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ﬁ% Subthreshold Operation Basics ﬁ%

m Subthreshold logic operates with Vyp < V;

m Both on and off current are subthreshold “leakage”
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ﬁ% Subthreshold Operation Basics ﬁ%
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ﬁ% Sources of Leakage and V,, Scaling ﬁ%

m Components of Transistor Off-Current
O Subthreshold current — the focus of this presentation
O Gate leakage —rolls of with V, faster than sub V- current
0O GIDL —a problem at low Vg, high V5 (Keshavarzi, et al., ITC'97)
O Junction leakage — negligible at low Vg,
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ﬁ% Modeling Subthreshold Current

0

m Subthreshold current:

o simulation -]

- - . equation | .;6°9
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O Optional DIBL and low-Vps roll-off modeling

Generic Equation for Energy per Operation

ETOTAL — EACTIVE T ELEAKAGE

- 2
ETOTAL =C 'VDD T IOFFVDDTD

7
Off-current

Switched capacitance Delay per operation




ﬁ% Modeling Characteristic Inverter ﬁ%

Equation for Inverter Delay

Parameters for the gate account KECa
for both NMOS and PMOS t, = g DD

Fitting Parameter - _ljl
KCVoo

Inverter Switched Cap = Ves Vi s

NVi,

On Current l, .€

Normalize total Ioff Normalize total delay
Normalize total to characteristic inverter to characteristic inverter
using Ceff using Weff: Vi, using Logic Depth (Lp):
lore =Werr 15 48 o TD =1 - I—DP

B 2
ETOTAL =C 'VDD + IOFFVDDTD



ﬁ% Minimum Energy Point for Digital Circuits ﬁ%
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ﬁ% Solving for Minimum Energy Point

Voo Analogous
_ 2 2 4 NV, 6| | H5
Eroa = Cert Voo +Weir Lop KCVipe to e* and
. 4 In(x)

Solve for optimum V,: 2| |
set derivative equal to 0 o

Voo _ 2 Voo gl
Froma_)C, Vo + MW, LopKC Vpoe ™ + WerLorRCVoo e

DD nv,,
— wre"

= lambertW (lower branch)
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ﬁ% Examples of Optimum

0

10 t T
° ° - EDYN
Unloaded Ring Oscillator =P =g
, E e
510 3 :_ T vt‘/o
n 3 : /V:/v
%10‘2 »_ ,&4»
8b,8tap FIR filter R A2
2107 ’/(
o m

Wooley 0.1 0.2 0.\3} 0.4 0.5 0.6

Multipliers

0
10" — — :
Analytical solution
for VDDOpt
-1
o R =10 @ : : : s
* ANy
0.4 : 4 S DA '
: 8x8 FIR g 8%
00.35%' : rlng OSC, SRR S T 10 »* "#/ '
ZD o3~ fails ' = v" ‘/‘ﬂ
Eoosl  constraint L E N
I S10 | = =s Epyy ™
o 5
0.2* ; 7 I, EL ‘/‘n
: E ‘s
0.15} | ’ : — .
FFT, WangISSCC 04 10_4 i i ; .t
0.1 L : e 0.1 0.2 0.3 0.4 0.5 0.6

-1 -l/e -0.1 B -0.01 -0.001 VDD



ﬁ% Optimum V;

Plugg}ng VDDOpt into the fKCg LoV o00n
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ﬁ% Workload

E and workload
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ﬁ% Duty Cycle

~ E and duty cycle
Duty Cycle: Percentage of 107 ¢ e
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ﬁ% Temperature Variation ﬁ%

m Modeled Temperature effect numerically using:

Vi(D=V(Ty)-K;T & w(T)=p(To)(T/ To)'M
A. Bellaouar, et al., Trans. on Circuits and Systems, 1998.

10°

Net impact of T on
Vbpopt 18 small, :
but would increase 5% ¥ia..  insub Vsl
at lower duty cycle :

or workload.
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m Difference in fabricated V; from simulated V; causes
the mismatch for Ieakage energy (both Ieakage current and
subthreshold frequency measurements differed somewhat
from simulations



ﬁ% Conclusions

m Model shows minimum energy point in subthreshold
m Matches simulated and measured data

m After fitting to a design, useful for fast estimation of
behavior under varying environment and operating
conditions
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mThank you for your attention

mResearch supported by Tl and
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mAny Questions?



