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Abstract— Emerging technologies are being considered to
replace the conventional CMOS-based design that seems arriving to its end of life due to the limits of MOS transistor
shrinking. However, since those novel devices are not necessarily switch-based ones, the traditional AND/OR logic synthesis process in the digital integrated circuit design flow tends to
become inefficient, whereas threshold logic paradigm seems to
be more appropriate for them. In this context, different methods for threshold logic synthesis, suitable for emerging technologies, are reviewed in this paper. The majority logic based
design is also discussed herein since it represents a subset of
threshold logic domain, and many new technologies have presented the 3-input majority Boolean function as the most basic
logic gate. Experimental data, presented in previous works, are
used to illustrate and compare the performance of the state-ofthe-art logic synthesis methods related to.
Index Terms— Threshold Logic; Majority Gate; Digital Circuit; Logic Synthesis; Emerging Technology.

I.

I NTRODUCTION

Continuous scaling of MOSFETs has been the principal strategy for improving integrated circuit performance.
However, as MOS transistor dimensions shrink, manufacturing imperfections and quantum effects become more critical and threaten to stop the CMOS scaling [1]. As a result, much effort has been done in order to develop new devices that may allow further progress in computation capability. Among these emerging technologies are carbon nanotubes and related graphene structures [2], single electron
transistors (SET) [3], nanowire transistors [4], quantum-dot
cellular automata (QCA) [5], nanomagnetic logic (NML)
[6], resonant tunneling diodes (RTD) [7], spintronic-based
devices [8], memristors or memristive devices [9], multiple independent-gate field effect transistors (MIGFETs) [10],
and many other possibilities.
For these emerging technologies be successful, it has to
present some characteristics that represent advancement and
improvement over traditional MOS transistors [11]. These
can be related to higher frequency operation, lower power
consumption, smaller area, and so on. Additionally, it is welcome that the knowledge used in designing and fabricating
CMOS circuits can be somehow adapted to the new technology to make the conversion process easier. In this sense,
the logic synthesis process plays a crucial role in the digital
circuit design, taking into account that many of those new
technologies do not provide switch-based devices, becoming
inefficient and even incompatible the conventional switchbased design circuitry based on AND/OR synthesis.
Particular design synthesis effort has been presented for
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specific technologies as observed for MIGFETS [12], spindiode [13] and memresistive IMPLY [14]. On the other hand,
many of these emerging devices have been demonstrated to
be more appropriate for threshold logic design paradigm,
like RDT, SET, QCA, NML and memristors. As a consequence, algorithms addressing threshold logic synthesis have
been presented in the literature [15, 16, 17, 18, 19, 20, 21].
Moreover, some of emerging technologies are better
suited for majority (MAJ) logic paradigm which can be
considered as a subset of threshold logic domain [11][22].
Therefore, new EDA algorithms have been proposed in order to improve digital circuit design by exploiting MAJ gates
[22, 23, 24, 25, 26, 27]. Such a change from AND/OR logic
paradigm to the threshold logic one, in particular majoritybased logic, impacts significantly the circuit synthesis process.
This paper presents an extended survey about threshold
logic and MAJ-based logic synthesis, pointing out the main
contributions of each work and the challenges for future improvement. Some experimental results already published in
other papers have been shown and discussed herein in order
to provide to the reader a better comprehension of the performance obtained on related work. In the organization of this
paper, initially the more general threshold logic synthesis is
reviewed followed by the discussion about the more specific
MAJ-based synthesis.
II.

T HRESHOLD L OGIC D ESIGN

This section presents the fundamentals about threshold
logic field for a better understanding of this survey.
A.

Terms and Definitions

A threshold logic function (TLF) is a Boolean function
satisfying the following condition [28]:

n
1, if P x w ≥ T
i i
f=
(1)
i=1

0, otherwise
where xi represents each Boolean input value {0, 1}, wi is
the weight of each input, and T is the function threshold
value. Therefore, each input has a specific weight and the
function has a threshold value. If the sum of active input
weights (i.e., inputs are equal to 1) is greater or equal than
the threshold value, then the function evaluates to 1. Otherwise, the function evaluates to 0.
A TLF is completely represented by a compact vector [w1 ,w2 ,. . . ,wn ;T ], where w1 ,w2 ,. . . ,wn are the input
weights and T is the function threshold value. A TLF has
also been called ‘linearly separable’ function.
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Fig. 1: Threshold logic gates based on: (a) memristor [33], (b) spintronic
device [34], (c) RTD [15].

Although some complex functions are TLFs, there exist some simple functions that are not TLF. For instance,
the function h = x1 x2 + x3 x4 cannot be represented in
terms of input weights and threshold value. The threshold logic identification process verifies if a given Boolean
function is TLF (or not) and compute the input weights and
the corresponding threshold value. Many TLF identification
algorithms are based on integer-linear-programming (ILP)
[15, 16, 16, 17, 18, 29]. In [30], on the other hand, a complete
system of inequalities is built using a similar strategy to ILP
inequalities generation algorithms. However, unlike ILPbased approaches, the inequalities system is not solved. Instead, the algorithm speeds up the process by selecting some
of the inequalities as constraints to the associated variables
and computing the variable (input) weights in a bottom-up
strategy. After this assignment, the consistency of the entire
system is verified in order to check whether the weights have
been correctly computed. Such a strategy has resulted in fast
runtime and good quality of results (QoR). In a more recent
work, in [31], the authors proposes a new necessary condition and the corresponding speedup strategies to the threshold function identification problem, claiming to obtain TLFs
not found by the method presented in [30].
In the context of technology mapping, more specifically
structural cuts, threshold cut is defined as a cut that the corresponding Boolean function is TLF.
Threshold logic gate (TLG), in turn, is a single primitive or a non-decomposable circuit that physically embodies the behavior expressed in Equation (1). TLGs can represent the implementation of complex functions. For instance, the TLG defined by [4, 3, 3, 1, 1; 7] corresponds to
f = x1 x2 + x1 x3 + x2 x3 x4 + x2 x3 x5 . It is worth to notice
that using larger threshold functions has the potential benefit
of reducing the total number of gates needed to implement
digital circuits. Several topologies of TLGs have been proposed for CMOS and emerging nanotechnologies. A survey
with more than 50 TLG circuitries are presented by Beiu et.
al, in [32]. Moreover, TLG designs based on memristor [33],
spintronic device [34] and RTD [15] technologies have also
been proposed, as illustrated in Fig. 1.
Threshold logic network (TLN), on the other hand, is a
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netlist of TLFs and interconnections. A TLN can be implemented using TLGs, since each TLF can be directly implemented through a single TLG. The total area of TLN corresponds to the sum of the TLG areas. Notice that the TLG
area depends directly on the technology adopted to build
such a gate. However, since no threshold-oriented technology currently available is mature enough to fabricate reliable
TLGs in large scale, synthesis tools usually consider that
each threshold gate presents the same area. Therefore, the
total circuit area is commonly estimated through the overall
number of TLGs instantiated in the mapped circuit.
Although it is hard to define a general TLG area estimation, some of them are more suitable to particular technologies. For instance, when designing a TLG by using RTDs,
each input weight and function threshold values determine
the diode physical area. Therefore, the gate area is directly
related to the sum of the weights and the threshold value, as
follows [15]:
k
X
ATLG = T + Au (
wi )

(2)

i=1

where k is the number of TLG inputs (fanin), wi is the weight
of input i, Au is the unit area of an RTD with w=1, and T is
the threshold of the gate.
In other technologies, such as memristors [9][33] and
spintronic-based devices [34][35], the input weight is set by
applying a voltage over the device during a moment, so not
impacting the device physical dimensions. In these cases,
each input is associated to a single device (with the same
area) and, as a consequence, the most appropriate gate area
estimation metric is the number of gate inputs.
B.

Threshold Logic Synthesis

The goal of threshold logic synthesis is to generate a TLN
where each TLF can be directly implemented through a single TLG. The design flow adopted by many works starts by
performing a LUT-based technology mapping [15, 16, 17,
18, 36]. This first mapping task results in a netlist of Boolean
functions with restricted fanin. Afterwards, these methods
identify which Boolean functions are TLF and then include
them into the final solution. For each non-TLF, they generate a sub-network. The main differences among these approaches are: (i) the procedure of the threshold logic identification, and (ii) the generation of the sub-TLN from a nonthreshold function.
Zhang et al., in [15], and Subirats et al., in [16], use
ILP to perform the TLF identification. For non-TLFs, the
Zhang’s method decomposes the function into AND/OR
sub-fuctions, which are always TLFs, and select nodes
through a heuristic way in order to combine them, checking whether the resulting function is TLF. The Subirats’ approach, on the other hand, is based on the function truth table
description. It selects recursively a variable and performs the
Shannon decomposition up to find TLF sub-functions. The
Subirats’ method improves the Zhang’s results in terms of
the number of gates and circuit logic depth. However, the
Subirats’ approach produces only two-level TLNs without
fanin restrictions, being more suitable to neural network design.
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In [17], Gowda et al. propose a heuristic approach to identify TLF. They adopt both binary decision diagrams (BDD)
and a factorized tree structure (called max literal factor tree
- MLFT) in order to generate a TLN. The method breaks
recursively the initial expression tree into sub-expressions,
identifying sub-trees that represent TLF and assigning input
weights. The method proposed by Palaniswamy et al., in
[18], improves the Gowda’s approach [17]. It looks for circuit outputs that can be implemented as a single TLF. Both
the Gowda’s and the Palaniswamy’s methods suffer from execution time as the main bottleneck, and the solutions depend
strongly on the initial structure (BDD or MLFT), in particular, on the ordering of tree nodes.
In [36], it is proposed a method based on a TLG association process through the principle called functional composition, which is based on dynamic programming [37]. The
algorithm associates simpler sub-solutions with known design costs, e.g. the number of gates, in order to produce
the final solution with minimum cost. In order to identify
whether the Boolean function created from such an association is TLF, the method adopts the heuristic method proposed
in [38]. This approach presents improved results in terms of
TLG count when compared to previous approaches. However, the design optimization in respect to the circuit logic
depth is not so significant. Moreover, the execution time is
also a limitation and the approach does not scales for TLFs
with more than six variables (inputs).
The threshold logic synthesis methods mentioned above
generate a TLF network from a general Boolean function
netlist. Another set of approaches focuses in the optimization starting from a TLN. Methods for TLG-based circuit
rewiring are presented by Kuo et al., in [39], and by Lin
et al., in [20]. Kuo’s approach focuses only on circuit restructuring for satisfying a new fanin constraint and does not
take into account the area and logic depth minimization issue. Lin’s approach, on the other hand, represents a heuristic for rewiring the circuit by minimizing the summation of
input weights and threshold value. In [21], Chen et al. propose an analytical approach based on collapsing two threshold gates in order to minimize the total number of TLGs. Annampedu’s method, in [40], receives as input a given (already
identified) single-output threshold function. Therefore, this
method is not able to treat a general logic circuit with multiple outputs corresponding to Boolean functions not necessarily identified as threshold ones. The main goal of Annampedu’s method is to restrict the fanin of a given threshold function implementation. Furthermore, Kulkarni et al.,
in [41], propose TLG-based approaches to reduce the circuit
area and power consumption without loss of performance.
However, the technology mapping is performed by a commercial tool using conventional (i.e., non-threshold based)
standard cell library. This method replaces some standard
flip-flops by threshold logic sequential cells [41]. As a consequence, a hybrid netlist comprising both TLGs and conventional logic gates is provided.
Notice that all of mentioned threshold logic synthesis approaches focus basically on synthesizing single-output nonTLF. The first step of previous methods relies on a complete
synthesis process which disregards threshold logic domain.
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Therefore, they do not explore the entire circuit where they
would find, for instance, TLFs between different functions
in the netlist. Such a bootleneck has been overcome in [42]
[19], where Neutzling et al. propose a logic synthesis flow
that identifies TLFs before the circuit covering task. It is
based on a three-stage procedure, as depicted in Fig. 2(b):
(i) a complete cut enumeration, storing Boolean functions
of cuts in the design; (ii) the identification of TLFs related
to this set of computed cuts; and (iii) the technology mapping considering thresholdness of pre-computed functions.
By doing so, this approach is able to discard non-TLF cuts
and provides the corresponding threshold network from the
first covering action. Such a strategy allows the exploitation
of multi-objective technology mapping algorithms.
Finally, in [43], the authors propose an optimization
method for TLN based on observability don’t-care-based
node merging. To reduce gate count in a TLN, it iteratively merges two gates that are functionally equivalent or
whose differences are never observed at the primary outputs.
Furthermore, it is able to identify redundant wires and replace wires for removing more gates. Basically, the proposed
method is primarily adapted from an ATPG-based nodemerging approach which works for conventional Boolean
logic networks. To extend the approach for TLN, a method
for computing mandatory assignments of a stuck-at fault test
on a threshold gate and another one for conducting logic implication in a TLN have been developed. Additionally, to
achieve a better optimization quality, the proposed method
has been integrated with other optimization methods. The
same authors, in [44], have recently improved this work by
proposing don’t-care-based node minimization.
C.

Comparing Threshold Logic Synthesis Approaches

Some previous threshold logic synthesis approaches have
been compared through three experiments presented in [19].
The first one compares the number of TLGs and the circuit
logic depth to the results obtained from both strategies presented by Chen et al., in [21], and by adopting a commercial
tool. In the second one, the Neutzling’s approach is compared to the Gowda’s method, in [17], and the Palaniswami’s
method, in [18], in terms of the number of TLGs. It has
been done because the Chen’s work does not compare itself
to those approaches. In the third experiment, the circuit area
results obtained by the Neutzling’s method are compared to
the ones presented in [15] and in [20] in terms of the sum of
input weights and threshold value.
Since the Chen’s method already provides improvement of
28% in TLG count and 14% in logic depth when compared
to the Zhang’s approach [15], it has been considered in the
comparison to the Neutzling’s approach, in [19]. It was carried out taking into account the IWLS 2005 benchmark suite
[45]. Table I shows the obtained results in terms of TLG
count and circuit logic depth. When limiting the TLGs to
six inputs, the Neutzling’s method reduced the TLG count
in 94% of the circuits, with reductions up to 39% of such a
count, being 20% on average. The logic depth has been reduced in all applied benchmark circuits, with reductions up
to 64% and being 53% on average. The runtime is less than
one second per circuit synthesis.

4

NEUTZLING et al.: Logic Synthesis for Emerging Technologies.

Fig. 2 Different threshold logic synthesis flows: (a) previous works from other authors, (b) proposed in [42]; (c) proposed in [19].

In order to exploit the gate level scalability, circuits have
been synthesized taking into account TLGs with up to 15 inputs. In this case, the TLG count has been reduced in all
circuits, with reductions up to 47% and being 25% on average. The reduction in terms of logic depth has been up to
67%, being 57% on average. In the same experiment, circuits have also synthesized by adopting a commercial tool.
To do that, it has been provided the tool with a cell library
composed by all NPN threshold functions with up to six variables. Notice that, although the commercial tool improves
the Cheng’s results in terms of TLG count, the second Neutzling’s approach method has been able to improve these results even more. On average, the commercial tool improves
7% whereas the Neutzling’s approach improves 15%. Moreover, TLG count and circuit logic depth are simultaneously
reduced by the proposed flow, whereas the commercial tool
increases the Cheng’s results in around 38% in terms of logic
depth.
In [18], the authors present two different improvements,
named BDD decomposition method (BDM) and ZDD decomposition method (ZDM), to the max literal factor tree
(MLFT) method proposed by Gowda et al., in [17]. The results shown in Fig. 3 present the TLG count obtained by
these methods and the Neutzling’s one. The ISCAS’85 set
of benchmarks has been applied for this evaluation. When
compared to the MLFT approach, BDM and ZDM methods
provide an average TLG count reduction of 12% and 17%,
respectively. The average reduction obtained the Neutzling’s
method is about 65% and 48% when compared to MLFT and
ZDM, respectively.
Finally, in [19], the Neutzling’s approach has been compared to the work presented by Lin et al., in [20], in terms
of the summation of input weights and threshold value. The
Lin’s method starts from a TLG netlist (i.e., a given TLN)
generated by the Zhang’s method, in [15], and performs a
rewiring procedure, optimizing the TLG area cost function.
Table ?? shows the results from this experiment. In [20],
the Lin’s method improves the Zhang’s results for all benchmarks, obtaining a reduction of 4% on average. The Neut-

Fig. 3: Comparison between the Palaniswamy’s, Gowda’s and Neutzling’s
methods presented in [19].

zling’s approach does not depend on a preliminary threshold synthesis and optimizes the cost function performing a
threshold logic technology mapping directly over the original circuit description. Therefore, the Zhang’s results have
been improved for all benchmarks, so reducing the circuit
area up to 46%, being 31% on average.
The Neutzling’s threshold logic synthesis flow explores
the LUT-based technology mapping strategy, which allows
for near-optimum circuit logic depth covering [46]. From
such a covering, three different mapping goals can be targeted in circuit area optimization. The first one chooses a
cut that decreases the area even when increasing the logic
depth (area oriented). The second one never replaces a cut
if the logic depth is increased (delay oriented). Finally, an
intermediate strategy chooses a cut that decreases the area
whether the increasing in logic depth is less than a given predefined percentage (relaxed delay). In the experiments, it has
allowed to increase the delay up to 30%. A comprehensive
set of experimental results when addressing the mapper proposed in [19] to the aforementioned goals and targeting different threshold-based circuit area estimations is presented.

Journal of Integrated Circuits and Systems, vol. 16, n. 1, 2021

Notice that two ternary possibilities have been varied in this
experiment: the mapping goal, which can be area oriented,
delay oriented or relaxed one; and the area estimations that
can be considered as the number of TLGs, the summation of
input weights and threshold values, or the overall gate fanin.
This yields nine different solutions to each synthesized circuit.
In [19], the results obtained by the Neutzling’s approach
are presented in terms of circuit area and logic depth taking
into account different benchmark suites, such as the EPFL
more-than-million (MTM), arithmetic and random-control
[47], ISCAS’85 [45] and the opencore circuits [48]. The circuit level scalability has been verified by synthesizing benchmarks comprising more than 20 million AIG nodes.
Table I.: Comparison of TLG count between the Chen’s and the Neutzling’s
approaches, and by applying a commercial tool, using the Chen’s one as
reference [19].

Circuit
Chen [21]
spi
1614
systemcaes
5333
tv80
3559
ac97 ctrl
6194
sasc
333
usb funct
6842
mem ctrl
4721
systemcdes
1377
i2c
482
pci bridge32
10497
aes core
10057
simple spi
436
des area
2011
wb conmax
21956
pci spoci ctrl
399

EDA K=6 [19] K=15 [19]
(0.78) (0.74)
(0.71)
(0.82) (0.79)
(0.77)
(0.91) (0.81)
(0.76)
(1.01) (0.95)
(0.91)
(1.04) (0.92)
(0.89)
(0.93) (0.82)
(0.78)
(0.77) (0.76)
(0.71)
(0.90) (0.82)
(0.77)
(0.87) (0.76)
(0.69)
(0.91) (0.89)
(0.87)
(0.97) (0.89)
(0.78)
(1.01) (0.85)
(0.82)
(1.01) (1.01)
(0.95)
(0.87) (0.82)
(0.80)
(0.64) (0.61)
(0.53)

Table II.: Comparison of circuit logic depth between the Chen’s and the
Neutzling’s approaches, and by applying a commercial tool, using the
Chen’s one as reference [19].

Circuit
Chen [21]
spi
19
systemcaes
33
tv80
30
ac97 ctrl
7
sasc
7
usb funct
19
mem ctrl
23
systemcdes
19
pci bridge32
21
aes core
17
simple spi
8
des area
20
wb conmax
13
pci spoci ctrl
12

III.

EDA K=6 [19] K=15 [19]
(1.21) (0.53)
(0.47)
(0.88) (0.42)
(0.42)
(1.40) (0.47)
(0.37)
(1.43) (0.57)
(0.43)
(1.14) (0.43)
(0.43)
(1.42) (0.53)
(0.47)
(1.30) (0.39)
(0.35)
(1.16) (0.47)
(0.47)
(1.95) (0.38)
(0.33)
(1.29) (0.53)
(0.53)
(1.38) (0.50)
(0.38)
(1.40) (0.55)
(0.50)
(1.62) (0.62)
(0.54)
(1.50) (0.42)
(0.33)
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The most prominent case is the quantum-dot cellular automata (QCA) technology. The basic gate in QCA technology is the MAJ-3 one, as illustrated in Fig. 4(a). Nevertheless, majority gates with fanin larger than three have
also been proposed [49, 50]. In QCA circuitry, larger majority gates can be obtained by using a staircase pattern, as
depicted in Fig. 4(b). It is still unclear the maximum size
of a QCA-based majority gates using such a structure. Spinbased devices can also potentially implement high fanin majority gates [51][8]. However, the area overhead when high
fanin majority gates are considered must be carefully evaluated.
Moreover, it is known that the class of functions that can
be implemented by majority gate with unbounded fanin is
equivalent to the class of threshold logic functions [28]. This
equivalency allows to extend the threshold logic synthesis
flow to perform majority logic synthesis while taking into
account the impact of fanin on the gate area.
A.

Terms and Definitions

An n-input majority function (MAJ-n), where n is odd,
can be seen as a special case of TLF where each input weight
is equal to 1 and the threshold value T is given by [28]:
T = (n + 1)/2

For instance, MAJ-3 and MAJ-5 functions are equivalent
to the following TLFs [1, 1, 1; 2] and [1, 1, 1, 1, 1; 3], respectively.
B.

Majority Logic Synthesis

Logic synthesis methods that focus on majority logic aim
to obtain an optimized network of majority gates. The most
adopted design flow strategy can be summarized into two
steps [22, 23, 24, 25, 26]: (i) to perform an FPGA-based
technology mapping over the look-up table (LUT) structure,
and (ii) to decompose each LUT into a network of majority
gates. Notice that during the second step a single LUT may
require several gates to be implemented. Therefore, minimizing the number of LUTs does not necessarily lead to
the minimal number of majority gates. Alternatively, in [52]
and in [53], the authors propose the majority-inverter graph
(MIG) structure, which is based on MAJ-3 logic, as an efficient way to improve the digital circuit design. However, it
is not clear how majority gates with more than three inputs
can be effectively exploited in such a MIG-based synthesis.
On the other hand, since there are many efforts to build
majority gates with more then three inputs [49, 50, 51, 8],

M AJORITY- BASED L OGIC D ESIGN

Some emerging nanotechnologies are well suited for digital integrated circuit design based on majority logic [11][22].

(3)

Fig. 4 QCA majority gates: (a) MAJ-3 and (b) MAJ-5 [10].
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the development of logic synthesis methods for MAJ-n logic
becomes necessary [26]. In [19], an effective technology
mapping for maj-n logic is proposed. In such approach, after
an FPGA-based technology mapping, each LUT is converted
to a majority gate such that no further decomposition is required.

Table IV.: Comparison between Wang’s and Neutzling’s methods, based on
MAJ-3, presented in [27].

C.

Comparison of MAJ Synthesis Approaches

A set of experiments presented in [27] compares the proposed method in such a reference to the approaches proposed
by Wang et al., in [25], by Amarù et al., in [52] and by
Soeken et al., in [53] for MAJ-3 synthesis.
Moreover, it has also been explored the use of MAJ-5
not addressed by previous works. The MAJ-3 and MAJ-5
gates are assumed to have the same area. The main idea of
this analysis is to simply illustrate possible gains obtained
through majority gates with more inputs. However, such improvements are only possible when the gate area does not
increase too rapidly with the number of inputs.
In Table IV, columns 2 and 3 present, respectively, the
MAJ-3 gate count and the circuit logic depth obtained by
Wang’s method [25]. Columns 4 and 5 show the results
from Neutzling’s method [27] when restricting the synthesis
to MAJ-3 logic. The improvement with respect to the number of gates and logic depth have been up to 36% (being 16%
on average) and up to 32% (being 13% on average), respectively. In turn, columns 6 and 7 present the results taking into
account also the MAJ-5 logic in the synthesis. In this case,
the Neutzling’s maj synthesis approach have reduced up to
55% the gate count (being 46% on average) and up to 53%
the logic depth (being %26 on average).
The work presented by Amarù et al., in [52], introduces
the MIG data structure. Although such a structure does not
originally target majority-based integrated circuits, it can be
directly translated into a MAJ-3 logic network. Table V
shows the comparison between both approaches, restricted
to MAJ-3 and considering also MAJ-5. When only MAJ3 logic is addressed, the Neutzling’s MAJ method yields a
lower gate count at cost of increased logic depth. On the
other hand, when considering MAJ-5, the average number
of gates has been improved more than 40% while improving
also the average circuit logic depth in around 17%.
Finally, the work presented by Soeken et al., in [53], proposes algorithms for exact synthesis of Boolean logic networks using satisfiability modulo theories (SMT) solvers
over MIGs. Table VI shows an average reduction both in
number of gates (14%) and logic depth (35%) when using
maj gates up to 3 inputs. When allowing also MAJ-5 gates,
the average improvements are 39% in terms of total number
of gates and 56% in terms of logic depth.
Another set of experiments presented in [27] compares the
Neutzling’s method to the work described in [26]. Since the
previous work can only handle MAJ-3 and MAJ-5 gates, the
same restriction has been set to the Neutzling’s MAJ synthesis approach. In this experiment, both MAJ-3 and MAJ-5
gates are assumed to have the same physical area. Thus, the
number of gates becomes the metric for area. Notice that
there are cases when such an assumption is valid. For instance, in the USE methodology in [54]. It is also important
to notice that the synthesis process described in [26] does not

Wang’s
MAJ-3 [27]
MAJ-5 [27]
Gates Level Gates Level Gates Level
circuit
(total) (total) (ratio) (ratio) (ratio) (ratio)
alu2
329
18
0.98 1.44
0.62 1.22
c8
108
8
0.99 0.88
0.60 0.88
k2
1193
19
0.72 0.68
0.49 0.58
frg2
568
15
1.07 0.80
0.63 0.73
apex6
662
17
0.86 0.71
0.55 0.59
example2 241
9
0.92 1.00
0.63 0.89
vda
670
14
0.64 0.79
0.45 0.79
frg1
102
17
0.65 0.71
0.38 0.47
x1
253
11
0.88 0.82
0.53 0.55
ttt2
144
10
0.82 1.10
0.53 1.00
Table V.: Comparison between Amarù’s and Neutzling’s methods, based on
MAJ-3, presented in [27].

Amarù [52]
Gates Level
circuit
(total) (total)
systemcdes 2453 19
spi
3337 19
mem ctrl
7143 19
tv80
7397 30
systemcaes 9547 25
ac97 ctrl
10745 8
usb funct 12995 19
aes core
20947 18
DSP
40517 34
des perf
67194 15

MAJ-3 [27]
Gates Level
(ratio) (ratio)
0.91 1.16
0.78 1.37
0.94 1.21
0.82 1.30
0.83 1.16
0.96 1.13
0.90 1.32
0.88 1.28
0.87 1.68
1.03 1.07

MAJ-5 [27]
Gates Level
(ratio) (ratio)
0.66 0.74
0.49 0.84
0.61 0.74
0.52 0.77
0.54 0.80
0.61 0.75
0.56 1.00
0.63 0.78
0.56 1.35
0.76 0.67

Table VI.: Comparison between Soeken’s and Neutzling’s methods, based
on MAJ-3, presented in [27].

Soeken [53]
MAJ-3 [27]
MAJ-5 [27]
Gates Level Gates Level Gates Level
circuit
(total) (total) (ratio) (ratio) (ratio) (ratio)
adder
513
130
1.74 0.99
1.24 0.99
bar
3336
12
0.92 0.92
0.66 0.67
div
35993 3607 0.65 0.94
0.71 0.62
hyp
196842 11317 1.14 1.19
0.85 0.76
log2
32060 444
1.03 0.60
0.69 0.38
max
2479
276
1.04 0.82
0.71 0.43
multiplier 22634 165
1.10 1.16
0.75 0.79
sin
5416
255
0.98 0.48
0.70 0.32
sqrt
24170 6073 1.00 0.58
0.72 0.36
17562 130
0.91 1.29
0.68 1.00
square
arbiter
8957
63
1.32 0.59
0.70 0.70
cavlc
757
19
0.75 0.58
0.49 0.37
ctrl
139
10
0.68 0.50
0.52 0.30
dec
328
4
0.93 0.75
0.93 0.75
i2c
1329
23
0.66 0.39
0.44 0.26
int2float
263
18
0.70 0.56
0.46 0.33
mem ctrl 45034 144
0.49 0.33
0.31 0.17
priority
993
245
0.38 0.48
0.25 0.24
router
220
54
0.62 0.28
0.38 0.15
voter
7767
67
1.06 0.75
0.97 0.52

directly consider the gate area. In contrast, the Neutzling’s
maj method uses the gate area during the synthesis process.
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Therefore, this method should be more effective when considering different area values for different gates. Table VII
summarizes the results. Overall, there is an average reduction of 10% on the number of gates and 14% on the number
of levels. Experiments also demonstrate that the obtained reductions can be even higher when allowing majority gates
with more than 5 inputs to be also used for mapping.
Table VII.: Comparison between Mishra’s and Neutzling’s methods, based
on MAJ-3 and MAJ-5, presented in [27].

Mishra [26]
Neutzling [27]
Circuit
Maj3 Maj5 Total Maj3 Maj5 Total
b1
6
0
6
1
3
4
cht
42
39
81
1
81
82
example2 128 62 190 90
78 168
frg1
12
49
61
10
28
38
pcler8
32
17
49
15
29
44
tt2
29
54
83
38
47
85
unreg
48
18
66
33
32
65
k2
206 366 572 266 365 631
frg2
168 207 375 139 240 379
The use of majority gates with large fanin has been evaluated in [27]. In this case, it is important to observe that the
gate area might increase with respect to the number of inputs.
Therefore, reducing the number of gates does not necessarily
reduce the final circuit area.
Once such an analysis is not targeting a specific technology, it is important to take into account different majority
gate area relationship to the number of inputs since it can
vary from one technology to another. Therefore, the gate
area has been estimated according to the fanin n and a parameter α that establishes such an area relationship, as follows:
n
(4)
gateArea = ( )α
3
Through this equation, when α = 0, the same circuitry area
is assumed for all MAJ-n gates, regardless of the number of
inputs. On the other hand, when α = 1, the gate area becomes directly related to the gate fanin. Notice that the area
of MAJ-3 gate has been adopted as reference, being equal to
1.
Notice that Equation (4) is intended to be used as a first
order estimation for the gate area. This equation can be particularly useful when searching for new designs of MAJ-n
gates. In fact, more accurate estimations can be used when
available. For instance, two possible area estimations for a
MAJ-n gate in QCA technology could be the number of cells
in the gate as well as the area of the minimum enclosing rectangle.
The same benchmark circuits shown in Table IV have been
adopted in these experiments. In Fig. 5, each curve represents the total number of MAJ-3, MAJ-5, MAJ-7 and MAJ-9
instantiated into the mapped circuits when varying α from 0
to 1.4. For α greater than 1.4, the results are kept unchanged.
In terms of logic behavior, the most compact design of
MAJ-5 comprises four MAJ-3 gates [55]. Therefore, the area
of MAJ-5 could be as much as four times larger than the
corresponding area of MAJ-3, leading to a maximum value
of α = 2.7. However, it has been observed that no MAJ-5

Fig. 5: Impact of fanin n in majority gate area estimation, given by Equation
(4), by assigning different values of α parameter in the circuit synthesis.

has been instantiated when α ≥ 1.4. The main reason is
the fact that the most MAJ-5 instances have been used to
implement OA21 function f = (x0 (x1 + x2 )) and AO21
function f = (x0 + (x1 .x2 )), which can be built both by
using only two MAJ-3 gates. As a result, the MAJ-5 area
should be at most twice the MAJ-3 area to become useful,
leading to a maximum value of α = 1.36. Notice that, if the
MAJ-n area is estimated by the number of QCA cels, then
the MAJ-5 shown in Fig. 1(b) has exactly twice the MAJ-3
area, being in the boundary condition.
Some usual functions in digital circuit design, such as
f 1 = (x3 .x0 (x1 + x2 )) and f 2 = (x3 + x0 + (x1 .x2 )),
can be built using a MAJ-9 gate but not a MAJ-7. It explains
why MAJ-9 is more used than MAJ-7 for α ≤ 0.8. On the
other hand, for α > 0.8, using MAJ-3 and MAJ-7 to implement f 1 and f 2 leads to a smaller area than by considering
only MAJ-9.
Finally, the synthesis considering majority gates with unbounded fanin and α equal to 0 have also been carried out.
In such an evaluation, majority gates with up to 123 inputs
have been taken into account in the final circuit. It indicates
that majority gates with large fanin can become useful if the
gate size is kept close to MAJ-3 gate area.
IV.

C ONCLUSIONS

This paper presented an extended survey about logic synthesis considering threshold logic and majority-based logic
suitable for emerging nanotechnologies. It is clear that there
is a room for future development in order to attend the design particularities of emerging technologies. It can be done
by adapting existing traditional AND/OR synthesis (switchbased design) or by creating novel design environments and
tools in the threshold logic domain.
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