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Abstract. In this paper, we propose a gate-level NBTI delay degradation model,
where the stress voltage variability due to PMOS transistors’ stacking effect is
considered for the first time. Experimental results show that our gate-level NBTI
delay degradation model results in a tighten upper bound for circuit performance
analysis. The traditional circuit degradation analysis leads to on average 59.3%
overestimation. The pin reordering technique can mitigate on average 6.4% per-
formance degradation in our benchmark circuits.

1 Introduction

As technology scales, accelerated aging effect [1] for nanoscale devices poses as a key
challenge for designers to find countermeasures that effectively mitigate the degradation
and prolong system’s lifetime. Negative bias temperature instability (NBTI), which has
deleterious effect on the threshold voltage and the drive current of PMOS transistors, is
emerging as one of the major reliability concerns [2].

Due to NBTI effect, the threshold voltage of PMOS transistor is shifted, carrier mo-
bility and drain current are reduced [3], and the performance degradation occurs [4—6].
The NBTI phenomena can be classified as static NBTI and dynamic NBTI. Static NBTI
is under the DC stress condition, and the detailed physical mechanism was described
in [7]. The impact of electric and environment parameters (such as electric field across
the oxide and temperature) on the interface trap generation was studied in [8, 9]. Dy-
namic NBTI under the AC stress condition leads to a less severe parameter’s shift over
long time because of the recovery phenomenon [4,9—11].

Many analytical NBTI models have been proposed recently. The impact of NBTI on
the worst case performance degradation of digital circuits was analyzed in [12]. An an-
alytical model for multi-cycle dynamic NBTI was proposed in [13], where a recursion
process was used to evaluate the NBTI effect. A predictive NBTI model was proposed
in [14, 15], the effect of various process and design parameters was described. An ac-
curate and fast close-form analytical model was proposed in [16], where temperature-
aware NBTI modeling was also considered.

Most of these previous proposed NBTI models may suffer from inaccuracy or high
computational complexity, and gate-level NBTI modeling is still in its infancy. In this
paper, based on an accurate and fast close-form analytical model [16], we propose a
gate-level NBTI delay degradation model considering stacking effect. Our contribution
in this paper distinguishes itself in the following aspects:



e A single transistor analytical NBTI model is extended to a novel gate-level model,
which for the first time considers the variability of the stress voltage due to stacking
effect;

e A novel accurate gate-level delay model for Vi, degradation is first proposed. A tight-
ened upper bound for circuit performance degradation can be achieved with our new
gate-level delay model.

The rest of the paper is organized as follows. In Section 2, we first review previous NBTI
models, then our model considering the variability of the stress voltage due to stacking
effect is described. In Section 3, the new gate-level delay model is presented based on
traditional delay analysis. The simulation results of the ALU benchmark circuits are
shown and analyzed in Section 4. Finally, Section 5 concludes the paper.

Note that the simulation results in the following sections are based on a standard
cell library constructed using the PTM 90nm bulk CMOS model [17]. Vgg = 1.2V,
[Vin| = 200mV are set for all the transistors in the circuits. The operation time is set to
3 x 108s (about 10yr).

2 NBTI Model

2.1 Previous NBTI models

A threshold voltage degradation AVy, is caused by the interface trap generation due to
PMOS NBTI effect, which is described by [18]
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where m represents equivalent Vjy, shifts due to mobility degradation, ¢, is the electronic
charge, Cox is the gate oxide capacitance, and N () is the interface trap generation due
to PMOS NBTI effect.

The interface trap generation is often described by the reaction-diffusion (R-D)
model [19]. An analytical solution exists under the DC stress condition, which is re-
garded as static NBTI model,

Nig(t) = 1164/ kfkﬂ(nﬂz)l/“ 2)

where N is the concentration of initial interface defects; k¢ is dissociation rate which
depends on electric field across the gate oxide, and k; is constant self-annealing rate;
and Dy is the corresponding diffusion coefficient [19].

In the multi-cycle dynamic NBTI model proposed by Kumar et al. [13], the interface
trap generation can be evaluated by a recursion formula,
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where Ni? = AT'/4, and B =1/ 1;” *; T and ps are the period and the duty cycle of the
stress waveform, respectively. Actually, Eq. (3) describes a tight upper bound of all the

relaxation phases.
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Fig. 1. Comparison between Kumar’s and our models

A close-form equation was proposed in [16] using the fitting approach. The model
in [16] can describe the dynamic NBTI effect with the same accuracy but faster.

In this paper, we use the same method in [16] to construct our dynamic NBTI model.
Eq. (3) in Kumar’s model [13] is used as the fitting target function. Hence, the interface
trap generation can be described as

Nit(t):1.16-é(ps). kfkﬂ(DHl‘)IM @

T

where & (ps) = p0-27ps+028

The comparison between Kumar’s and our model is shown in Fig. 1, and the Maxi-
mum Error of Ny(t) is 2.14% (9.08 x 10'2cm~2 from our model, and 8.89 x 10'2cm—2
from Kumar’s model in Fig. 1).

2.2 Our novel gate-level NBTI model with stacking effect

Traditionally, the estimation method of V4, degradation in a logic gate due to NBTI is
as follows: the PMOS transistors and their corresponding inputs are first assumed to
be mutually independent; then the Vj;, degradation of each PMOS transistor is analyzed
independently based on Eq. (4); finally, the maximum value is chosen to be the Vi,
degradation of the gate and can be used to calculate the delay degradation of the gate.
Obviously, the above method is not accurate in the gate-level NBTT analysis, because
the stacking effect is not considered. In [14], Vi, variability due to the body effect in the
transistor stack was considered, but only the static NBTI effect was analyzed. In this
section, a novel gate-level NBTI model with stacking effect is proposed based on the
transistor-level NBTI model given in Section 2.1.

In this paper, the stress voltage variability due to stacking effect in the logic gate
is considered. Because of the resistance of the transistors, the internal nodes are biased



PS| R PS| R PS| R
0 T o (n—l)T nTﬁ T
| | fooeeeeees I ———
Cycle 1 Cycle 2 Cyclen
FS FS FS
PS R | PS R PS R
0 T o {n—l)T nTﬁ T
| | o et
Cycle 1 Cycle 2 Cycle n

Fig. 2. Stress waveform applied to the gate of the PMOS transistor (R is “relaxation”, and FS, PS
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are “full stress”, “partial stress”, respectively).

at a middle voltage, which leads to different Vs of the PMOS transistors. Therefore,
when the PMOS transistor is under stress, it is not always —Vyq biased. We denote the
stress condition under —Vyq as “full stress (FS)”, and the stress under a lower voltage
as “partial stress (PS)”. Before the new V4, degradation model with stacking effect is
proposed, the interface trap generation due to dynamic PMOS NBTI effect mixed with
“full stress” and “partial stress” should be analyzed.

The random aperiodic signal can be converted to deterministic periodic waveform,
based on the signal probability (SP). With the same SP, the NBTI effect will be the
same [6]. Hence, we use the waveform shown in Fig. 2 as the input of PMOS transistor.
In the first waveform, the “full stress” phase is ahead of the “partial stress” phase in
one cycle; and the second waveform shows the reversed condition. From the numeric
simulation based on the reaction-diffusion model [19], we find that the order of these
phases have negligible impact on the final generation of interface traps. Fig. 3 shows
the comparison between the stress waveforms in Fig. 2 and the error is 0.18% (5.50 x
10"2ecm =2 vs. 5.51 x 10"2cm™—2).

In the following part of this paper, we assume that “full stress” is always ahead of
“partial stress” in a cycle. Fig. 4 shows the numeric simulated interface trap genera-
tion due to dynamic NBTI under different time ratio of “full stress” phase to “partial
stress” phase. We find that the mixed effect of these two stress phases can be derived by
weighted averaging the “full stress” and “partial stress” effect, which is described as

PFS
PES + Pps

Nitmixed = Nicrs + Nitps )

PS
PFs + pps
where Nj ps is the interface trap generation if all stress phases are “full stress”; and N ps
is the interface trap generation if all stress phases are “partial stress”. The parameters
prs and ppg are signal probabilities of “full stress” and “partial stress”, respectively. By
calculating, we find the maximum error occurs at “30% FS, 30% PS”. The simulated
trap generation is 5.50 x 10'2cm™2 as shown in Fig. 4, and by Eq. (5), the estimated
interface trap generation is 5.38 x 10'2cm~2. Therefore, the maximum error is 2.18%.

However, in a transistor stack, the PMOS transistors can be biased at various volt-
ages, so there exists more than one “partial stress” condition. Therefore the law de-
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Fig. 3. The impact of the stress phases’ order on interface trap generation

scribed above is extended to more than two different stress conditions. First, we num-
ber these stress conditions as Sy, S1,952, ..., and Sy is always the “full stress” condition.
The signal probabilities of these stress conditions are pg, p1, p2, ..., respectively, and
the signal probability of relaxation condition is denoted as r; so the duty cycle pg of all
the stress conditions is

ps=Ypi=1-r (©)

where the number of i’s is related to the number of PMOS transistors in the stack.

As the threshold voltage degradation is proportional to the interface trap generation,
the final Vi, degradation due to PMOS NBTI effect with more than one stress condition
is modeled according to Eq. (5) as

i
AV =Y AVipi— ©)

i Ps
where AVy,; is the corresponding threshold voltage degradation if all the stress phases

are Sj. According to Eq. (1) and (4), AVy,; is expressed as

and the parameter 7; is decided by the predictive model proposed in [14],
on,i —E,
N =A T Cox(Vgs,i - Vth) : CXP( Eo ) : eXP(kb—T) 9

where Vg ; is the stress voltage corresponding to different stress phase due to stacking
effect first described in this paper, and other parameters are the same as in [14].
If only one “full stress” condition is considered, that is ps = po, Eq. (7) can be
simplified as
AV = AVio = 1o - ps 2P +0.28 /4 (10)

which consists with the NBTI model in section 2.1.
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Fig. 4. The analysis of mixed NBTI effect of “full stress” and “partial stress”

3 Gate-level delay degradation analysis

3.1 Traditional gate delay model
Previously, the propagation delay of a gate can be approximately expressed as [18]

= CLVad _ CLVudLett
P Iy ,ucoxWeff(Vgs —Vin)®

Y

where « is the velocity saturation index, and Cy, contains the parasitic capacitance. The
shift in the transistor threshold voltage AV, can be derived using Eq. (10). Hence, with
the Taylor series expansion, the delay degradation At,q for the gate is derived as

oAV,

Aty = ———0
P Vgs_vth

Tpdo (12)
where fpq0 is the original delay of the gate without any Vi, degradation, and can be
extracted from third-party time analysis tools.

3.2 Our novel gate-level delay model

The proposed NBTI model with stacking effect described in Section 2.2 leads to differ-
ent Vi, degradation for each PMOS transistor in a logic gate, but the gate delay model
described in Section 3.1 is incapable to handle this situation. So a novel gate-level delay
model is proposed in this paper.

An NOR4 gate is used to illustrate our derivation, and the schematic is shown in
Fig. 5, where C, is the external load capacitance. If the Vj;, degradation of these PMOS
transistors are small, the gate delay can be considered linear with AVy, and Cp,

fpd = Ipdo + Alpa = fpao + Y [(04 - CL+ Bi)AVinni], 1 =10,1,2,3 (13)
i
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Fig. 5. The schematic of NOR4 gate

Table 1. Threshold voltage degradation in NOR4 gate

Transistor| MO M1 M2 M3
AVy o [25.7mV|20.6mV|14.5mV|5.5mV

where the parameters o; and f; describe the effect of charging external load capacitance
Cp. and internal parasitic capacitance respectively, and they only depend on the gate
type.

In order to use the existing results extracted from the timing analysis tools directly,
the term Cy, in Eq. (13) should be eliminated. From Eq. (11), we can derive another lin-
ear equation, that the original propagation delay is linear with external load capacitance
CL,

Tpdo =P-CL+0Q (14)
where P is the load delay factor, and Q describes the intrinsic delay. From Eq. (13) and (14),
fpd can be derived as

Ipdo — QO
Ipd = Ipdo +Z KPPOG +l3i> AVth,Mi]
i

= Ipao +pd0 - Y (&iAVinmi) + Y (A Vinmi) (15)
7 7
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where g; and 4; only depend on the gate type. In the standard-cell design, the parameters
gi and A; of all the gates in the cell library can be calculated in advance, and then a look-
up table is created.

We demonstrate the impact of stress voltage variability due to stacking effect on
NBTT analysis. The signal probabilities of all the input patterns are equal. The Vi, degra-
dation of all the PMOS transistors in NOR4 gate are shown in Table 1. We can see that



Table 2. Comparison between the traditional gate delay analysis and our gate-level delay model

Gate |Original delay|Hspice Our model Traditional model
Type Ipdo Atpq | Atyq |Estimation error| Af,g |Overestimation
NOR4| 168.1ps 6.9ps |7.0ps 1.4% 10.5ps 50.0%
NOR3| 142.5ps 5.7ps |5.8ps 1.8% 8.4ps 44.8%
NOR2| 111.2ps 4.7ps |4.Tps 0.0% 6.1ps 29.8%
INV 83.5ps 3.6ps |3.6ps 0.0% 3.6ps 0.0%

transistor MO, which is closest to the power supply as shown in Fig. 5, has the largest
threshold voltage degradation; while M3 has the smallest threshold voltage degrada-
tion. Therefore, the gate-level delay analysis is necessary for accurate estimation of
NBTI effect.

The comparison between traditional gate delay analysis and our novel gate-level
delay model is shown in Table 2. The third column of Table 2 is the gate delay degra-
dation with stacking effect simulated by Hspice, and the fourth column is calculated by
our delay model, while the estimation error of our model is shown in the fifth column.
These data demonstrate that our gate-level delay model is accurate enough for delay
analysis. If the traditional approach is used to analyze the gate delay degradation, the
worst case AVipmo = 25.7mV is set as AV, in Eq. (12), and the results are shown in
the sixth column. We can see that the traditional gate delay analysis overestimates the
delay degradation, and these overestimations compared to our model are shown in the
seventh column. We can see that more transistors in PMOS stack lead more overesti-
mation: 29.8% overestimation in NOR2 gate, while 50.0% in NOR4 gate.

From Table 2, we can also see that in the gate with no stacking effect, as INV and
AND gate, gate-level delay analysis leads to the same result with traditional analysis.
Only the result for INV gate is listed in Table 2 for brevity.

4 Experimental Results

In this section, some ALU circuits and c6288 circuit in ISCASS85 are used as the bench-
marks to investigate the effect on the circuit performance degradation using our NBTI
delay degradation model. As stacking effect leads to different Vj;, degradation of the
PMOS transistors, the gate delay can be minimized using pin reordering technique just
as that in leakage minimization [20]. The enumeration searching pin reordering tech-
nique is used in our experiment just to estimate the upper bound of our gate-level model
in mitigating circuit performance degradation due to NBTI.

The results are shown in Table 3. The circuits array4 and array8 are 4x4 and 8x8
array multipliers; bk16 and bk32 are 16-bit and 32-bit Brent Kung adders; booth9 is 9x9
booth multiplier; ks16 and ks32 are 16-bit and 32-bit Kogge Stone adders; log16 and
log32 are 16-bit and 32-bit log shifter; and pm8 and pm16 are 8x8 and 16x16 parallel
multipliers. Rgpck is the ratio of gates with PMOS transistor stack. The original delay
fpdo 18 extracted from an STA tool. The delay degradation with no stacking effect Azpq,ns
is evaluated using transistor-level NBTI model Eq. (4) and gate delay model Eq. (12).



Table 3. Delay degradation of benchmark circuits

Circuits| Rgacx |Original delay |No stacking effect|Stacking effect|Pin reordering
Ipdo (nS) Atpdns (pS) Atpd,ws (pS) Atpgpr (pS)
array4 | 61/125 4.11 204.9 157.6 1534
array8 | 347/663 4.89 212.8 188.5 179.2
bkl6 | 47/177 2.31 171.7 74.6 67.0
bk32 | 124/384 3.15 240.1 119.9 77.8
booth9 | 277/603 291 147.3 138.3 134.9
ks16 31/99 2.71 181.0 100.8 99.3
ks32 | 138/375 3.87 289.1 126.0 120.0
logl6 | 135/160 1.56 79.5 45.2 452
log32 | 268/457 2.20 122.9 60.5 60.5
pm8 | 278/613 271 106.9 95.5 93.1
pm16 [1713/3042 4.48 227.9 210.1 205.8
c6288 |2128/2447 8.54 564.0 457.0 410.6
Avg. N/A N/A 59.3% 0.0% -6.4%

The delay degradation with stacking effect Az,q s is evaluated using our novel gate-
level NBTI and delay model Eq. (7) and (15).

In Table 3, we use the fifth column (A#,4,ws) as the standard data, which the fourth
and sixth columns are compared to. We can see that from Table 3, the traditional method
brings on average 59.3% overestimation of the circuit delay degradation. The pin re-
ordering technique leads to on average 6.4% improvement of circuit performance. The
overestimation of the circuit delay degradation and the improvement of circuit perfor-
mance by pin reordering technique depend on not only Rgck, but also the contribution
of gates with PMOS stack to the critical paths in the circuit. For example, ks32 leads
to 129.4% overestimation of delay degradation, much larger than pm16, although Rgacx
of ks32 is less than that of pm16. bk32 and ks32 have almost the same Rk, and the
overestimations of delay degradation are both large, but bk32 has a larger improve-
ment of circuit performance by pin reordering. Almost all the gates in c6288 circuit
are NOR?2, the overestimation of circuit delay degradation is 23.4%, very close to the
overestimation of a single NOR2 gate: 29.8%.

5 Conclusion

Negative bias temperature instability is emerging as one of the major circuit perfor-
mance degradation concerns. Fast and accurate analysis of NBTI-induced circuit degra-
dation is important for circuit designers to find mitigation solutions. In this paper, we
use a simple close-form analytical Vi, degradation model for PMOS to develop a novel
gate-level NBTI and delay model. The stress voltage variability due to PMOS transis-
tors’ stacking effect is for the first time considered in gate-level NBTI modeling.

The traditional analysis of gate delay degradation due to NBTI results in 50.0%
overestimation for an NOR4 gate, while in the circuit performance degradation analysis,
the maximum overestimation is 130.2% in 16-bit Brent Kung adder (bk16) circuit. The



mitigation of performance degradation by pin reordering technique can reach up to
35.1% in 32-bit Brent Kung adder (bk32) circuit.
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