from
Fig. 8(d) that the F yield at zero aging time is improved
from 74.4% to 99.7% by adopting the ABB circuit. In order
to improve the F yield further, local ABB circuits should
be utilized to account for the systematic WID variations
(i.e., employing a local ABB circuit to each critical path).
Employing local ABB circuits will improve the F. yield at
the expense of larger area overhead compared to the global
ABB circuit adopted in this paper. The F i yield degraded
with aging time for the NBB case reaching 36.6% at 10 years
aging time. The adoption of the ABB circuit enhances the Fgx
yield and keeps it close to 100% (i.e., the F yield is 97.1%
at 10 years aging time).

Fig. 8(e) and (f) shows that the ABB circuit keeps the Py,
and Pieq yields close to 100%. Although the Pyy, and Pl
yields are increasing with aging time for the NBB case, the
ABB case is still showing higher yield values because the
ABB circuit reduces the process variations impact. The total
yield considering Fei, Payn, and Piea is displayed in Fig. 8(g).
This total yield represents the percentage of dies that satisfy
the Fe, Payn, and Pieg constraints. The total yield is degraded
from 67% at zero aging time to 35.9% at 10 years aging time
for the NBB case. The ABB circuit keeps this yield close to
100% and reaches 97.1% at 10 years aging time.

C. Effect of Temperature on the ABB performance

The ABB design is performed at a temperature 7 =
125°C that is the worst-case operating condition. When
the operating temperature decreases, |Vj,| increases by
(A Viplr+A|VipIneT), Where A|Vy,|r is the |V,,| increase due

to temperature decrease and A|V,,|npTr is the |V,| increase
due to NBTI. Decreasing the operating temperature results in
increasing A|Vj,|r [17] and decreasing A|V,,|ngT1 (because
Kpc is a function of temperature) [27]. This |V,,| change
is sensed by the ABB sensing circuit and the corresponding
body-bias voltage is generated. Therefore, the ABB circuit
compensates also for temperature variations.

IV. CONCLUSION

The proposed ABB circuit has been shown to reduce the
impacts of the NBTI aging and process variations. The ABB
circuit consisted of a threshold voltage sensing circuit and
an analog controller that generates the required body-bias
voltage to compensate for NBTI aging and process variations.
Post-layout simulation results, referring to an industrial
hardware-calibrated =~ STMicroelectronics 65-nm  CMOS
technology transistor model, showed that the proposed ABB
compensates effectively for NBTI and process variations in a
circuit block case study, extracted from a real microprocessor
critical path. For example, the proposed ABB improved the
Fo yield from 74.4% to 99.7% at zero aging time and from
36.6% to 97.1% at 10 years aging time. In addition, the
proposed ABB increases the total yield from 67% to 99.5%
at zero aging time and from 35.9% to 97.1% at 10 years
aging time. The main advantage of the proposed ABB is its
lower area overhead compared to the previous state-of-the-art
ABB techniques. Typically, the area overhead of the proposed
ABB was less than that in [14]-[16].

REFERENCES

[1] D. K. Schroder and J. F. Babcock, “Negative bias temperature instability:
Road to cross in deep sub-micron silicon semiconductor manufacturing,”
J. Appl. Phys., vol. 94, no. 1, pp. 1-18, Jul. 2003.

[2] D. Bhaduri, S. K. Shukla, P. S. Graham, and M. B. Gokhale, “Reliability
analysis of large circuits using scalable techniques and tools,” I[EEE
Trans. Circuits Syst. I, vol. 54, no. 11, pp. 2447-2460, Nov. 2007.

[3] S. Mahapatra, P. B. Kumar, and M. A. Alam, “Investigation and
modeling of interface and bulk trap generation during negative bias
temperature instability of P-MOSFETS,” IEEE Trans. Electron. Devices,
vol. 51, no. 9, pp. 1371-1379, Sep. 2004.

[4] A. Vassighi and M. Sachdev, Thermal and Power Management of
Integrated Circuits. New York: Springer, 2006.

[5] A. S. Goda and G. Kapila, “Design for degradation: CAD tools for
managing transistor degradation mechanisms,” in Proc. ISQED, 2005,
pp. 416-420.

[6] B. C. Paul, K. Kang, H. Kufluoglu, M. A. Alam, and K. Roy, “Impact
of NBTI on the temporal performance degradation of digital circuits,”
IEEE Trans. Electron. Devices, vol. 26, no. 8, pp. 560-562, Aug. 2005.

[7]1 S. V. Kumar, C. H. Kim, and S. S. Sapatnekar, “Impact of NBTI on
SRAM read stability design for reliability,” in Proc. ISQED, 2006, pp.
213-218.

[8] S. Borkar, T. Karnik, S. Narendra, J. Tschanz, A. Keshavarzi, and V. De,
“Parameter variations and impact on circuits and microarchitecture,” in
Proc. 40th DAC, 2003, pp. 338-342.

[9] H. Masuda, S. Ohkawa, A. Kurokawa, and M. Aoki, “Challenge: Vari-

ability characterization and modeling for 65-nm to 90-nm processes,” in

Proc. IEEE Custom Integr. CICC, Sep. 2005, pp. 593-599.

K. Bowman, S. Duvall, and J. Meindl, “Impact of die-to-die and within-

die parameter fluctuations on the maximum clock frequency distribution

for gigascale integration,” IEEE J. Solid-State Circuits, vol. 37, no. 2,

pp. 183-190, Feb. 2002.

[11] ITRS. The International Technology Roadmap for Semiconductors [On-

line]. Available: http://public.itrs.net

[10]



MOSTAFA et al.: NBTI AND PROCESS VARIATIONS COMPENSATION CIRCUITS

[12] J. W. Tschanz, J. T. Kao, S. G. Narendra, R. Nair, D. A. Antoiadis, A.
P. Chandrakasan, and V. De, “Adaptive body bias for reducing impacts
od die-to-die and within-die parameter variations on microprocessor
frequency and leakage,” IEEE J. Solid State Circuits, vol. 37, no. 11,
pp. 1396-1402, Nov. 2002.

M. Olivieri, G. Scotti, and A. Trifiletti, “A Novel yield optimization
technique for digital CMOS circuits design by means of process pa-
rameters run-time estimation and body bias active control,” IEEE Trans.
Very Large Scale Integr. Syst., vol. 13, no. 5, pp. 630-638, May 2005.
K. K. Kim, W. Wang, and K. Choi, “On-Chip aging sensor circuits for
reliable nanometer MOSFET digital circuits,” IEEE Trans. Circuits Syst.
11, vol. 57, no. 10, pp. 798-802, Oct. 2010.

J. Keane, T.-H. Kim, and C. H. Kim, “An on-chip NBTI sensor for
measuring pMOS threshold voltage degradation,” IEEE Trans. Very
Large Scale Integr. Syst., vol. 18, no. 6, pp. 947-956, Jun. 2010.

K. Kang, S. P. Park, K. Kim, and K. Roy, “On-chip variability sensor
using phase locked loop for detecting and correscting parametric timing
failures,” IEEE Trans. Very Large Scale Integr. Syst., vol. 18, no. 2, pp.
270-280, Feb. 2010.

T. Grasser, B. Kaczer, W. Goes, H. Reisinger, T. Aichinger, P. Hehen-
berger, P. Wagner, F. Schanovsky, J. Franco, M. T. Luque, and M.
Nelhiebel, “The paradigm shift in understanding the bias temperature
instability: From reaction diffusion to switching oxide traps,” IEEE
Trans. Electron Devices, vol. 58, no. 11, pp. 3652-3666, Nov. 2011.
S. H. Kulkarni, D. M. Sylvester, and D. Blaauw, “Design-time optimiza-
tion of post-silicon tuned circuits using adaptive body bias,” IEEE Trans.
Comput.-Aided Des. Integr. Circuits Syst., vol. 27, no. 3, pp. 481-494,
Mar. 2008.

S.-L. Chen and M.-D. Ker, “A new Schmitt trigger in a 0.13-pum 1/2.5-
V CMOS process to receive 3.3-V input signals,” IEEE Trans. Circuits
Syst. II, vol. 52, no. 7, pp. 361-365, Jul. 2005.

T. Sakurai and A. Newton, “Alpha-power law MOSFET model and its
applications to CMOS inverter delay and other formulas,” IEEE J. Solid-
State Circuits, vol. 25, no. 2, pp. 584-594, Apr. 1990.

B. Razavi, Design of Analog CMOS Integrated Circuits. New York:
McGraw-Hill, 2000.

M. Pelgrom, A. Duinmaijer, and A. Welbers, “Matching properties of
MOS transistors,” IEEE J. Solid-State Circuits, vol. 24, no. 5, pp. 1433—
1439, Oct. 1989.

R. Hidayat, K. Dejhan, P. Moungnoul, and Y. Miyanaga, “OTA-based
high frequency CMOS multiplier and squaring circuit,” in Proc. Int.
Symp. Intell. Signal Process. Commun. Syst., 2008, pp. 1-4.

B. Boonchu and W. Surakampontorn, “A new nMOS four-quadrant
analog multiplier,” in Proc. IEEE Int. Symp. Circuits Syst., May 2005,
pp- 1004-1007.

S. Lakshminarayanan, J. Joung, G. Narasimhan, R. Kapre, M. Slanina,
J. Tung, M. Whately, C.-L. Hou, W.-J. Liao, S.-C. Lin, P.-G. Ma, C.-
W. Fan, M.-C. Hsieh, F.-C. Liu, K.-L.Yeh, W.-C. Tseng, and S. W.
Lu, “Standby power reduction and SRAM cell optimization for 65nm
technology,” in Proc. IEEE ISQED, Mar. 2009, pp. 471-475.

A. Hokazono, S. Balasubramanian, K. Ishimaru, H. Ishiuchi, T.-J. K.
Liu, and C. Hu, “MOSFET design for forward body biasing scheme,”
IEEE Electron Device Lett., vol. 27, no. 5, pp. 387-389, May 2006.
H. Singh and H. Mahmoodi, “Analysis of SRAM reliability under
combined effect of NBTI, process and temperature variations in nano-
scale CMOS,” in Proc. Int. Conf. Future Inform. Technol., 2010, pp.
1-4.

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Hassan Mostafa (S’01-M’11) received the B.S. and
M.A.Sc. degrees (hons.) in electronics from Cairo
University, Cairo, Egypt, in 2001 and 2005, respec-
tively, and the Ph.D. degree in electrical and com-
puter engineering from the Department of Electrical
and Computer Engineering, University of Waterloo,
Waterloo, ON, Canada, in 2011.

He is currently an NSERC Post-Doctoral Fellow
with the Department of Electrical and Computer
Engineering, University of Toronto, Toronto, ON,
Canada, where he is involved in designing the next-
generation field-programmable gate array (FPGA) in collaboration with Fu-
jitsu Research Laboratories, Tokyo, Japan. He was involved in a project
with Imec, Leuven, Belgium, in 2000. This project included modeling and
fabricating the ion-sensitive field-effect transistor. He has authored or co-
authored over 20 papers in international journals and conferences. His
current research interests include analog circuits design, mixed-analog circuit
design, low-power circuits, variation-tolerant design, soft error-tolerant design,
statistical design methodologies, next generation FPGA, and Spintronics.

467

Mohab Anis (S’98-M’03-SM’(09) received the B.S.
degree (hons.) in electronics and communication
engineering from Cairo University, Cairo, Egypt, in
1997, the M.A.Sc. and Ph.D. degrees in electrical
engineering from the University of Waterloo, Water-
loo, ON, Canada, in 1999 and 2003, respectively, the
M.B.A. degree with a concentration in entrepreneur-
ship and innovation, and the M.S. degree with a
concentration in management of technology.

He is currently an Associate Professor with the De-
partment of Electronics Engineering, the American
University in Cairo, Cairo. Previously, he was a Tenured Associate Professor
with the University of Waterloo, where he is currently an Adjunct Associate
Professor. He has authored or co-authored over 100 papers in international
journals and conferences and is the author of three books: Multi-Threshold
CMOS Digital Circuits-Managing Leakage Power (Norwell, MA: Kluwer,
2003), Low-Power Design of Nanometer FPGAs: Architecture and EDA (San
Mateo, CA: Morgan Kaufmann, 2009), and Nanometer Variation-Tolerant
SRAM: Circuits and Statistical Design for Yield (New York: Springer, 2011).
His current research interests include integrated circuit design and design
automation for very large-scale integration systems in the nanometer regime.

Dr. Anis was the recipient of the 2009 Early Research Award from Ontario’s
Ministry of Research and Innovation, the 2004 Douglas R. Colton Medal for
Research Excellence in recognition of his excellence in research, leading to
new understanding and novel developments in microsystems in Canada, and
the 2002 International Low-Power Design Contest. He is an Associate Editor
of the ACM Transactions on Design Automation of Electronic Systems, the
Microelectronics Journal, the Journal of Circuits, Systems and Computers, and
the ASP Journal of Low Power Electronics. He has also been an Associate
Editor of the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I since 2010
and the IEEE TRANSACTIONS ON VLSI SYSTEMS since 2011. From 2008 to
2009, he was an Associate Editor of the IEEE TRANSACTIONS ON CIRCUITS
AND SYSTEMS-II: EXPRESS BRIEFS. He is a Program Committee Member
of several IEEE and ACM conferences. He was the General Chair of the
2010 International Conference on Microelectronics. He is an advocate of
technological innovation, for which he founded INNOVETY LLC, Giza,
Egypt, a management consulting and software development firm that focuses
on innovation management practices.

Mohamed Elmasry (S’69-M’73-SM’79-F’88) was
born in Cairo, Egypt, on December 24, 1943. He
received the B.S. degree from Cairo University,
Cairo, Egypt, in 1965, and the M.A.Sc. and Ph.D.
degrees from the University of Ottawa, Ottawa,
ON, Canada, in 1970 and 1974, respectively, all in
electrical engineering.

He has worked in the area of digital integrated
circuits and system design for the last 35 years.
From 1965 to 1968, he was with Cairo University,
and from 1972 to 1974, he was with Bell-Northern
Research, Ottawa. Since 1974, he has been with the Department of Electrical
and Computer Engineering, University of Waterloo, Waterloo, ON, Canada,
where, from 1986 to 1991, he was the NSERC/BNR Research Chair in very
large-scale integration (VLSI) design. He is currently a Professor and the
Founding Director of the VLSI Research Group, University of Waterloo. He
has served as a Consultant to research laboratories in Canada, Japan, and the
U.S. He is the Founding President of Pico Electronics, Inc., Waterloo. He has
authored or co-authored over 400 papers and 14 books on integrated circuit
design and design automation. He is the holder of several patents.

Dr. Elmasry was the recipient of several Canadian and international awards.
He was with many professional organizations in different positions. He is a
Founding Member of the Canadian Conference on VLSI, the Canadian Mi-
croelectronics Corporation, the International Conference on Microelectronics,
MICRONET, and the Canadian Institute for Teaching Overseas. He is a Fellow
of the Royal Society of Canada and the Canadian Academy of Engineers.



