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Abstract— In this paper, we present an analytical technique for
deriving noise rejection curves (NRCs) and the associated noise
susceptibility metric under parameter variations (L.s, VT, VDD
and channel width, /). The method involves modeling of the
pull-up and pull-down resistances using approximated BSIM4
device equations. Compared to circuit simulation results, the
analytical model provides more than five orders of magnitude
speedup while maintaining an average (maximum) error of 1.3%
(5%) over the entire range of parameter variations, which makes
it suitable for design optimization for noise robustness.

I. INTRODUCTION

The existence of considerable variability in deep submicron
integrated circuits is a major concern for designers since the
actual performance can vary drastically from the predicted
performance leading to yield loss. The effect of process vari-
ations on timing and power has been the subject of extensive
research in both academia and industry [1]-[7]. However, the
impact of variability on the noise immunity, which decreases
with aggressive technology scaling into the sub-100nm regime,
remains largely unexplored.

Whether a noise pulse of any kind can cause instability in
a gate depends on the susceptibility of the gate to input noise,
which is an intrinsic property of the gate. With parameter
variations The noise immunity of a gate can vary significantly.
The use of static noise margin (SNM) as the metric for noise
robustness can be overly pessimistic for transient pulses. A
new metric based upon noise rejection curves (NRCs) was
proposed in [8] to incorporate the pulse magnitude-duration
information captured in the NRCs and thereby to remove the
pessimism associated with SNM based metrics. The target
of [8] was to (1) capture the effect of parameter variations
on noise robustness and (2) circuit optimization with noise
robustness as one objective. To facilitate quick estimation of
the noise susceptibility metric, an analytical model for the
noise susceptibility metric was also developed.

The model presented in [8] consists of a single equivalent
resistance of the pull-up and the pull-down paths and thus
cannot handle the independent variations of parameters in
the pull-up and pull-down networks. However, the impact
of parameter variations on noise iS more prominent when
the mismatch between the pull-up and pull-down networks
is greater. In this paper, we extend our former model and
complete the analytical modeling of NRCs. We present a
BSIM4 equation-based resistance model for the pull-up and
pull-down networks and thereby derive the noise rejection
curves without performing expensive circuit simulations. The
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model can predict the effect of parameter variations (namely
Leg, V, W and Vpp) on the noise rejection curves accurately.

II. NOISE SUSCEPTIBILITY AND PARAMETER VARIATION

A noise pulse can be characterized by its magnitude (/) and
duration (A). A gate is said to reach the point of instability
under an applied noise pulse if H is greater than the SNM,
and A exceeds a critical value, A.. Instability is defined with
respect to a preset voltage, nVpp (0 < n < 1), by which
the output voltage of the affected gate must deviate from its
steady-state value. Therefore, at time A. the output voltage
reaches the critical value V., which is (Vpp — nVpp) for
falling output transition and nVpp) for rising output transition
to drive the gate to instability. Noise rejection curves (NRCs)
factor in such magnitude versus critical duration profiles for
noise pulses. In [8], we proposed a new metric — noise
susceptibility (1)) — that is given by the area above the NRC
up to a maximum pulse duration, A, ., and thereby abstracts
the information contained in an NRC to a single value.

Noise pulses with heights much smaller than the values
predicted by NRCs can drive a gate to instability under
parameter variations [8]. Determination of noise susceptibility
under parameter variations, therefore, is crucial for robust cir-
cuit design. Monte Carlo based circuit simulations can reveal
the dependence between noise susceptibility and parameter
variations accurately, but at the cost of high computational
expenses. This motivates the development of a generalized
analytical technique for deriving NRCs and the associated
metric.

III. ANALYTICAL MODELS

We model a CMOS gate with three elements: a pull-up
resistance (Rpy), a pull-down resistance (R,q) and an output
capacitance (Ceq), as shown in Figure 1. The value of each
of these elements is function of the gate size, the device
parameters, as well as the input and the output voltages.
The main problem in analytically deriving the noise rejection
curves is the nonlinearity associated with the devices present in
the gates. Since the operating region of the different MOSFET's
varies with the input pulse height and the rising/falling output
node voltage, the effective resistances of the pull-up and pull-
down paths are highly dependent on the operating point.
However, under different simplified assumptions, we develop
an efficient analytical model, which will be accurate enough
for the purpose of design optimization.
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Figure 1. (a) General structure of a CMOS gate represented as a combination
of a pull-up and a pull-down network. (b) Equivalent circuit representation of
the gate where the cell is represented by three elements: a pull-up resistance,
a pull-down resistance and an output capacitance.

For a rising pulse applied at the input of an inverter, the
output is assumed to be initially charged to Vpp. While
discharging the output from Vpp to Vo = (1 — n)Vpp, the
NMOS transistor is operating in the saturation region. The
pull-down equivalent resistance ([2,q) is computed by the
average of the resistance values at the two endpoints, Vpp
and (1 — n)Vpp, as in [9]:

R 1 Vbp (1 —n)Vbp ]
pd = 5 +
2 IDsat (]- + )\nVDD) IDsat (]- + )\n(]- - n)VDD)
(1)
2
with IDsat = Kn% (H - VT,n) VDsat - ng:| y

where ), is the channel-length modulation parameter, K, is
the transconductance parameter, and Vpg,; is the saturation
drain voltage.

For the same rising pulse, the PMOS transistor operation
(where |Vgs| = Vbp— H) extends from the subthreshold to the
linear region. The pull-up resistance of the PMOS transistor
is negligible with respect to the pull-down transistor when the
former works in the subthreshold region while the latter works
in the saturation mode. We model the pull-up resistance only
in the linear operation region of the PMOS transistor since the
subthreshold operation contributes insignificantly to Req:

nVbp 1
KoY (Vop — H =V p)? 1+ A Vop (1 - 3)

Vi is function of the effective gate length (Leg) and the
drain-source voltage (Vpg) due to the Drain Induced Barrier
Lowering (DIBL) effect in short channel devices. In our case,
the DIBL effect is very important since it causes consider-
able deviation between the analytical model and the SPICE
simulation, especially when studying the (L.g) variability.
To increase the accuracy of our analytical model, we have
included the DIBL effect as shown in Equation 3, adopted
from the BSIM4 MOSFET model [10].
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Figure 2. Comparison of the predicted and simulated NRCs for different

combination of gate lengths.

Here the BSIM4 model parameters: Vg is the long-channel
threshold voltage at zero body bias, 7, is the DIBL coefficient
in subthreshold region, Dgyp is the DIBL coefficient exponent
in subthreshold region. The effective channel length L.g =
L + X1, — 2LiNT, where X7, is the channel length offset
due to mask/etch effect, Lint is the channel-length offset
parameter. The characteristic length Ly =,/ 55 7o, Xaep, Where

€si,€ox are the dielectric constants of silicon an(zl silicon-dioxide
respectively, T,y is the gate oxide thickness. The depletion
width Xgep = f];f;:;, where ¢ :2kTT1n(Nj—fP), Nyep is the
channel doping concentration at depletion edge for zero body
bias, and n; is the intrinsic carrier concentration in the channel
region.

From Equations (1-3), the noise rejection curve can be
predicted for any values of different parameters — gate length,
L, threshold voltage, Vr, gate size, W, and supply voltage
Vbp by using the exponential capacitance charge/discharge
equations, as done in [8]:

Voo — V¢
Ay =ReCogln | ———m———| . 4
c eqleq 111 (l_n)VDD_V} “4)
IV. RESULTS

We verify the accuracy of the developed model by compar-
ing the results with SPICE simulation results. For the purpose
of simulation, we used the predictive technology models for
the 65nm node [11]. The value of 7, as described in Section II,
is 25% for the experiments described in this section. Figure 2
shows the comparison for variation in Leg by 20%. The drawn
lengths are indicated in the figure and the lengths of the
PMOS and NMOS transistors have been assigned values at two
opposite extremes. As mentioned in Section III, the existence
of DIBL makes it more difficult to capture the impact of L.g
on the pull-up and pull-down resistances. The good agreement
of the predicted and simulated results show that our model can
capture DIBL effect due to L.g variation.

The combined impact of V1 and Vpp variations is depicted
in Figures 3 and 4 for two arbitrary values of Vpp for
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Figure 3. Comparison of the predicted and simulated NRCs for different

combinations of Vir for Vpp = 0.88Vpp nom.-

two values of V. Good agreement between the predicted
and simulated results can be seen here as well. Next we
demonstrate that our model works as good for variations in
multiple parameters, namely the L.g and V. We predict the
two corner cases (the best and worst cases for rising input
noise pulse) for 20% L.g variation and 15% Vr variation
by choosing appropriate values for the parameters. Figure 5
shows that the predicted corner NRCs match very well with
the simulated NRCs.

We determine the noise susceptibility metric (1)) by using
trapezoidal integration of the points on the noise rejection
curves. To quantify the error associated with the analytical
predictions, we took four simulation points on each axis of a
five-dimensional space: (Lef n, Lef,p» VT.n» Vrp and Vpp)
resulting into 1024 simulation points. The maximum variation
in Leg was 20%, whereas the maximum variations in Vp
and Vpp were 15% each. The value of ¢ was determined
for each case from simulation as well as from the analytical
NRGCs. It was found that the average error was 1.26% with
a maximum value of 5.04%, as shown in Figure 6, proving
the accuracy of our proposed model. For these 1024 cases,
SPICE simulations required 171 minutes, while our technique
took only 40 milliseconds, thereby achieving a speedup of
more than five orders of magnitude.

V. CONCLUSIONS

We presented an accurate method for analytically deriving
noise rejection curves under parameter variations. The method
involves modeling of the pull-up and pull-down resistances
using approximated BSIM4 model-based device equations.
Comparison of analytical results with circuit simulation results
showed that the variations of L.g, V1, Vpp and W were
accurately captured with an average error of 1.26% and a
speedup of more than five orders of magnitude. Independent
parameter variations in the pull-up and pull-down paths can
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Figure 4. Comparison of the predicted and simulated NRCs for different

combinations of Vi for Vpp = 1.12Vpp nom.-

be addressed by this model which provides an alternative to
time consuming Monte Carlo simulations.
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separately.
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