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a b s t r a c t

This paper proposes an effective algorithm to design a larger multiplexer using a tree of smaller mul-
tiplexers for a particular user defined library. The proposed algorithm outputs the larger multiplexer into
a tree based structure, which gives the scope to pipeline the larger multiplexer as per the requirements of
data path design. The experimental result shows that the proposed algorithm gives an efficient multi-
plexer design with less delay compared to existing algorithms. For example, 48-to-1, 31-to-1 multiplexer
designs using the proposed algorithm achieve an improvement of 30.4% and 21.95% in delay compared
with designs using 2-to-1 multiplexer tree for 45 nm technology respectively.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

A multiplexer (MUX) is a combinational data path element that
selects one of the several inputs as an output using select lines.
The number of select lines is n for 2n inputs. The multiplexer is also
called as a data selector. Multiplexers have two sets of inputs. They
are data inputs ðD1;D2;D3;…;DnÞ and selection inputs ðS1; S2;
S3;…; SmÞ, where m¼ ⌈log 2 n⌉ [1]. A complete multiplexer is the
one with n¼ 2m. Each data input is selected by one distinct binary
code in the selection lines. Fig. 1 shows the basic multiplexer
structure with n data inputs and m select lines.

An incomplete multiplexer is the one with 2m�1ono2m. A
multiplexer can be designed with several levels. The level of
multiplexer M is 1þmax_level, where max_level is the maximum
level of the multiplexer whose outputs are connected to the inputs
of the multiplexer M. A multiplexer which has all the inputs as
direct data inputs is said to be in level 1, where max_level¼ 0.
Fig. 2 shows the multiplexer design with level 1. For example, 64-
to-1 multiplexer can be designed with m¼5 and i¼ 32 and j¼64.
The normal approach to design an efficient multiplexer would be
enumerating all the possibilities of a given n-to-1 multiplexer and
calculate the delay of each possibility to select the best one. Table 1
shows the number of possibilities for various multiplexers. If the n
value for n-to-1 multiplexer increases, then the number of possible
designs for n-to-1 multiplexer also increased exponentially and
hence this will turn out to be NP-complete [9]. For example, the
number of possible cases to design the 6-to-1 multiplexer is

(1) using 2-to-1 multiplexers alone
(2) using 3-to-1 multiplexer and others

(3) using 4-to-1 multiplexer and others
(4) using 5-to-1 multiplexer and others
(5) direct 6-to-1 multiplexer

The 6-to-1 multiplexer can be designed in 5 ways by using the
above-mentioned possible cases, where 2-to-1, 3-to-1, 4-to-1, and
5-to-1 multiplexers are considered as the auxiliary components for
6-to-1 multiplexer. Similarly, 2-to-1, 3-to-1, 4-to-1, and 5-to-1
multiplexers can be designed in 1, 2, 3, and 4 number of ways
respectively. If 6-to-1 multiplexer design using 2-to-1 multiplexers
alone (case 1) and direct 6-to-1 (case 5) are not considered, then
the number of possible cases will be 3. Here every possible case for
all the auxiliary components is considered to design each possible
design of 6-to-1 multiplexer. Therefore, the total number of pos-
sible designs for the 6-to-1 multiplexer is 2� 3� 4¼ 24¼ 4!,
which means that ðn�2Þ! for n-to-1 multiplexer. If the case 1 and
6 is included for 6-to-1 multiplexer design, then total number of
possible designs is 4!þ2. So in general, the number of possible
designs of n-to-1 multiplexer is ðn�2Þ!þ2. According to the stir-
ling's [2] approximation n!¼

ffiffiffiffiffiffiffiffiffi
2nπ

p
ðn=eÞnð1þΘð1=nÞÞ ¼ΘðknÞ,

where e and k are positive integers. Therefore, the number of
possible designs for n-to-1 multiplexer can be written as ΘðknÞ.

If the last possible case of n-to-1 multiplexer is considered, then
the direct n-to-1 multiplexer will give worst performance according
to the increase in the value of n. The output will be produced after all
the n inputs are available. If any one of the input of the direct n-to-1
multiplexer has largest arrival time, then the whole system will be
delayed due to that particular input. This can be solved by allowing
multiple levels for n-to-1 multiplexer, where the signal line with
maximum arrival time is pushed into the last level of the multi-
plexer. Another problem with direct n-to-1 multiplexer (level is 1) is
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largest clock period, and this can be reduced by pipeline the n-to-1
multiplexer which is made up of smaller multiplexers with multiple
levels. Similarly, if n-to-1 multiplexer is designed using 2-to-1
multiplexers alone, then the delay of the design will be increased
due to the increase in the level of the 2-to-1 multiplexers tree.

The major objective of this work is to improve the performance
of the n-to-1 multiplexer. In general, the performance of a circuit
depends on the circuit delay, circuit size (area) i.e., the number of
combinational elements and net power requirement. Here circuit
delay means that the path from input to output with maximum
(worst path) delay in the circuit. The careful optimization in these
parameters will ensure the high performance. In this work, the
delay minimization is considered as the primary goal.

2. The literature review

Generally, multiplexers are used in the data paths [3] of circuits
to route the data. Multiplexers are used in the reconfigurable [4]
digital systems to perform different modes. In low power digital
system design, multiplexers play the major role. For example, a
multiplexer based full adder for low power requirement [5]. The
paper [6] discusses about multiplexer based block enabling tech-
nique for multiply accumulate circuit design, where the multi-
plexer is used for low power implementation. Barrel shifters [7]
are the efficient shifters used in the digital systems. Here the
multiplexers are the elementary components. Shashidhar et al. [8]
proposed the decomposition algorithm of a multiplexer. Here the
decomposition tree is made up of 2-to-1 multiplexers only. The
time complexity to build the decomposition tree for n-to-1

multiplexer with 2-to-1 multiplexers alone is Oð2sÞ, where s is the
number of select lines with n¼ 2s. This paper suggests to push the
select lines with maximum arrival time towards the root (output
node) of the tree. The total number of 2-to-1 multiplexer nodes in
n-to-1 multiplexer¼ 1þ2þ22þ⋯þ2s�1 ¼ 2s�1.

Subhasish et al. [9,10] discuss the tree based area minimization
algorithm to implement an efficient multiplexer design. Here the
library of components is considered to build the required multi-
plexer. The required n-to-1 multiplexer is decomposed into tree
form of pairs and ⌈n=2⌉ pairs will be produced. The decomposition
process for n-to-1 multiplexer will be continued from ð1;n�1Þ to
ðn�⌈n=2⌉�1; ⌈ðnþ1Þ=2⌉Þ, where n is odd. In the case of n as even,
the decomposition can be started from ð1;n�1Þ to ðn�⌈n=2⌉;
⌈ðnþ1Þ=2⌉Þ. Here the reverse order of the pairs ðn� i; iÞ is not con-
sidered, because the pair ðn� i; iÞ will give the same design as the
pair ði;n� iÞ. In the next step, selection of pair will be carried. If both
the components n1 and n2 of the pair ðn1;n2Þ are available in the
library, then the corresponding multiplexers will be selected. If any
one of the components is not available in the library, then the
corresponding component will be decomposed further. In each
selection, the local cost and the global cost of the design are cal-
culated. Fig. 3 shows the decomposition tree for 6-to-1 multiplexer,
where the dark nodes are called as OR nodes and white nodes are
considered as AND nodes. The maximum height of the tree includes
ðn�2Þ levels of AND/OR nodes for a n-to-1 multiplexer. In this case,
maximum height of the decomposition tree of 6-to-1 multiplexer
includes 4 levels of AND/OR nodes. The number of AND nodes in
the tree will give the total number of possible designs of the par-
ticular n-to-1 multiplexer. Hence the time complexity of this algo-
rithm depends on the total number of AND nodes.

Fig. 4 shows the number of AND nodes in the decomposition
tree form of n-to-1 multiplexer using [9], where the maximum
height of the tree includes ðn�2Þ levels of AND nodes. The n-to-1
multiplexer is decomposed into ð⌈n=2⌉Þ AND nodes in the 1-st
level. In the next step, AND nodes are changed into the OR nodes
according to the algorithm. Then the OR nodes are further
decomposed. So the number of AND nodes in level 2ðTand;2Þ is
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Fig. 1. Basic design of multiplexer.

Fig. 2. Design of multiplexer with level 1.

Table 1
Number of possible multiplexer designs.

Multiplexer Number of possible designs

3-to-1 2
4-to-1 4
5-to-1 8
6-to-1 26

Fig. 3. Decomposition tree form of 6-to-1 multiplexer using [9].
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