Methodology to Generate Approximate Circuits to
Reduce Process Induced Degradation in CNFET
Based Circuits

Kaship Sheikh, Lan Wei

Department of Electrical and Computer Engineering, University of Waterloo, Waterloo, ON, Canada

Abstract — A systematic methodology is presented to generate
approximate circuits with fewer nodes and shorter paths to
reduce process induced degradation due to imperfect process
in emerging technologies such as CNFET. In a 16-bit CNFET
adder example, at PCNT,,., =5%, two resulted approximate
adders achieve 80.5% and 90.2% circuit-level pass rate with a
penalty of 3.3% and 24.0% in relative logic error,
respectively, in comparison with 12.5% pass rate for the
precision counterpart. The study paves the path to practically
utilize such technology for error-resilient applications.

I. INTRODUCTION

With superior device performance shown at extremely
small dimensions, emerging low dimensional materials
(LDMs) [1] [2] technologies including Carbon Nanotube
Field Effect Transistor (CNFET) have shown the potential
to replace Si as channel material for future transistors.
Among the LDMs, CNFET seems to be the one close to
high volume manufacturing [3] [4] [5], with development
of wafer-scale process and experimental demonstration of
sub-10nm CNFET being shown having superior device
performance in comparison to Si [6]. However, the current
material and process quality for CNFETSs, like other LDMs,
is still far from replacing Si in the near future for
applications  requiring  precision. However, these
technologies can be suited for error-tolerant applications
such as approximate computing. Approximate computing
being error tolerant relax the need for precise circuits, thus
approximate circuits can be used in place of precise circuits
providing the benefits of energy efficiency, area etc [7] [8].
Furthermore, process induced degradation is less likely to
occur in approximate circuits (ACs), which have simpler
topologies, reduced number of nodes and stages.

Traditional ACs are designed for silicon technology
with mature materials and high-yield process, for the
purposes of reducing delay, energy consumption, area, etc
[7] [8] [9]. However, for the low yield technologies like
CNFETs, ACs can be obtained with the main aim of
reduced process induced degradation by having reduced
nodes/stages and also reduced capacitances at few nodes.

In this paper, we present a systematic methodology to
obtain AC for emerging technology like CNFETs, aiming
to reduce circuit-level degradation due to imperfect process
and materials. With the example of 16-bit CNFET adder,
we show the approximate adders obtained using our
methodology have significantly low process-induced
degradation at reasonable logic accuracy.

The rest of the paper is organized as follows: In section
II, we discuss about the methodology to provide link
between process imperfection to circuit-level performance.

978-1-5386-6790-3/18/$31.00 ©2018 IEEE

This is followed by our systematic methodology to
generate ACs with reduced process-induced degradation in
section III. In section IV, we discuss about the 16-bit
approximate adders obtained using the methodology in
section III, and also compare approximate adders to the
precise adder in terms of circuit-level performance, logic
accuracy, area.
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II. EVALUATE PROCESS-INDUCED CIRCUIT-LEVEL
DEGRADATION

Among the emerging LDM based technologies, CNFET
was the first studied and by far the closest to high volume
manufacturing [11] [3]. The popular separation-placement
process has regularly reported removing >99.9% metallic
CNTs causing unwanted short circuits [3] [12]. However,
unwanted open circuit remains a major issue due to missing
CNTs in the channel trenches (thus no effective channel
connecting source and drain). The probability of having a
trench not covered by a CNT (PCNTy,,,) is in the range of
10% (wide channel) to > 30% (narrow channel) in the
recent reports [11]. High PCNT,,,., means reduction in drive
current, resulting in two major issues: (1) failure to meet



minimum frequency requirement due to increased critical
path delay, and (2) degradation in Static Noise Margin
(SNM).

In [10], we develop a methodology to link process
imperfection including PCNT,,, with circuit level
degradation. Delay at particular PCNT,,., is obtained by
combining delay look-up table (LUT) results from HSPICE
simulations (using Stanford VS-CNFET model [13]) under
different input transitions (rising/falling) and input slopes
(Fig. 1(a)). For SNM, simulation shows a roughly linear
relationship between reduced drive current (increasing
PCNT,p.,) and reduced SNM. We define a drive current
criterion based on the simulation: for a certain stage, the
drive current with PCNT,,., > 0 in both pull-up or pull-
down paths have to be at least 70% of those with
PCNT 5e,=0, to ensure SNM of at least 0.25Vpp, We define
the circuit level pass rate (Passaive curren) s the probability
of that all the stages along the path from input to output
nodes meeting the drive current criteria. For each PCNT,,.,
and input vector, passaive currens at the worst- case output is
obtained (Fig. 1(b)). The results are then averaged for all
100 random input vectors.

III. OBTAIN ACS TO REDUCE PROCESS INDUCED
DEGRADATION

Both delay and passaive currem are closely impacted by
the number of nodes and stages to reach an output. Hence,
it is critical to have short paths from all inputs to all outputs
to reduce process induced degradation. We define “Linked
Node Number” (LN#) as the total number of nodes
encountered along the paths from all contributing inputs to
an output.
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Fig 2. Steps to obtain approximate circuit by replacing the circuit
portions contributing to the critical output in the input circuit.
Steps 1 to 4 are to be repeated to obtain the final approximate
circuit.

The procedure to obtain approximate circuit is carried
in following steps (Fig. 2) with a case study of a 16-bit Han
Carlson tree adder (Fig. 3). We first explain the procedure
where approximations are done for the entire circuit, i.e.,
the entire precision circuit is considered as “Input Circuit”
in the first iteration in Fig 2. (1) Every iteration starts with
the selection of the critical output signal, the one with the
highest LN#. (e.g., S5 in precise Han-Carlson adder in Fig.
3 in the first iteration.) (2) For the signal identified in step
1, approximate Binary Decision Diagram (BDD) is
obtained by applying Cudd SubsetShortPaths algorithm in
[14]. Here, the unimportant nodes are removed, while
retaining the short paths in the BDD, critical for logic
accuracy consideration. (3) The approximate logic function
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(gates) for the critical signal is derived based on the
approximate BDD. (4) Next, the circuit portions in the
input circuit between inputs and the critical output signal
are replaced by the approximate circuit block from step 3,
to obtain the overall approximate circuit. In the next
iteration, the approximate circuit obtained from step 4 of
the previous iteration is now considered as “Input Circuit”.
This is followed by selection of next critical output (e.g
after the approximation of S;s5, the next critical signal will
be S;, in Fig. 3), and followed by steps 2 to 4. This
procedure is repeated till we reach the outputs in the circuit
that have lesser or equal number of LN# than the
approximate circuits for the previously selected outputs.
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Fig 3. Schematics of 16-bit adders: precise Han Carlson Tree adder
(orig), approximate adders with partial-circuit approximation
(app_int), and approximate adder with  whole-circuit
approximation (app_out). For app out, blocks s and b are
described in Fig 4. The vertical broken line on top of s and b in
app out (full connection not shown to avoid congestion)
represents the bit wise propagate signal (P;). For the orig circuit,
the dotted circles illustrate the circuit blocks, which are replaced
by approximate circuit block to obtain app_int.
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used in app_out. G;,;, P;;, P; are group generate, group propagate,
and bitwise propagate signal respectively. In the paper, module
‘b’, ‘s’ are either represented by the box symbols or by letters ‘b’,
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The circuit obtained above might not meet the logic
accuracy requirement. In this case, only partial circuit is
used as “Input Circuit”, approximated following the
procedure from step (1) to (4) iteratively. Some
intermediate nodes are chosen that the paths after these
nodes are fixed and not included in the approximation



procedure. Instead of just affecting the 1 primary critical
output, these intermediate nodes affect two or more outputs
(e.g. signal G;, of orig in the Fig. 3 affects two sum
outputs Sy, S;5). The circuit obtained this way will be
logically more accurate. However, it might suffer from
increased LN# in comparison to the case where
approximation is done for the whole circuit including paths
all the way till the output nodes.
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approximate circuit (a) app_int and (b) app_out. For app_int, >
90% of the input vector combinations have Relative Error < 10%.
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including C,,,. The x-axis is the bit position. Bit # (0, ...,15, 16)
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approximate circuits (app_int, app_out) significantly reduces the
number of LN#. The critical outputs (with the highest LN#) of
orig, app int and app out have LN# of 64, 14 and 11,
respectively.
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Regardless whether the approximations are done at
intermediate or output nodes, the approximate circuit
obtained from the proposed procedure would have reduced
number of LN# for the critical output, hence enhanced
PasSayive_ currem- Moreover, with less number of stages in the
critical path and reduced capacitances at nodes due to
simpler topologies, the critical path delay and circuit area
would also be reduced.
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IV. EXAMPLE OF CNFET 16-BIT HAN-CARLSON ADDER

We have taken 16-bit Han Carlson tree adder for case
study. Without the loss in generality, we apply the proposed
methodology to the whole and partial circuit to construct
two 16-bit approximate adders (app out and app int,
respectively) (Fig. 3). app_int has all the approximations in
the internal tree structure, without any change in the sum
block which remains the same like the precise version
(orig). The sum block in both orig and app_int is formed by
XOR gates [15] towards their output for generating the sum
signals from Sy, Sy, ... S;5. The solid black and grey blocks
in Fig. 3 follow the conventional design for group propagate
and group generate as in [15]. In comparison to the precise
version (orig), app_int has lesser number of group
generate/propagate cells. app_out has the approximations
for each output signal from S to S;5 (sum outputs) including
Cou (Carry out). app out is composed of 1-bit adder
modules ‘b’ (Fig. 4) for the sum output S, to S;5, while sum
outputs Sy, S; are composed of ‘s’ block (similar to the
precise version). Table I reports key comparison of the
precise adder and the two approximate adders.
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Fig 7. Worst-case Delay (normalized to that of the precise circuit
with PCNT,,., = 0%) as a function of PCNT,,,, The worst-case
Delay for approximate circuit app_out is lower by 46.7% at
PCNT,pen = 40% in comparison to worst-case Delay for precise
adder (orig) at PCNT,,., = 0%. For approximate circuit app_int,
the worst Delay at PCNT,,.., = 40% is also lower (less than 8.1%)
in comparison to precise adder (orig) at PCNT, .

Logic error - We define the term Relative Error (= |Sapprox
— Sorigl/ Sorig) to represent the relative logic error, where S,
Sapprox are sum value based on the output of precise and
approximate adders respectively. Fig. 5 shows %Relative
Error of app_int and app_out over a set of 1000 random
input vectors. app_int (from partial circuit approximation)
has lower logic error with > 90% of the input vectors
resulting in %Relative Error < 10%. In comparison,
app_out (from whole circuit approximation) have %Relative
Error > 50% for > 20% of input vectors. On average,
%Relative Error of 24.0% and 3.3% are reported for
app_out and app_int respectively (Table I).

Improvement in process induced degradation - Fig. 6
shows that LN# for the critical output (S;5) for the orig is
quite high (64 nodes). However, for app_int, LN# =14 is
achieved for critical output, implying significantly less
process induced degradation. For app_out, LN# are further
reduced to 11. Fig. 7 shows that Worst Delay (among set of
100 random vectors) of the critical output for each of the
orig, app_int and app_out. Even at PCNT,,., = 40%, the



Delay for both app _int and app_out are lower than Delay of
orig at PCNT,., = 0% (lower by 8.1% and 46.7%

respectively).
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Fig 8. (Starting from top) Mean of %passdrive_current plotted
for critical output of precise adder (orig) and approximate adders
(app_int, app out) (a) Without transistor upsizing, (b) With
transistor upsizing of 10%-15% while still maintaining total area
smaller than precise circuit area.

Table I: Comparison of 16-bit precise Adder (‘orig’) with
approximate adders (‘app_int” and ‘app_out’).

%Passyve curent | %PaSSarive_current
CKT Mean Relative | Normalized Delay* o upsizi (with izil ized Area
Error [%] [PCNTpen = 40%] | [PCNT,pe, = 5%] | [PCNTpq, = 5%] (no upsizing)
orig 0% 1.78X 8.4% 12.5% 1X
app_out 24.0% 0.53X 71.8% 90.2% 0.78X
app_int 3.3% 0.92X 62.7% 80.5% 0.78X

* Normalized to delay of orig at PCNT,,., = 0%

Fig. 8 shows the plot for Mean of %passaive curren along
the critical output for orig, app_int, and app_out over set of
100 random vectors. At PCNT ppen = 5%, %0passaive current 15
improved to 62.7% and 71.8% with app_int and app out
respectively, in comparison with 8.4% in the precision
counterpart (Fig. 8(a)). Moreover, with transistor upsizing
by 10%-15%, which still keeps the area of ACs smaller
than that of the precise one, %6passaive currem 18 above 80%
for both approximate adders at PCNT,p., = 5% (90.2% for
app_out and 80.5% for app_int) (Fig. 8(b)). The number is
above 50% with app_out at PCNT,,., = 10%, implying the
potential adoption of CNFET technology even at the current
process maturity level.

V. CONCLUSIONS

Aiming at reducing process-induced degradation for
CNFET circuits, we propose and demonstrate a systematic
methodology to generate approximate circuits which could
greatly reduce number of nodes and lengths of paths at a
tolerable relative logic error. Significant improvement in
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process induced degradation has been observed in the 16-bit
adder example, implying the great potential to practically
utilize CNFET technology for error-resilient applications.
The methodology can be adapted to other emerging
technology with imperfect process.
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