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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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Pe3iome

Llenb. Ba3oBbili 91eMEHT NpPorpaMmMnpyemMon Norm4eckor nHTerpanbHon cxemsl (MJINC) peanndyet nornyeckue
dyHKLMM € nomMoLLbio Tabnuu nctuHHocTr (LUT). CtpoeHure 06biuHbix LUT no3BonsieT peann3oBbiBaTb TOSIbKO OOHY
NIOTNYECKYIO0 PYHKLMIO HECKOMBbKMX NEPEMEHHbIX B COBEPLLUEHHOW AN3bIOHKTUBHOW HOopMasbHo dopme (COHD).
Mpn 9TOM BCerga ocTaeTcs 4aCcTb HEAKTMBHbIX NepeaaloLLmx TpaH3ncTopoB. Vicnons3osaHmne ogHon LUT ana oa-
HOM OYHKUMKN YCNOXHSAET MacluTabupoBaHue apxmTekTypbl Ha kpucTanne (SoC). Lenbio naHHol paboTel sBnseTcs
paspaboTka cTpykTypbl LUT ans peanmaaumm HECKOJIbKMX TOrMYecknx GyHKLUWIA 04HOBPEMEHHO Ha HEeaKTUBHBbIX MNe-
peaaroLLmx TPaH3UCTOpPax.

MeTopabl. NpuBeneHa aBoaoums CTpykTypbl LUT ong Tpex nepemMeHHbIX, B KOTOPOW YBENNYMBAETCH KOIMYECTBO
OOHOBPEMEHHO peanuayembix GyHKUWA. s peannsauym 4ONOAHUTENBHbLIX GYHKUMIA BbIMOSHEHA OEKOMMIO3NLMS
JIOrMYECKOro yCTPOMCTBA C Pa3fINYHBbIM KONIMYECTBOM NepeMeHHbIX. [TpoBeaeHO MoaenMpoBaHme CTPYKTYp B CU-
CTeMe 31IEKTPOTEXHNYECKOro MoaenmposaHus Multisim.

PesynbTaTtbl. [1pOAEMOHCTPUPOBAHO MOAENMPOBaHME BoNee ABYX IOrMYECKUX PYHKLUMIA HA HEAKTUBHbIX 4aCcTaX
LUT, npu koTopom oToBGpaxeHa ogHoBpeMeHHasi paboTa ABYX U YeTblipex norndyeckux ¢yHkumii. NpreeneHo cpas-
HEHWE CITOXHOCTU A1 Pa3HOr0 KONIMYECTBA MEPEMEHHbIX U KONIMYECTBA peann30oBaHHbIX QYHKLNIA.

BbiBoAbl. Pe3ynbTaThl MOAENVMPOBAHMS OEMOHCTPUPYIOT PaboToCcnocobHOCTL CTPYKTYP LUT, B KOTOPbLIX BbINOJI-
HAETCS HECKOJIbKO NIOrnyeckmnx GyHKumiA. Takum obpasom, npu peanmsaumm A0MNONHUTENbHbLIX GYHKLMIA B HOBOW
CTPYKTYpe TpebyeTcsi MeHbLLEE KONMYECTBO NePealoLLMX TPAH3UCTOPOB MO CPaBHEHMIO C 00bIYHbIM LUT, 4TO yBeE-
nnymBaeT GYHKUMOHANbHOCTb YCTPOMCTBA. HOBOE peLleHmne No3BOsieT yBENNYUTb HACN0 OAHOBPEMEHHO peannay-
eMbIX QYHKLMIA OOHUX U TEX e NEePEMEHHbIX, YTO BaXHO NpY peanusaumm, Hanpumep, KooBbIX Npeobpa3oBaHNiA.

KnioueBble cnoea: MJ/IMC, LUT, nepepatolume TpaH3NCTOPLI, Tabnnua MCTUHHOCTU, Norndeckas GyHKUns

e Moctynuna: 06.12.2022  fopa6oTtaHa: 13.01.2023 ¢ MpuHaTa kK ony6amkoBaHuio: 22.02.2023

Ansa umtnpoBanusa: CosetoB C.U., TiopuH C.d. MeTop, cMHTE3a NIOrMYECKOro 3feMeHTa, PeannayioLero HeCKOIbko
dYHKUMIA ogHOBPeMeHHo. Russ. Technol. J. 2023;11(3):46-55. https://doi.org/10.32362/2500-316X-2023-11-3-46-55

Mpo3spayHocTb pMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTHN B NPEACTaB/IEH-
HbIX MaTepuanax nnvu MeToaax.

ABTOpbLI 3a9BNSI0T 06 OTCYTCTBUN KOHONNKTA MHTEPECOB.

INTRODUCTION which implements some logical function. Modern

LUTs are configurable multiplexers for realization

Field-programmable gate arrays (FPGAs), where  of logic functions with 2” inputs and one output for

a configurable logic unit is used as a basic element,  pvariables[1,2]. The use of existing LUTs for n variables
are currently common in electronic devices. The basic  requires memory cells and 2""! — 2 transistors; in this

element of this block comprises a lookup table (LUT),  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 2"~! 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 transistors! [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.
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Fig. 1. Tree of LUT of the table of three variables

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

2(x3%,xd) = dy - X335 X) V d) - X3, %) v
Vdy X3XyX) Vv dy XXXy v dy s X3 Xy Xy v (1)

Vds - X3Xy XV dg - X3X, XV dy - X3, X,

where d, d,, d,, ds, d,, ds, dg, d; are configuration data
of the three variables function z(x;x,x,). By combining
dy, d|, dy, dy, dy, ds, dg, d;, 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].

UIntel® 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).

d2.0 O

di0O
dp 1 O—

d1.1O
(12.2O

d1.2O
d2.3C

d1.SO
d2_4[: =

d;.40—H—71
d2.5 =
-
T

Cascade 1 Cascade 2 Casc-:ade 3

Fig. 2. Tree of three-variable LUT performing two
functions simultaneously
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To implement two functions, we decompose
a logical device by a higher variable (x;):
First function:
21 (53X, x,d) =
=X3 [dl.o XX VXX Vv
vdy X% v g 'xz’CJV (2)
20 [d1_4 Xy XV d) 5 XX V
vd ¢ X% v d) 4 -xle].
Second function:
25 (X3x,xd) =
=X [d2.4(0) XXV d2.5(1) XXV
Vdy g2y XX V dy 73 'xleJ v (3)
VX3 [d2.0(4) XXV dy 5y XXy v
v d2.2(6) "Xy Xy Vv d2.3(7) XX ],
where d; I i=1,22%;j=1,2,3,4, ..., 232", vis the
number of implemented functions.
The setting constant is specified in the format d; Gy

where k defines the number of the function set and
j 1s 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 (x,) 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 (x;) and a second
variable (x,):

First function:

21 (53, ,d) = X3X, [dl.o X vd ~x1] Y
V X3, [du X vd -xl] Vv

_ _ 4)

vy [ dy g K vy s x ]V

V X3, [dm X vd 4 -xl}

dy oO— f

ds00
dp o O—71

d10C

||—‘:“
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Fig. 3. Tree of three-variable LUT performing four functions simultaneously
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Table. Setting the logical levels of SRAM cells for a LUT of three variables performing four functions

No. of input Configuration for z; Configuration for z, Configuration for z, Configuration for z,
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

Second function:
2, (3, xd) =
=X3X) [d2,2(0) X Vg X ] v
VX33, [d2.4(2) X Vdy 53 XJ v (5)
vV X3Xy |:d2.6(4) XV d2.7(5) 'xl} v
VX3, [d2.0(6) XV dz.1(7) : xl}
Third function:
z3(x3x,%d) =
= X3% [d3.4(0) X V5 'xl] v
v X3X) [d3.6(2) "XV dy g3 "ﬁ] v (6)
VX, [d3.0(4) XV dy sy x1:| v
v X3X, [d3.2(6) N V50X ]
Fourth function:
2, (53, ,d) =
=X3%) |:d4.6(0) X Vdya) % ] v
VX3, [d4.0(2) "X Vdy 3 ‘xl] v (7)
Vv X3x, [d4.2(4) XV d4.3(5) 'xl] v

v X3%, [d4.4(6) NV dy s 'xl]'

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

LUT SIMLATION

Simulation of a three-variable multifunction LUT
was performed in the National Instruments Multisim?
dynamic simulation system. For the NMOS transistors,
the BSIM 4.8.0>* transistor model was used. The
schematic of the inverter implemented on two field-
effect transistors is shown in Fig. 4.

VDD
Q41
In ’—| Out

4

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.).
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Fig. 5. Diagram of the three-variable LUT performing two functions simultaneously
A modified three-variable LUT scheme for The upper oscillogram corresponds to the “exclusive

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.

OR” function (z,). The lower oscillogram corresponds
to the majority function (z,). 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 2! 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)=
=(2+2)- 2"+ (2" =)+ 2n+2+2=

=2n2 ot 4 o2 =32 4 2p 4 2,
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Fig. 6. Diagram of the three-variable LUT performing four functions simultaneously

Oscilloscope-XSC1 X
Word generator-XWG1 X
Controls Display w'.l:)\')O\)DO000DOODODODDODDODODDOODODOD
Cycle (O Hex 0o |
Burst ‘:Y‘Dec
Ste
2 © sinary
Reset —
Oascn
Set...
Trigger
Internal 5 T 00000000000000000000000000000000
Extemal 00000000000000000000000000000000
Frequency 00000000000000000000000000000000
1 2 kHz 000
- Time Channel_A Channel_B )
00000000000000000000000000000000 LEN Lo Reverse ‘
. T2 ¢+
Ready Trigger
T2-T1 Save
31 0 Ext. trigger
Timebase Channel A Channel B Trigger
Scale: 1 ms/Div Scale: 5 V/Div Scale: 5 V/Div Edge: £ T A
X pos.(Div): 0 Y pos.(Div): 0 Y pos.(Div): -2 Level: ¢ v
Fig. 7. Gray code in Word Generator /T Add 8/A A/BAC 0 DC ac| o oc |- Single | Normal Auto None

Fig. 8. Oscillogram of two functions of three-variable LUT
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Time Channel_A Channel_D Reverse
0.000 s 5.000 V 5.000 V 5.000 V 5.000 V
0.000 s 5.000 V 5.000 V 5.000 V 5.000 V Save
0.000 s 0.000 V 0.000 V 0.000 V 0.000 V GND

Channel_B Channel_C

L+
T2 9
T2-T1

Timebase Channel_A Trigger
. A
Scale: 1 ms/Div Scale: 5 V/Div Gk Edge: £ [R Ext
Ypos.(Div): 2.4 E a B level: o v
(o

X pos.(Div): 0O

Y/T AB> A+8> AC 0 DC - Single  Normal Auto None A> Ext

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)=
=2V —242)- 27 4+ 27y 2p ¢
+ (U —2)2 - +2(2V 1) =
=ovtl.on 4 omtl 4 oy 4 2V (2V - 1),

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
L, (v) and the multifunctional LUT L (v) implementing
v logic functions with the number of variables n = 8 are
shown in Fig. 10.
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As can be seen from the diagram, there is a
complexity benefit in terms of the number of transistors
for amultifunctional LUT inrelation to the corresponding
number for conventional LUTs.

CONCLUSIONS

Thus, the possibility of simultaneous implementation
of 2771 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,
2772 LUTSs 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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