Proceedings of The National Conference
On Undergraduate Research (NCUR) 2016
University of North Carolina Asheville
Asheville, North Carolina

April 7-9, 2016

Analytical Delay and Variations Modeling in the Subthreshold Region

Sungil Kim
Electrical and Computer Engineering
Auburn University
341 War Eagle Way
Auburn, Alabama 36849 USA

Faculty Advisor: Prof. Vishwani Agrawal

Abstract

Power constraint on modern electronics has been an increasingly significant part of VLSI design. Thus, subthreshold
circuit design where the supply voltage is less than the device threshold voltage gained renewed attention to reduce
the energy. However, such reduction comes with process, voltage, and temperature (PVT) variations. Furthermore,
as previous analytical delay models (i.e. Alpha-power law MOSFET model) do not take account of these variations,
their errors in subthreshold region are large. Therefore, this paper presents analytical delay model that considers
PVT variations and models variations of analytical delay in the subthreshold region. The proposed model is verified
through the simulation on PTM low power 16-nm technology (threshold voltage = 0.68V). Result shows that the
proposed analytical delay model has a maximum error of 33.4% while Alpha-power law MOSFET model has a
maximum error of 71.1% for 0 to 1 input transition over the range of 0.2V to 0.4V of supply voltage. In addition,
three analytical delay variations are modeled and verified. In contrast to previous research, the proposed model
considers the drain-induced barrier lowering (DIBL) effect. The accuracy is improved with a compensation factor
and verified for the range of 0.15V to 0.4V of supply voltage along with threshold voltage variation up to 30mV,
supply voltage variation up to 50mV, and temperature variation up to 20°C. By considering process variations,
supply voltage, and temperature variations, we demonstrate the delay variations up to 4.31x. Result shows an
average error of 1%, 14.6%, and 6.8% for PVT variations respectively. These results can further the applicability of
subthreshold circuit for ultra-low-power electronics.
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1. Introduction

Concerns about power consumption and its management are important, particularly in modern ultra-low power
electronics. In 1971, Meindl and Swanson [1] introduced subthreshold circuits—where the supply voltage is less than
the device threshold—and provided the insight to the potential 10 to 1000 times improvement in power-speed product
by using lower supply voltage. In the 1900s and 2000s, researchers proved the workability of subthreshold circuits.
For instance, the feasibility of implementation of subthreshold CMOS circuits for low performance application has
been proven, and the analysis of threshold voltage and temperature variations are carried [2]. The results from [3, 9]
showed that the minimum energy operation occurs at the subthreshold region.

From the results of feasibility of subthreshold circuits, in the last decade, the ultra-low power systems attracted
particular attention, such as circuits for biomedical sensing and monitoring [4]-[5], ultra-low po wer processors and
memories [6]-[7], and energy harvesting and power management units [8]. For low- to moderate-speed systems
whose primary interst is to reduce power consumption or that have a significant constraint on power consumption,
operating at the subthreshold region can achieve the minimum energy operation [9]. While operating at subthreshold
region significantly reduces the power consumption and can operate at the minimum energy, it introduces process,
voltage, and temperature (PVT) variations [7] that directly affect circuit delay and performance. Therefore, analytical



delay models that do not carefully characterize these variations or were previously applicable to superthreshold
circuits can no longer accurately model delay in the subthreshold region, and more accurate analytical models to
characterize variations in the subthreshold region are needed.

For instance, the Alpha-power law MOSFET model [10] introduced a simple but practical MOSFET model and
derived analytical expressions for the drain current, short-circuit power, logic threshold voltage, and propagation
delay. In this paper, we focus on the analytical model for the propagation delay of CMOS inverter. While this model
shows an average error of 0.55% from 0 to 1 input transition at V/,, = 1V on the predictive technology model (PTM)
45-nm bulk CMOS technology [11], the maximum error in the subthreshold region is 46.12%. This error prompted
some of the previous efforts to better model analytical delay in the subthreshold region.

Several analytical delay models were proposed for the subthrehsold region to characterize the increased variations
and degraded device characteristics due to the reduced /,, /1,7 [7] and the saturation current that exponentially
depends on the gate and threshold voltages [12]. In particular, the model [13] present the analytical delay model for
CMOS inverter, considering process variability and on-current transient variations, and simulate on the STM 45-nm
technology. The model [14] develops PVT variations modeling and verify against CMOS 130-nm technology.

This paper derives three analytical delay variations modeling for the subthreshold region. In contrast to [14], the
proposed model considers the drain-induced barrier lowering (DIBL) effect. While authors from [13] do not derive
separate analytical variations model, we derive simple models to characterize PVT variations based on the analytical
delay model developed from [13], improve the accuracy with a compensation factor, and verify for the range of
0.15 < Vp,p < 0.4 along with V},, variation up to 50mV, V,,, variation up to 30mV, and temperature variation up to
20°C through the simulation on PTM low power 16-nm technology (V,, = 0.68191V) [11].

2. Analytical Delay Modeling
2.1. Alpha-Power Law MOSFET Model

The Alpha-Power law MOSFET model expresses drain current as follows:

0 ,Vios < Vi (cutoff region)
Ip = (‘I/DTO) Vps ,Vps < Vpsar (linear region) Q)
Do
Iho , (Vps = Vpsar (saturation region)
where
o= (VGS - Vth)a
po po Vop = Vin
Vo= v (VGS - th)“/z
po = Yo\, 1,
Vop = Vi

In the above equation, it is shown that the a-power law depends on Vi, (threshold voltage), o (velocity saturation
index), Vo (drain saturation voltage), and Ipo (drain current). VVoltage and current characteristics are shown in Figure
1.

582



efiective resistance
In pentode reglon

Vgs = 5V R
5
3 T T T T
Syt — loo
effective resistance / ,/er
in triode region 71D Vin Vour
Ry
—_— 7] vy J Ip 1011
< ’f ot plitdeided et
E 2} i 1
: /
5 ,” VDB
Il
5 E R S —— 3 _V_ Vin Vo
3 A Attt = 5
£ e Vss
S 1t v 1 A BCF
o /7
. // ;o 2V time
o (P Aniitis T o= === e
—— measured
F J 1V — =~ a-power law
(PP S —— model
0 1 —l L L A
0 1 2 Vpo 3 4 5

Vps : drain - source voltage (V)

Figure 1. a—power law MOS model [10]
From the a-power law, the simple yet useful analyticla delay model for CMOS inverter is derived [10].
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The authors [10] note that this model should not be used for VLSI operating in the near- and subthreshold region
because of sensitivitiy to variations. Therefore, we verify errors of the a-power law in those regions and propose
analytical delay model specifically for subthreshold circuits.

2.2. Proposed Analytical Delay Model

We consider the nominal inverter delay with the input transition from 0 to 1. The delay can be estimated by the time
taken to charge and discharge the output node.

Delay = Qoutput _ KVpp(CL+Cour) (3)
on Ileakage
AV v
Ileakage = IO exp (ml?:) [1 — exp (_ VLTS)] (4)
) 1% v v
since exp (— VLTS) = 0, leakage = lo €Xp (m]f:) = loexp (mll;:) ©)
Delay = Qolutput _ KVDD(CLA;LC)c;ut) (6)
on Iy exp( mvy )
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Cy, is an external capacitance, and C;,, is internal subthreshold capacitance. A is the DIBL coefficient in
subthreshold region, m is the subthreshold slope factor, V; is the thermal voltage (V; = kq—T). Delay depends on the
product of Vpp (supply voltage) and total capacitance.

2.3. Simulation Result

The CMOS inverter was implemented and simulated using the predictive technology model (PTM) low-power 16-nm
technology [11] (Vi = 0.68V). For both NMOS and PMOS, the channel length of 50nm was used. For parameters
(K, Vi, and a) used in the a-power law, HSPICE and MATLAB were used to extract values. After obtaining 1-V
characteritics through HSPICE, we ran the best-fit lines in MATLAB. Shown in Figure 2 and Table 1, the result
shows the improvement in accuracy. Over the range of 0.2V to 0.4V of supply voltage, the average error of proposed
model is 16.5% compared to 39.8% of the a-power law model. The worst-case occurs when supply voltage is 0.2V.
Note that it is rare for subthreshold circuits to operate at that low voltage because of the performance degradation.

|7simulated * alpha—power

8- proposed

Delay (s)

L 1 1 1 1
82 0.25 03 035 0.4
Supply Voltage (VDD)
Figure 2. Accuracy of proposed model compared to the a-power law model

Table I. Average and worst cases for proposed model and the a-power law model

Error a-power law proposed
Average 39.8% 16.5%
Worst 71.1% 33.4%

3. Variations Modeling

3.1. Analytical Delay Model for Variations Analysis

We consider the nominal inverter delay with the input transition from 0 to 1. The subthreshold leakage current is
expressed in [15]:

VG—Vs—Vro—yYVs+AVps
mVr

14 w Vgs—V
heatage = o exp ( )[1 = exp (= 322)] where Iy = uCox 7 Gm — DVEexpET®). (1)
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y is the linearized body effect coefficient, A is the DIBL coefficient in subthreshold region, m is the subthreshold
slope factor, V- is the thermal voltage (V; = ";—T), u is the carrier mobility, C,y is the oxide capacitance for the unit

area. We ignore other exponential parameters other than ?:55 in leakage current and get the following:
T
_ AVps _ _ @
Ileakage - IO €xp (mV—p) [1 €xp ( Vth)]' (8)

Previous research [14] derives the following propagation delay equation.by applying Equation (2) to CMOS inverter
with an external capacitance load C;, and internal subthreshold capacitance C;,; assuming O to 1 input transition.

VDD
2mvy +mVr  AVpp+mV:
Delay = an( e z ) 2oy — 2o | (C + Cine) ©)
10A“Vpp exp(szT) ex (mVT)

On the basis of Equation (9), we conduct analysis of the PVT variations modeling in the subthreshold region.

3.2. Proposed Variations Models

3.2.1. effect of supply voltage (Vop) variation

Supply voltage variation impacts the delay of subthreshold circuits. Let Vpp, as the nominal supply voltage and Vpp,
as the varied supply voltage. ADelay indicates the variations in delay (i.e., 1 indicates no change in delay after cetain
variation ,and 0.5 indicates the delay is reduced 50% from the nominal delay). From Equation (9), the following
analytical delay model has been derived.

TstepVpp2

ADelay,y,, = F——

AVDD2
2 +mvVr AVppo+mVr

AVDD2 AVDD2
exo(Gmpe) ew(5h?)

VbD1

= (10)

VDD2 AVQJ"'"LVT _ AVDD1+mVT

AV AV
exp( ) exe( 527
AVpp\ _ AVpp i i
Because exp (ZmVT) ~ exp (—mVT ) the above equation can be further reduced to the following:

ADelayy,, = exp [WDLZ);—_V:DDZ) . (11)

This assumption that exp (2;“’/" ) ~ exp (1’5”) is verified by simulating both equations, and the percent difference
T T

between the simplified equation and not simplified equation was negligible. The DIBL coefficent A is given by the
device. The subthreshold slope factor m can be calculated by Equation (6).

— Cd
m = In(10) V; (1+ C—Ox) (12)
where C, is the depletion layer capacitance and C,, is the gate-oxide capacitance.
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Equation (11) shows that the delay variation exponentially depends on the supply voltage variation. It tends to

underestimate the delay, and thus we consider the compensation factor suggested by [13]. After multiplying by %
1

we get Equation (13).
_ Vbpp2 A(Vpp1—Vpp2)
ADelay,y,, = Vops EXP [ Py (13)
3.2.2. effect of temperature variation
The delay variations due to temperature variation can be written as Equation (7).
ﬂ.VZDD"'T"'V'I"Z AVpp+mVr,
A B A
_ TstepT2 _ Vr2loT1 eXp(ZT‘nli‘l/)’[l‘)J EXP(mVVl;"Z)
ADelayar = = = (14)
Tstep2,T1 VriloT2 V£D+mVT1 AVpp+mVyy
exp(fmpe)  exel(mP2)

The variation in temperature directly affects I, due to the changes in u and V.. The change in temperature also
directly influences V,,. Therefore, the impact of the change on x and V,,;, is modeled using the mobility temperature
exponent (UTE) and the temperature coefficient for V,,, (K;,) for BSIM4 level-54 model. Previous research by Lin
et al. [13] shows the temperature effects on u and V- as follows:

7.\ UTE
he = i (2) (15)
T.
Vinzg = Vina + Kinq (le - 1)- (16)
Since ex [Vcs—Vrm _ VGS_Vthz] ~0
P mVry mvr; -
lIort1 _ (V11 2 rr\UTE
IoT2 (V_Tz) (E) 17)

Using Equations (15) and (17), Equation (14) can be written as follows:

AVpp
2 +mVrz  AVpp+mVr,

AVpp AVpp
vri) (T\VTE exp(ZMVTz> XP(me)
ADelaysr = (—) (= T ) (18)
VT2 T2 l%*’mVTl AVpp+mVry
AVpp B AVpp
exp(zmbry) e (hy)
. . T1\?
After adding compensation factor of (T—) , we have
2
AV,
%*’mVTZ AVpp+mVr,
AVpp B AVpp
ADel _ (V11 (T1 UTE+3 eXp(ZmVTz) eXp(mVTz) 19
Delayar = (5 =)\ on - (19)
T2 2 2 +mVrq AVpp+mVry

AVpp AVpp
P (rmips)  exp(minn)
The value of UTE for the chosen technoTIBgy is -1.5T.1The result in 4 shows estimated delays from both Equation (18)
and (19) and demonstrates that compensation factor significantly increases the accuracy of the delay variation model.
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3.2.3. effect of process variation

Process variations include variations in threshold voltage, effective channel length, doping concentration, and more
parameters. Since threshold voltage variation is a dominant factor affecting the delay in the subthreshold region
[16], the following model considers only the variations in V.

TstepV Loy Viha— Vthl
thi th1 _ exp [ (20)
Tstep2,Vina 10 Vth2

ADelaypy,, =
Note that the Equation (20) is unchanged from the previous model developed by [13].

4. Simulation Results

The CMOS inverter was implemented and simulated using the predictive technology model (PTM) low-power 16-nm
technology [11] (A = 0.1, m = 0.05916 at T = 25 °C). For both NMOS and PMQOS, the channel length of 50nm was
used.

With the load capacitance of 1aF and the 0 to 1 step input, the inverter delay has been simulated @ T = 25 °C.
Figure 3. shows the simulated and estimated inverter delay variations by Equation (6) due to the supply voltage
variation. The maximum delay variation of up to 4.31x is found when V;,, = 0.38V, AV, = 50mV. The minimum
error of 0.1% and maximum error of 79.1% are found at V,, = 0.17V,AV,, = 50mV and Vp, = 0.225V, AV, =
30mV respectively. Note that in this technology, the percent error is greater than less scaled technology (i.e. 130-nm).
Therefore, we also compare this result with the previously developed model [13]. For the worst-case of 4.31x delay
variations, the proposed model is ~100% more accurate as the previous model [13] does not consider DIBL effect.
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Figure 3. Simulated vs. estimated inverter delay with compensation factor Vjpvariations @ T = 25 °C
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Figure 4 shows the simulated and estimated inverter delay variations by Equation (12) due to temperature variation.
The CMOS inverter is simulated at different temperature from AT =5 — 20 °C. From Vp, = 0.15 — 0.4V, the
maximum delay variation of up to 1.88x is found when V,, = 0.225V,AT = 20 °C. The maximum error of 37.9% is
found at Vpp, = 0.175V, AT = 5 °C. For greater temperature variations such as AT > 40 °C, the average error exceeds

31% with a worst-case of 41%.
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Figure 4. Simulated vs. estimated inverter delay with compensation factor with temperature variation
Figure 5 compares the simulated and estimated inverter delay variations by Equation (13) due to the process variation.
We assume a normal distributino of V,;, and run Monte Carlo simulations (1000 runs) for the given AV, = 10mV —
30mV. The proposed model estimates with an average error of 1%, minium error of 0%, and maximum error of 6%.
The worst case occurs at V,, = 0.38V, AV, = 30mV. We observed that for AV,; = 30mV, the proposed model
tends to underestimate the delay. It is partly because the DIBL coffieicnt, A, changes near the threshold voltage (i.e.
from 0.1 to 0.001 for the chosen technology).
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Figure 5. Simulated vs. estimated inverter delay with V,, variations
Table 2 shows the effect of compensation factor for two models that correspond to supply voltage and temperature
variations. The result shows that the compensation factor greatly enhances the accuracy of estimation of delay and
variations.

Table 2. Average, best, and worst cases for models with and without the compensation factor

Eq-_t(r?) Eq. _(;12)

wi wi

Error Ea. (5) compensation Eq. (11) compensation
factor factor

Average 27.4% 146% | 62.1% 6.8%

Best Case 0.4% 0.1% | 20.2% 0.1%

Worst Case | 131.7% 79.1% | 87.5% 37.9%

5. Conclusion

Accurately measuring analytical delay is important for efficient circuits, and it still remains challenging for
subthreshold CMOS circuits due to PVT (process, voltage, and temperature) variations.

In this paper, we derive and propose analytical dealy model and three PVT variations models for subthreshold
CMOS circuits. The result shows that proposed delay model has an average error of 16.5% compared to an average
error of 39.8% of the alpha-power law model. We also found the delay variations up to 4.31%, 1.29x, and 1.88x for
the choosen range of Vpp, Vi, and temperature. We verify our proposed model on simulation using PTM low power
16-nm technology [11] and demonstrated that proposed delay variations models estimate with the maximum errors of
79.1%, 37.9%, and 6% for supply voltage, threshold voltage, and temperature variations respectively. The proposed
delay variations models can be used to predict circuits’ behaviors and functions in sensitive and extreme
environments. Compared to the previous model [13], this model considers the DIBL effect, and compared to [14], this
paper presents three separate, compact models to characterize Vy,p, V;p,, and temperature variations and considers
adding a compensation factor.

589



6. References

1. J. D. Meindl and R. N. Swanson, “Potential improvements in power-speed performance of digital circuits,”
Proceedings of the IEEE, vol. 59, no. 5, pp. 815-816, May 1971.

2. A. Wang, A. Chandrakasan, and S. Kosonocky, “Optimal supply and threshold scaling for subthreshold CMOS
circuits,” in VLSI Symp. Proc., 2002, pp. 5-9.

3. B.H. Calhoun, A. Wang, A, Chandrakasan, ‘_‘Modeling and sizing for minimum ener%y operation in
subthreshold circuits,” IEEE J. Solid-State Circuits, vol. 40, n_o.g,cfp. 1778-1786, Sept. 2005. )

4. M. H. Ghaed, G. Chen, R. Haque, M. Wieckowski, Y. Kim, G. Kim, Y. Lee, I. Lee, D. Fick, D. Kim, M. Seok,
K. D. Wise, D. Blaauw, and D. Sylvester, “Circuits for a cubic-millimeter energy-autonomous wireless intraocular
pressure monitor,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 60, no. 12, pp. 3152-3162, Dec. 2013.

5. L. Turicchia, S. Mandal, M. Tavakoli, L. Fay, V. Misra, J. Bohorquez, W. Sanchez, and R. Sarpeshkar, “Ultra-
low-power electronics for noninvasive medical monitoring,” in Proc. of IEEE Custom Integrated Circuits
Conference (CICC), Sep. 2009, pp. 85-92.

26%' V. Sze and A. P. Chandrakasan, “A 0.4-V UWB baseband processor,” in Proc. ISLPED, Aug. 2007, pp. 262—

7.N. Verma, J. Kwong, and A. P. Chandrakasan, “Nanometer MOSFET variation in minimum energy
subthreshold circuits,” IEEE Trans. Electron Devices, vol. 55, no. 1, pp. 163-174, Jan. 2008. )

8. M. AbdElFattah, A. Mohieldin, A. Emira, and E. Sanchez-Sinencio, “A low-voltage charge pump for micro
scale thermal energy harvesting,” in Proc. IEEE ISIE, Jun. 2011, pp. 76-80.

9. A. Wang and A. Chandrakasan, “A 180mV FFT processor using subthreshold circuit techniques,” in IEEE Int.
Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, 2004, EE 292-293. o )

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

11. PTM: Predictive technology model. In: Nanoscale Integration and Modeling (NIMO) Group. Arizona State
University, Arizona.

12.J. Keane, H. Eom, T.-H. Kim, S. Sapatnekar, and C. Kim, “Stack sizing for optimal current drivability in
subthreshold circuits,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 16, no. 5, pp. 598-602, May 2008.

13. T. Lin, K.-S. Chong, B.-H. Gwee, J. S. Chang, and Z.-X. Qiu, “Analytical delay variation modelling for
g\éaléjzatlng sub-threshold synchronous/asynchronous designs,” in Proc. IEEE Int. NEWCAS, Jun. 20-23, 2010, pp.

14. F. Frustaci, P. Corsonello, and S. Perri, “Analytical delay model considering variability effects in subthreshold
domain,” IEEE Trans. Circuits Syst. 11, Exp. Briefs, vol. 59, no. 3, pp. 168-172, 2012.

15. A. Keshavarzi, K. Roy, and C. Hawkins, “Instrinsic leakage in low power deep submicron IC’s,” in Proc. Int.
Test Conf., Nov. 1997, pp. 146-155.

16. B. Zhai, S. Hanson, D. Blaauw, and D. Sylvester, “Analysis and mitigation of variability in subthreshold
design,” in Proc. Int. Symp. Low Power Electron. Design, Aug. 2005, pp. 20-25.

590



