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Abstract- This paper investigates the scaling limit of CMOSl1
supply voltage for maintaining the noise margin of NAND
circuits subject to process tolerance induced threshold voltage 0.8
variation. It is shown that for high performance (VtlVdd < 1/3)
decananometer CMOS devices with ±20% gate length tolerance 0o6 --- ---------- ----- ---- ------------
and corresponding short-channel threshold roll-off, the supply > a c b
voltage cannot be lower than 0.5 V in order to keep logic state 00.4Aconsistency in the worst-case switching scenario. >

I. INTRODUCTION 0.2

In the past three decades, MOSFETs have been scaled to X
ever smaller dimentions in order to achieve higher density 00 0.2 0.4 0.6 0.8 1
and faster speed in VLSI technology. As CMOS devices are V.n(Vout)
scaled to 50 nm gate length and below, power supply voltage ()
(Vdd) needs to be scaled to below 1 V in order to manage
the growth of active power. Extensive research has been done 1
on power supply scaling limit set by the off-current (Vt)
vs. overdrive (Vt/Vdd) conflict [1] [2]. In the digital circuit 0.8
applications, noise margin requirement of static CMOS circuits
sets another limit on the power supply voltage. This limit is > 00.6 b
due to the nonlinearity degradation which is shown in Fig. 1. a
The transfer curves of an inverter are plotted. When Vdd is >0 0.4 ------

reduced from 1 V (- 40kT/q) to 0.2 V (- 8kT/q), the
VNM/Vdd ratio shrinks 38%. CMOS's exhibit non-linearity 0.2
only when the supply voltage is much higher than the electron
thermal energy. A fundamental limit of the minimum power 00 0.2 0.4 0.6 0.8 1
supply voltage is 3 -4 kT/q. Vin(Vout)

But for logic circuits with multiple fan-in, multiple transfer

Fig. 2. Noise margin for NAND logic circuits with multiple transfer curves
1 1 j, depending on different combinations of inputs. In Fig.(a), one-gate-switching

curve a is the leftmost curve with the lowest transition voltage and all-gates-
0.8 i ----- ------------- switching curve b is the rightmost curve with the highest transition voltage.

NM In Fig.(b), curve b' is the flipped curve of b in Fig.(a). Noise margin is the

>' 0.6 p \|- -- Vdd largest square that can fit into the "eye diagram".>° 0 4 | {/VNNN, ~~dd
VNMNddrtio \curves corresponding to different input combinations must be

0 #-Shri-nks: 38Y/--------------0.2 shrinks 38 0 considered [3]. This aggravates the loss of noise margin as

00 0.2 ~~~~~~~~shownin Fig. 2, where the noise margin square is obtained
0 0.2 0.4 0.6 0.8 1 from the leftmost and the rightmost (flipped) transfer curves.

Vin(Vout) Substantially higher Vdd than that for the inverter (Fig. 1) is
needed to guarantee sufficient noise margin.

Fig. 1. The transfer curves of an inverter with Vdd of 1 V and 0.2 V * * *
a

respectively. For each Vdd, Vt is kept at 1/4 of Vdd. The slope of the linear
transition region is degraded as Vdd decreases. Noise margin is the largest induced Vt variation becomes increasingly prominent and
square that can fit inside the transfer curves. can significantly increase the minimum supply voltage. To
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TABLE I
Vt ROLL-OFF ASSUMPTION IN THE 2D DEVICE SIMULATION.

Vd, (V) 0.1 0.4 0.5 0.7 0.8
Vt (V) (L = 8nm) 0.151 0.089 0.070 0.032 0.013
Vt (V) (L = 10nm) 0.215 0.180 0.169 0.150 0.140
Vt (V) (L= 12nm) 0.259 0.236 0.230 0.218 0.212

Vt roll-off(V) 0.108 0.147 0.160 0.186 0.199

include Vt variation in the noise margin simulations, the worst
case switching condition needs to be redefined. As shown
in this paper, the new definition is based on both the input
combination and the combination of CMOS's with different
Vt. On the basis of this method, the minimum supply voltage
condition was studied for high performance 10nm CMOS logic
gate.

II. DEVICE MODELING ASSUMPTIONS
The simulation was carried out using the two-dimensional

TCAD tool from SYNOPSYS. 10 nm is chosen as the channel
length with the nominal Vt. ±20% channel length variation
is assumed with a total Vt roll-off of 0.1 V (Vd, = 0.1V) as
shown in Table I. The Vt roll-off is defined as the Vt difference
between 12nm and 8nm CMOS's. Vt roll-off increases with
drain voltage (supply voltage) due to the effect of drain
induced barrier lowering (DIBL).

III. NoISE MARGIN OF CMOS NAND CIRCUITS

In the binary digital logic, two distinct logic states are
identified within a relatively small range of voltages. Logic
state 1 lies in the voltage range between VHmin and VHmax.
Logic state 0 lies in the voltage range between VLmin and
VLmax. A combinatorial logic gate circuit is self-consistent
when any possible combinations of inputs taken from the logic
state ranges always produce an output state that lies in the
correct logic state range.

In the logic circuit, inverters are added as buffers and they
are adequate to push the logic state 1 to Vdd or the logic state
0 to ground. Therefore VHmax and VLmin are set to Vdd and
0 respectively. The definition of VHmin and VLmax is shown
in Fig. 3 in terms of a 3-way NAND. Due to the Vt roll-off
shown in Table I, a 12nm MOSFET has the lowest current
drive and is hence the weak MOSFET. By the same token,
an 8nm MOSFET is the strong MOSFET. The generation

0.2 0.4 0.6 0.8 1
in dd

Fig. 3. The definition and the generation of the maximum low VLmax and
the minimum high VHmin signal
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(a) The transfer characteristics with the supply voltage
above the minimum. Curve A is flipped to cross Curve B at
(VLmax,VVHmin).
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(b) The transfer characteristics with supply voltage below
the minimum. The flipped Curve A no longer crosses Curve
B. No results for VLmax and VHmin can be obtained.

Fig. 4. "eye diagram" for 3-way NAND gate logic circuit. Vin and Votlt
are normalized to the supply voltage. Curve A is generated by switching all
inputs together. Curve B is generated by switching one input while tying the
other two inputs at Vdd. Noise margin exists in (a), but not in (b).

of the maximum low signal VLmax requires strong pull-
up MOSFETs (8nm-PMOS) and weak pull-down MOSFETs
(12nm-NMOS) in the NAND circuit with all inputs tied at
the minimum high signal VHmin. Based on the definition,
the rightmost curve (Curve A) is generated by sweeping all
inputs together from 0 to Vdd. Conversely, the generation
of VHmin requires strong NMOS (8nm) and weak PMOS
(12nm) with the logic inputs (1, 1, 0) as high as possible-
(Vdd, Vdd, VLmax). The leftmost curve (Curve B) is generated
by sweeping only one input while keeping the other inputs at
Vdd. VLmax and VHmin are defined by the curves as shown.

Fig. 4 shows how the minimum supply voltage is deter-
mined from noise margin considerations. When the supply
voltage is above the minimum limit in Fig. 4(a), curves A
(flipped) and B have the intercepts and the noise margin is
larger than zero. When the supply voltage is reduced too far,
as shown in Fig. 4(b), the transfer curves do not intercept and
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Fig. 5. Voltage transfer characteristics for different width ratios with fixed Vt.
Noise margin is zero for width ratio of 3 (dash-dot lines) but larger than zero
for width ratio of 0.6 (solid lines) where the leftmost curve and the flipped
rightmost curve achieve better symmetry across the diagonal. Minimum Vdd
is 0.5 V for WpIWn = 3 but smaller than 0.5 V for WpIWn = 0.6.

no consistent (VLmax, VHmin) can be defined. In that case,
the output will eventually end up in the wrong state. When
Curve B and the flipped Curve A have exactly one intersection,
i.e., tangent to each other, the noise margin is zero, which
corresponds to the minimum supply voltage condition.

Besides the dependence on Vt, minimum Vdd is also affected
by the width ratio (Wp/Wn) of the NAND gate. As shown
in Fig. 5 where voltage transfer characteristics are plotted
with the same Vt but different width ratios. Minimum Vdd
of 0.5 V is obtained at width ratio of 3 (dash-dot lines).
As the width ratio decreases, the pull-down devices (NMOS)
become stronger compared to the pull-up devices (PMOS), so
the transfer curves shift left. Noise margin increases because
the leftmost curve and the flipped rightmost curve achieve
better symmetry across the diagonal as shown in Fig 5. When
the width ratio reaches 0.6 (solid lines), the best symmetry
is reached (width ratio smaller than 0.6 leads to the loss of
symmetry) and the lowest minimum Vdd can be obtained.
Therefore in the following noise margin study, Wp/Wn of
0.6 is used.

IV. MINIMUM POWER SUPPLY VOLTAGE FROM NOISE
MARGIN CONSIDERATIONS

The simulation results of minimum Vdd as a function of
the nominal Vt are plotted in Fig. 6 for a 3-way NAND gate
at 270C. Vt is varied by adjusting the gate work function so
that the Vt roll-off is kept the same as that shown in Table I.

Higher Vt allows lower minimum Vdd because of the better
non-linearity for higher Vt. The fundamental physics behind
this is as follows: The slope of the voltage transfer curve
is Vot0/Vin = gm/gds. Since Ids (Vgs Vt)2 where Vt
is a function of Vds due to DIBL, gm is less sensitive to
Vt variation than gds. The slope increases with higher Vt,
leading to better non-linearity and allowing lower Vdd. High
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Fig. 6. Minimum supply voltage versus nominal Vt at 27 C and 100°C for
3-way NAND circuits. Vt/Vdd < 1/3 defines the high performance region.
The minimum supply voltage is 0.43 V and 0.49 V at 27 C and 100°C
respectively.

temperature degrades the noise margin condition through two
aspects the increase of kT/q factor and the decrease of Vt.
By plotting the minimum Vdd vs. 100°C Vt, the latter effect is
eliminated. The curve shows that the kT/q effect is increased
for lower Vdd.

High Vt/Vdd ratio leads to low gate overdrive and poor
performance. For high performance CMOS, Vt/Vdd < 1/3 is
usually required. When both conditions are plotted in Fig. 6,
they define a minimum supply voltage of 0.43 V for 27°C and
0.49 V for 100°C.
A more stringent assumption of Vt variation can decrease

the minimum Vdd. Simulation of CMOS's with Vt roll-off
of 100 mV at Vd, of 0.5 V (instead of 0.1 V) shows that
minimum Vdd can be as low as 0.37 V for high performance
10nm CMOS.

V. CONCLUSION

Minimum Vdd of 0.5 V is obtained for high performance
10nm CMOS. The result can be applied to other channel length
near scaling limit as long as the Vt roll-off is about the same
level. For low power CMOS which allows Vt/Vdd > 1/3,
a lower Vdd can be used with sufficient noise margin at the
expense of switching performance.
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