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Abstract
Objectives. The basic element of a field-programmable gate array is a lookup table (LUT). While in canonical normal 
form LUTs generally implement only one logical function for a  given configuration, in  this case, there is  always 
an  inactive pass transistor element. Moreover, using a  single LUT for a  single function reduces system-on-a-
chip (SoC) scalability. Therefore, the purpose of the present work is to develop a LUT structure for implementing 
several logic functions simultaneously on inactive transmitting transistors.
Methods. The evolution of LUT structure is presented for three variables, in which the number of simultaneously 
implemented functions increases. To  implement additional functions, the logical device was decomposed with 
a different number of variables. The structures were modeled in the Multisim electrical simulation system.
Results. The presented simulation of  more than two logic functions on  inactive parts of  the LUT shows the 
simultaneous operation of  two and four logic functions. The complexity for a  different number of  variables and 
number of implemented functions is compared.
Conclusions. The simulation results demonstrate the operability of LUT structures in which several logical functions 
are performed. Thus, when implementing additional functions in the new structure, a smaller number of transmitting 
transistors is  required as  compared to  a  conventional LUT, thus increasing device functionality. The presented 
solution can be used to increase the number of simultaneously implemented functions of the same variables, which 
can be important e.g., when implementing code transformations.
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Резюме 
Цель. Базовый элемент программируемой логической интегральной схемы (ПЛИС) реализует логические 
функции с помощью таблиц истинности (LUT). Строение обычных LUT позволяет реализовывать только одну 
логическую функцию нескольких переменных в  совершенной дизъюнктивной нормальной форме  (СДНФ). 
При этом всегда остается часть неактивных передающих транзисторов. Использование одной LUT для од-
ной функции усложняет масштабирование архитектуры на кристалле (SoC). Целью данной работы является 
разработка структуры LUT для реализации нескольких логических функций одновременно на неактивных пе-
редающих транзисторах.
Методы. Приведена эволюция структуры LUT для трех переменных, в  которой увеличивается количество 
одновременно реализуемых функций. Для реализации дополнительных функций выполнена декомпозиция 
логического устройства с различным количеством переменных. Проведено моделирование структур в си-
стеме электротехнического моделирования Multisim.
Результаты. Продемонстрировано моделирование более двух логических функций на  неактивных частях 
LUT, при котором отображена одновременная работа двух и четырех логических функций. Приведено срав-
нение сложности для разного количества переменных и количества реализованных функций.
Выводы. Результаты моделирования демонстрируют работоспособность структур LUT, в  которых выпол-
няется несколько логических функций. Таким образом, при реализации дополнительных функций в  новой 
структуре требуется меньшее количество передающих транзисторов по сравнению с обычным LUT, что уве-
личивает функциональность устройства. Новое решение позволяет увеличить число одновременно реализу-
емых функций одних и тех же переменных, что важно при реализации, например, кодовых преобразований.

Ключевые слова: ПЛИС, LUT, передающие транзисторы, таблица истинности, логическая функция
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INTRODUCTION

Field-programmable gate arrays  (FPGAs), where 
a  configurable logic unit is  used as  a basic element, 
are currently common in electronic devices. The basic 
element of this block comprises a lookup table (LUT), 

which implements some logical function. Modern 
LUTs are configurable multiplexers for realization 
of  logic functions with 2n inputs and one output for 
n variables [1, 2]. The use of existing LUTs for n variables 
requires memory cells and 2n+1 − 2  transistors; in  this 
case, only one logic function is  realized. Although, 
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the same number of  LUTs must be  used when 
implementing n  logic functions simultaneously, when 
using a  single function in  an LUT, the second half 
of the tree of transistors in the number of 2n−1 remains 
inactive  [3,  4]. In  previous works, the simultaneous 
implementation of  two logic functions on  one tree 
of transmitting transistors was proposed [5–7].

The 3-LUT tree shown in  Fig. 1  consists of  three 
NMOS  (N-type metal-oxide-semiconductor) cascades 
of  pass transistors1  [8, 9]. For any of  the eight values 
on  the static random-access memory  (SRAM) inputs, 
only one chain of passing transistors is enabled, while, 
on the remaining passing transistors, at least one chain 
is completely inactive.

d0

d1

d2

d3

d4

d5

d6

d7

x1	 x2	 x3

zout

Cascade  1	 Cascade  2	 Cascade  3

Fig. 1. Tree of LUT of the table of three variables

The 3-LUT logic function can be  represented 
linearly as follows:

	

z x x x d d x x x d x x x
d x x x d x x x d x x
( )3 2 1 0 3 2 1 1 3 2 1

2 3 2 1 3 3 2 1 4 3

� � � � �

� � � � � � 22 1

5 3 2 1 6 3 2 1 7 3 2 1

x
d x x x d x x x d x x x

�

� � � � � � ,

� (1)

where d0, d1, d2, d3, d4, d5, d6, d7 are configuration data 
of the three variables function z(x3x2x1). By combining 
d0, d1, d2, d3, d4, d5, d6, d7, we can get 28 functions.

In minterm canonical form  (MCF) or  canonical 
disjunctive normal form (CDNF), all LUTs of n variables 
perform a single logical function of n arguments [10, 11]. 

1  Intel® FPGAs and SoC FPGAs. https://www.intel.in/
content/www/in/en/products/details/fpga/cyclone.html. Accessed 
November 17, 2022.

At the same time, another logical function of the same 
arguments can be activated on each inactive chain, e.g., 
summation or  carry functions. By  combining these 
chains in OR, we can get a  logic element with several 
outputs.

In the present work, an improved array is proposed 
that uses the inactive branches of  the transmitting 
transistor tree. By  introducing additional LUTs of  two 
variables at  stage 2, it  is possible to  use additional 
functions on inactive tree circuits.

This novel solution allows the number 
of  simultaneously realized functions of  the same 
variables to  be increased; this can important when 
implementing code conversions.

SYNTHESIS OF A MULTIFUNCTIONAL 
LOGIC ELEMENT

In order to  implement both functions, a  single 
variable LUT was added to  the array. This consists 
of  an output inverter and two transmitting transistors, 
whose outputs are combined and connected to  the 
inverter. LUT inputs of  the single variable transistors 
are connected to  the outputs of  the second cascade 
of transmitting transistors. Two transmitting transistors 
each are added to the input setting inverters; these are 
controlled by  the senior variable, whose outputs are 
combined and connected to  the inverter. This results 
in a three-variable LUT circuit with two simultaneous 
functions (Fig. 2). 

Cascade  1   Cascade  2    Cascade  3

x1	 x2	 x3d2.0

d2.1

d2.2

d2.3

d2.4

d2.5

d2.6

d2.7

d1.0

d1.1

d1.2

d1.3

d1.4

d1.5

d1.6

d1.7

z1

z2

Fig. 2. Tree of three-variable LUT performing two 
functions simultaneously

https://www.intel.in/content/www/in/en/products/details/fpga/cyclone.html
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To implement two functions, we  decompose 
a logical device by a higher variable (x3):

First function: 

	

z x x x d

x d x x d x x

d x x d x x

1 3 2 1

3 1 0 2 1 1 1 2 1

1 2 2 1 1 3 2 1

( )

. .

. .

�

� � � � ���
� � � � ��� �

� � � � ���
� � � � ��

x d x x d x x

d x x d x x
3 1 4 2 1 1 5 2 1

1 6 2 1 1 7 2 1

. .

. . .

� (2)

Second function: 

	

z x x x d

x d x x d x x

d x x d

2 3 2 1

3 2 4 0 2 1 2 5 1 2 1

2 6 2 2 1

( )

. ( ) . ( )

. ( )

�

� � � ��
� �

� � � 22 7 3 2 1

3 2 0 4 2 1 2 1 5 2 1

2 2 6 2

. ( )

. ( ) . ( )

. ( )

� �
� �

� � � ��
� �

� �

x x

x d x x d x x

d x x11 2 3 7 2 1� � �
�d x x. ( ) ,

� (3)

where di, j; i = 1, 2(2v); j = 1, 2, 3, 4, …, 23(2n), v is the 
number of implemented functions.

The setting constant is specified in the format di, j(k), 
where k  defines the number of  the function set and 
j is the number of the input used to connect it. In our case 

k is obtained from j by inverting the older variable. Thus, 
the top half of  the SRAM is swapped with the bottom 
half to use the inactive part of the pass transistors. As a 
result, two chains from SRAM to output inverters in this 
LUT configuration of three variables are active, i.e., two 
functions are implemented simultaneously.

To further increase the number of  simultaneously 
executed functions on  the LUT of  three variables 
an  additional LUT tree of  two variables for each 
function is introduced, whose inputs are connected to the 
outputs of the transmitting transistors of the first stage. 
Additionally, a cascade of transmitting tuning transistors 
controlled by the second variable (x2) is introduced. The 
outputs of  the transistors are combined and connected 
to  the inputs of  the first transmitting tuning transistor 
stage. The general schematic of  a four-function LUT 
of three variables is shown in Fig. 3.

To implement four functions, we  decompose the 
logical unit into a  higher variable  (x3) and a  second 
variable (x2):

First function:

	

z x x x d x x d x d x

x x d x d x
1 3 2 1 3 2 1 0 1 1 1 1

3 2 1 2 1 1 3 1

( ) . .

. .

� � � ��� �� �

� � � ��� ��� �

� � � ��� �� �

� � � ��� ��

x x d x d x

x x d x d x
3 2 1 4 1 1 5 1

3 2 1 6 1 1 7 1

. .

. . .

� (4)

Fig. 3. Tree of three-variable LUT performing four functions simultaneously
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Second function:

	

z x x x d

x x d x d x

x x d x

2 3 2 1

3 2 2 2 0 1 2 3 1 1

3 2 2 4 2 1

( )

. ( ) . ( )

. ( )

�
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�

�
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�

�
� �
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�

�
� �

�

d x

x x d x d x

x x d

2 5 3 1

3 2 2 6 4 1 2 7 5 1

3 2 2 0

. ( )

. ( ) . ( )

. (66 1 2 1 7 1) . ( ) .� � ��
�

�
�x d x

� (5)

Third function:

	

z x x x d

x x d x d x

x x d x

3 3 2 1

3 2 3 4 0 1 3 5 1 1

3 2 3 6 2 1

( )

. ( ) . ( )

. ( )

�
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�

�
� �
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�

�
� �
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�

�
� �

�
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x x d x d x

x x d
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. ( )
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�

�
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Fourth function:

	

z x x x d

x x d x d x

x x d x

4 3 2 1

3 2 4 6 0 1 4 7 1 1

3 2 4 0 2 1

( )

. ( ) . ( )

. ( )

�
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�

�
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�

�
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�

d x

x x d x d x

x x d

4 1 3 1

3 2 4 2 4 1 4 3 5 1

3 2 4 4

. ( )

. ( ) . ( )

. (66 1 4 5 7 1) . ( ) .� � ��
�

�
�x d x

� (7)

The configuration levels derived from the 
decomposition of the four functions: exclusive OR (z1), 
majority (z2), disjunction (z3), and conjunction (z4) are 
shown in Table.

LUT SIMLATION

Simulation of  a three-variable multifunction LUT 
was performed in  the National Instruments Multisim2 
dynamic simulation system. For the NMOS transistors, 
the BSIM 4.8.03, 4 transistor model was used. The 
schematic of  the inverter implemented on  two field-
effect transistors is shown in Fig. 4.

VDD

In

Q41

Q42
Out

Fig. 4. Field-effect transistor inverter diagram 
(In the diagrams that follow, the designations adopted 

in the GOST 2.710-815 standard are used.)

First of  all, we  consider the general diagram 
of implementation of LUT for two functions (exclusive 
OR, majority) as shown in Fig. 5.

2  https://www.multisim.com/. Accessed November 17, 2022.
3  Microwind & Dsch Version 3.5. https://www.yumpu.com/

en/document/view/40386405/microwind-manual-lite-v35pdf-
moodle. Accessed November 17, 2022.

4  Mead C.A., Conway L. Introduction to  VLSI Systems. 
Reading, MA, Addison-Wesley Publishing Co.;1980. 426 p. https://
www.researchgate.net/publication/234388249_Introduction_to_
VLSI_systems. Accessed November 17, 2022.

5  GOST 2.710-81. Unified system for design documentation. 
Alpha-numerical designations in  electrical diagrams. Moscow: 
Standartinform; 2008 (in Russ.).

Table. Setting the logical levels of SRAM cells for a LUT of three variables performing four functions

No. of input Configuration for z1 Configuration for z2 Configuration for z3 Configuration for z4

1 0 0 1 0

2 1 1 1 1

3 1 0 1 0

4 0 0 1 0

5 1 1 0 0

6 0 1 1 0

7 0 0 1 0

8 1 1 1 0

https://www.multisim.com/
https://www.yumpu.com/en/document/view/40386405/microwind-manual-lite-v35pdf-moodle
https://www.yumpu.com/en/document/view/40386405/microwind-manual-lite-v35pdf-moodle
https://www.yumpu.com/en/document/view/40386405/microwind-manual-lite-v35pdf-moodle
https://www.researchgate.net/publication/234388249_Introduction_to_VLSI_systems
https://www.researchgate.net/publication/234388249_Introduction_to_VLSI_systems
https://www.researchgate.net/publication/234388249_Introduction_to_VLSI_systems


51

Russian Technological Journal. 2023;11(3):46–55

Stanislav I. Sovetov,  
Sergey F. Tyurin

Method for synthesizing a logic element  
that implements several functions simultaneously

A modified three-variable LUT scheme for 
performing four functions simultaneously  (exclusive 
OR, majority, disjunction, and conjunction) is  shown 
in Fig. 6 (see p. 52). 

The input setting signal of  the SRAM cells was 
set with the dynamic switches according to  Table. 
The high voltage level  (VDD 5V) corresponds to  the 
logical variant, while the low voltage level  (GND 0V) 
corresponds to logical zero.

The variable signals were set using the Word 
Generator, in  which a  three-bit Gray code is 
set (Fig. 7). Since the Word Generator has a frequency 
of 1 kHz, it requires 8 ms to completely pass the given 
Gray code.

Function outputs are connected to the oscilloscope.
The results of  the simulation of  two and four 

functions are shown in Figs. 8 and 9 respectively.

The upper oscillogram corresponds to the “exclusive 
OR” function  (z1). The lower oscillogram corresponds 
to the majority function (z2). Each time division of the 
oscilloscope corresponds to  one combination of  the 
Gray code.

In contrast to the basic three-variable LUT diagram, 
which uses only one half of the transmitting transistors, 
the proposed new circuit additionally uses the inactive 
part at 2n−1 high order variables.

Complexity in  terms of  the number of  LUT 
transistors depending on the number of variables n, n ∈ N  
is calculated as follows: 

L n

n

n n

n n

n n n

1

1

2 1 1

2 2 2 2 2 2 2 2

2 2 2 2 3 2 2

( )

( ) ( )

�

� � � � � � � � �

� � � � � � � �

�

� � � 22.

Fig. 5. Diagram of the three-variable LUT performing two functions simultaneously
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Fig. 6. Diagram of the three-variable LUT performing four functions simultaneously

Fig. 7. Gray code in Word Generator

Fig. 8. Oscillogram of two functions of three-variable LUT
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Fig. 9. Oscillogram of four functions  
of three-variable LUT

To calculate 2v functions in  the proposed scheme 
we obtain the complexity: 

L v n

n
v

v n n

v v v

v

( , )

( )

( )( ) ( )

�

� � � � � � �

� � � � � �

�

� �

�

2 2 2 2 2 2

2 2 2 1 2 2 1

2

1 1

1

�� � �� � � � � �1 1 12 2 2 2 2 1n n v vn ( ).

Thus, for example, implementing four logic 
functions (v = 2) of the same variables (n = 4) requires 
two LUTs for a  total use of  212  transistors, while, 
in  the proposed LUT design, which implements all 
four functions, the number of  required transistors 
is 192. 

The complexity diagrams representing the usual LUT 
Lv1(v) and the multifunctional LUT Lv(v) implementing 
v logic functions with the number of variables n = 8 are 
shown in Fig. 10.

2.75 · 104

2.475 · 104

2.2 · 104

1.925 · 104

1.65 · 104

1.375 · 104

1.1 · 104

8.25 · 103

5.5 · 103

2.75 · 103

02	 3	 4	 5
v

Lv(v)

Lv1(v)

Fig. 10. Comparison of the complexity 
of a conventional LUT and a multifunctional LUT

As can be  seen from the diagram, there is  a 
complexity benefit in terms of the number of transistors 
for a multifunctional LUT in relation to the corresponding 
number for conventional LUTs.

CONCLUSIONS

Thus, the possibility of simultaneous implementation 
of 2n−1  logic functions on  inactive parts of  the circuits 
of  the transmitting transistors in  the FPGA, which 
increases the functionality of the device, is demonstrated. 
In order to implement the same number of logic functions, 
2n−2 LUTs are required. Despite the additional cost, there 
is  a benefit in  terms of  complexity as  compared to  the 
number of required transistors.
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