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Annotatsioon

Loputdoo eesmargiks oli 4-jargulise kolmendloogika liitja-lahutaja realisatsioon fpga-I.
Selle t660 eesmérgiks oli luua kolmendsiisteemi liitja-lahutaja, mis suudaks liita nelja
jarguliseid kolmendsiisteemi arve. Samuti pidi liitja-lahutaja t66tama Nexys-3 plaadil,
andes liilititega sisendi ja voimaldama lugeda viljundit LED-idelt. To6 kaigus tootati
vélja erinevad lilitid, mida kasutati liitja-lahutaja jaoks loogika loomiseks. Liilitite
loomiseks on kasutatud t66s vilja toodud matemaatilisi valemeid. Loputdds on
kasutatud ModelSIM, Xilnx ISE ja Digilent Adapt tarkvara, vastavas jirjekorras
elementide kirjeldamiseks/simuleerimiseks, skeemi joonistamiseks ja simuleerimiseks,

Nexys-3 treeningplaadi programmeerimiseks.

Loputdod on kirjutatud eesti keeles ning sisaldab teksti 83 lehekiiljel, 7 peatiikki, 56
joonist, 17 tabelit.



Abstract
FPGA Implementation of 4-trit Ternary Logic Adder-Subtracter

The goal of this thesis was to create a 4-trit ternary logic adder and subtractor, also to
implement it on FPGA. The program adds or subtracts 4-trit values using registry,
switches and leds on the Nexsys-3 training board. Writing this thesis needed the
creation of three-valued-logic operands. Expressions were written in VHDL using
ModelSIM and simulated using Xilnx ISE Design Suite. Nexys-3 training board was
programmeri with Digilent Adapt 2 software. This work is explained in figures and truth

tables, also some mathematical formulas.

The thesis is in Estonian and contains 83 pages of text, 7 chapters, 56 figures, 17 tables.
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1 Sissejuhatus

Loputdo eesmargiks oli luua kolmendsiisteemi liitja kui ka lahutaja ning kasutada seda
Nexsys3 arendusplaadil. Plaadil peab kasutaja andma kahendkoodis sisendi kasutades
kaheksat liilitit ning seejarel ndeb kasutaja summat liilitite {ileval kuvatavatelt LED-
idelt. Kahte nuppu kasutades saab kasutaja liita voi lahutada kuni kaheksa jargulist
positiivset vOi negatiivset arvu, salvestades iihe registrisse ja sisestades seejdrel teise

lalititel.

Kolmendsiisteem[1] on arvusiisteem alusega ’3’, jarguvaartusteks on ’0’, ’1°, ’2’. T60s
on kasutatud tasukaalustatud[2] kolmendsiisteemi, mille jarguvdartused on a; €
{—1,0,+1}. Siisteemi poliinoomvalemiks on N = Y"1 a;3'. Arvuformaadi pikkus on
n jarku, véimalikud 3™ kombinatsioonid jagunevad positiivsete ja negatiivsete arvude

vahel kaheks.

Teisendamisel kiimnendsiisteemist ja vastupidi, kdib samamoodi nagu kahendsiisteemis.
10-nd siisteemist teisendamisel jarkude arvu saab teada kui jagada teisendatav arv 3-ga,

kolmendsiisteemist teisendamisel tuleb kdik tritid ehk jargud 14bi kiia.
103 =1%31+0x3% =3,
—9,0=—1%32+0x3"+0%3%=-100,4
Kolmendsiisteemis liitmisel kasutatakse kahte reeglit:

1. Kahe viirtuse ’1° liitmisel, annab summa jdrgu védrtuseks ’-1’ ja iilekandeks

1.
2. Liites kaks ’-1°, saab summaks ’1” ja iilekandeks vairtuse ’-1°.

Arendusplaadi jaoks on kirjutatud programm VHDL-is, algselt on kasutatud ModelSim
tarkvara, kuid peale programmi valmimist, on kasutatud Xilinx ISE Design Suite-i.

12



Esimene mehaaniliselt arvutav masin [3], mis arvutas tasakaalustatud kolmendsiisteemis
on loodud Thomas Fowleri[4] poolt, aastal 1840, mis oli tehtud téielikult puidust. See
oli

Mootmetega 1800 x 900 x 300 millimeetrit.

Modernsem kolmendsiisteemis tootav arvuti, nimega ,,Setun [5][6] on loodud aastal
1958 Moskva Ulikooli poolt, loojateks olid Sergei Sobolev ja Nikolay Brusentsov. Neid
arvuteid loodi kokku 50 aastast 1959 kuni 1965, kuna siis tootmini peatati. Operatiiset
malu oli arvuti 162 triti lisaks magneetilisel trummil oli tal lisaks 1944 triti, umbes 3.3
kilobaiti. 1965 ja 1970 vahel asendati Setun tavalise kahendsiisteemi arvutiga, mis
maksis 2,5 korda rohkem kui Setun. 1970-ndal to6tati vélja uus mudel kolmendsiisteemi

arvutist, nimega ,,Setun-70%.
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2 Kolmendvalentne loogika

Kasutades mitmevalentset loogikat[1] tuli luua loogikaliilitused, nende funktsioon ja
samuti arvutada tdevaartustabelid. Liitja-lahutaja on {ilesehituselt sarnane kahendkoodis
kasutatava liitjaga, kuid liilitused seal sees, sai loodud kasutades LUT-e. Jargnevas
tabelis on teisendatud kolmendsiisteemi kiimnendarvud, millega saab liita voi lahutada

plaadil.

Tabel 1. Kolmendsiisteemi tdevéartustabel 4-jarguni

Y | X4 | X3 | Xp | Xq | YV | X4 | X3 | X3 | X1 | YV | X4 | X3 | X2 | X1
40| - - - - 1-13|1 0 - - - 14 | + - - -
-39 | - - - 0 |-12| O - - 0 |15 ]| + - - 0
-38 | - - - + [-11| O - - + |16 | + - - +
37| - - 0 - 1-10| O - 0 - 17 | + - 0 -
-36 | - - 0 0 -9 0 - 0 0 |18 | + - 0 0
35| - - 0 + | -8 0 - 0 + | 19| + - 0 +
34| - - + - -7 0 - + - 20 | + - + -
33| - - + 0 -6 0 - + 0O [21]| + - + 0
32| - - + + | -5 0 - + + | 22| + - + +
31| - 0 - - -4 0 0 - - 23 | + 0 - -
30| - 0 - 0 -3 0 0 - 0 24| + 0 - 0
29| - 0 - + | -2 0 0 - + | 25| + 0 - +
28| - 0 0 - -1 0 0 0 - 26 | + 0 0 -
27| - 0 0 0 0 0 0 0 0| 27| + 0 0 0
-26 | - 0 0 + 1 0 0 0 + | 28| + 0 0 +
25| - 0 + - 2 0 0 + - 29 | + 0 + -
24 | - 0 + 0 3 0 0 + 0 30| + 0 + 0
23| - 0 + + 4 0 0 + + | 31| + 0 + +
22| - + - - 5 0 + - - 32| + + - -
21| - + - 0 6 0 + - 0 |33 ]| + + - 0
20| - + - + 7 0 + - + | 34| + + - +
-19 | - + 0 - 8 0 + 0 - 35 + + 0 -
-18 | - + 0 0 9 0 + 0 0 |36 | + + 0 0
17| - + 0 + 10| O + 0 + | 37| + + 0 +
-16 - + + - 11 0 + + - 38 + + + -
-15| - + + 0112 O + + 0 39| + + + 0
14| - + + + 13| 0 + + + |40 | + + + +
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3 Liilitused

Loputdd jaoks on loodud jargnevad liilitid[7]. Nende loomiseks on kasutatud VHDL
riistvara kirjeldamise keelt. Liilitustest on kasutatud decoderit sisendite ja véljundite
jaoks,  modulo-3, accept anything, consensus, inverterit ja  registrit.
Liitja koosneb kahest modulo-3 liilitusest, kahest consensus ja iihest accept anything
liilitusest.

Lahutaja koosneb samuti samadest liilitustest, kuid iihte sisendvairtust on inverteeritud.
Liitja-lahutaja jaoks on lisaks kasutatud registrit ja inverterile on juurde lisatud valimise

signaal.

3.1 Decoder

3.1.1 Decoder sisendite jaoks

Decoder sisendite jaoks teisendab sisse tulevad bitid tritiks. Sisend decoderi kood
lehekiiljel 27, testpink lehekiiljel 45 ja signaaid lehekiiljel 58.

Tabel 2. Sisend decoderi TVT

X1 | X2 | Y
00O
0|1 -
110+
111]0
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3.1.2 Decoder viljundite jaoks

Decoder véljundi jaoks, mis teisendab vélja mineva triti bitiks. Vdljund decoderi kood
lehekiiljel 28, testpink lehekiiljel 45 ja signaalid lehekiiljel 58.

Tabel 3. Viljund decoderi TVT

X |\ V1| Y2
010
-10 (1
+ 1110
0|11

3.2 XOR

XOR kahendloogikast. XOR-i kood lehekiiljel 29, testpink lehekiiljel 46 ja signaalid
lehekdiljel 58.

(a ® b) = ((a&b)V(a&hb))

Tabel 4 XOR-i TVT

X1 | X2 | Y
-1010
-+ |+
0|-10
01010
0|+]0
+ | - |+
+ 0
+ -
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3.3 Minimum

Minimum lilitus ehk loogiline konjunktsioon v&i AND liilitus kahendloogikast.
Minimum-i kood lehekiiljel 30, testpink lehekiiljel 47 ja signaalid lehekiiljel 58.

Tabel 5. Minimumi TVT

X1 X2 | Y

1
+ | O©
1

+ | O
o| o

o
o

3.4 Maximum

Maximum lilitus ehk loogiline disjunktsioon vai OR liilitus kahendloogikast. Maximum-

i kood lehekiiljel 31, testpink lehekiiljel 48 ja signaalid lehekiiljel 58.

Tabel 6. Maximumi TVT

X1 | X2 | Y

1
+ | O©

+|o
+|+|+|+|o|o|+|0O

+ | O
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3.5 Inverter

Inversioon ehk loogiline eitus. Inverteri kood 36, testpink 53 ja signaalid 58.

Tabel 7. Inverteri TVT

x|y
- |+
0|0

3.6 Comparator

Comparator on liilitus, mis vordleb kahte sisendi oma vahel. Kdrge véirtus ainult
vorduse puhul. Comparator-i kood lehekiiljel 33, testpink lehekiiljel 50 ja signaalid
lehekiiljel 58.

Tabel 8. Comparatori TVT

X1 | X2 | Y
- - |+
- lo |-
- + -
ol- |-
0 |0 |+
0 [+ |-
+ |- -
+ [0 |-
+ |+ |+
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3.7 Modulo-3

Modulo-3 liilitus ehk siis sisendite summa arvutamiseks. Modulo-3 kood lehekiiljel 34,

testpink lehekiiljel 51 ja signaalid lehekiiljel 58.

(1 +x3) = ((x1 = —)&(x; = —))V((x1 = 0)&(x; = 0)V((x; = H)&(x, = 1))

Tabel 9. Modulo-3 TVT

X1 | X2 | Y
- - |+
- 1o |-
- + 0
ol- |-
0|0 |0
0 + +
+ |- |0
+ 0 +
+ |+ |-

3.8 Consensus

Consensus liilitus sama véértuse kui kaks sisendit on vordsed, kui erinevad, siis ’0’.

Consensus kood lehekiiljel 35, testpink lehekiiljel 52 ja signaalid lehekiiljel 58.

(1 X xp) = (01 &x)V ((x1 # —)&0)V ((x, # —)&0)

Tabel 10. Consensuse TVT

X1 | X2 | Y
- 10 |0
- + 0
0 |- 1|0
0 |0 |O
0 |+ 1|0
+ |- |0
+ 10 |0
+ [+ |+

19



3.9 Accept anything

Accept anything on loodud 4-nd siisteemis oleva liilituse gullibility voi accept anything
pOhjal, mis on tegelikult kahekordne consensus. Accept anything kood lehekiiljel 32,
testpink lehekiiljel 49 ja signaalid lehekiiljel 58.

Tabel 11. Accept anything TVT

X1 | X2 | Y
- |0 1|0
-+ |+
0 |- 1|0
0 |0 |0
0 |+ |+
+ |- |+
+ |0 |+
+ |+ |+
3.10 Liitja

Sumaator on loodud modulo-3, consensus ja accept anything lilititest. Liitja kood
lehekiiljel 37, testpink lehekiiljel 54 ja signaalid lehekiiljel 59.

Tabel 12. Liitja TVT

X1 X2 Cin Cout 0 X1 X2 Cin Cout 0 X1 X2 Cln Cout 0
= -1 1- oo - T1-"1- T1+1+7T-7T- To 7T-
- - Jo |- [+ 1o |- 1o Jo |- [+ [- o Jo Jo
- |- 1+ Jo [- [o |- |+ Jo o [+ [- [+ o [+
- Jo |- |- [+ o o |- o |- |+ o [- o Jo
- Jo o Jo |- Jo [o o [o Jo [+ [o [o [o [+
- Jo [+ Jo o Jo Jo o [+ [+ Jo [+ [+ -
-+ - To |- o [+ [- o Jo [+ [+ [- o |+
- [+ Jo o Jo Jo [+ o Jo [+ [+ [+ [o [+ [-
- + + 0 + 0 + + + - + + + + 0

0 = Ci(xfxy +x%x0 + x7xF) + CL(x2xY + x7x2 + xfx3)
+ Ch(xgxy +xtxd + x0x3) + Ci (x0x5 + x7x2 + xfxF)

0 fmme +..0 — F ot 0..0 —
+ Ch(x7 x5 +x7 %3 + x7x3) + Co(x x5 + x7x5 + x7x5)
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C =xfx3Co + (xFx9Ci + x5 Ci) + (7 x5 Ciy + x0x9CH) + (x3Cty + x5 Ciy)

+ (x5 Ch + x5 C) + (x{C + xF CH) + x{ €y,

Moodul3_2

Moodul3_1

Cin

Consensus_2

Consensus_1

Acceptanything

Joonis 1. Liitja skeem

3.11 Lahutaja

Lahutaja on loodud inversiooni, modulo-3, consensus ja accept anything liilititest.
Lahutaja kood lehekiiljel 37, testpink lehekiiljel 55 ja signaalid lehekiiljel 61.

— (v Fry— 1 40,0 | 7=+ 0(,0.,0 4 ==.0  _+.+
0= Cl-n(x1 Xy +x7%3 + x4 xz) + Cin(xlx2 + x1 x5 + X xz)
+ Ci;(fxz‘ +xfx) + x0x3) + Cip(x0x5 + 37 %9 + xxF)
+ Cgl(fxz‘ +xfxd +x7x3) + Ch(xf x5 + x0x2 +fx2")

Tabel 13. Lahutaja TVT

X1 X2 Cin Cout 0 X1 X2 Cin Cout 0 X1 X2 Cin Cout 0

- - - - - 0 - - - - + - - - -

- - To |- TJo o |- To |- To [+ - TJo [- TJo
- - + - + 0 - + - + + - + - +

- o [- - 1 To Jo |- 1- 1- 1+ 1o - - 7-

- Jo o [- fo [o o o [- o [+ o [o [- o

- 0 + - + 0 0 - + + 0 + - +

- + - - - 0 + - - - + + - - -

- [+ o - o [+ o [- Jo [+ [+ o [- o

- + + - 0 + - + + -
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Moodul3_2

—L o
Moodul3_1

98¢

Acceptanything

Cout

Joonis 2. Lahutaja skeem

3.12 Liitja-lahutaja

Liitja-lahutaja loomiseks on kasutatud inverteri, modulo-3, consensus ja accept anything
liilitust. Lisaks on programmis lisatud sisendid bclk ja sub. Programm liidab koheselt,
sisestatud védrtuse, kui belk sisend on *1°, siis registris oleva vairtusega, muidu
iseendaga. Lahutamisel toimib programm samamoodi, kuid selle jaoks peab ka sisend
sub olema ’1°. Samuti on lisatud decoderid sisendite jaoks kui ka véljundite jaoks.

Liitja-lahutaja kood lehekiiljel 42, testpink lehekiiljel 56 ja signaalid lehekiiljel 62.
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nwener

megiter

Din_%_temary_1

Din_%_temary_2

Moodul3_1

Moogul3_2

temnay_%_odin_1

Consensus_2

Accsomnyng

emary_t_oh_2

Joonis 3. Liitja-lahutaja skeem
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Tabel 14. Liitja-lahutaja TVT 1

Cout2

Coutl

y2

yl

bclk

Cinl | Cin2 | sub

X2

x1
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Tabel 15. Liitja-lahutaja TVT 2

sub | beclk

Cout2

Coutl

y2

yl

Cinl | Cin2

X2

x1
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4 Liilituste program

Liilitused on kirjutatud VHDL-is, kasutades ModelSIM tarkvara ning loodud vastavalt

toevadrtustabeli vairtustele, mis on saadud kasutades eelnevalt vilja toodud loogikat.

4.1 Pakett

package ternary_logic is
subtype ternary is bit_vector(0 to 1);
constant Plus: ternary :="01";
constant Zero: ternary := "00";
constant Minus: ternary :="10";
end package ternary_logic;

Joonis 4. Paketi kood
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4.2 Decoder

4.2.1 Decoder sisendite jaoks

Sisendite decoder-i loogika lehekiiljel 15, testpink lehekiiljel 44 ja signaalid lehekiiljel
58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary logic.all;

entity decoder_sisse is
port ( x1, X2: in bit;
y: out ternary);
end entity decoder_sisse;

architecture bhv of decoder_sisse is
begin
process (x1, x2) begin
case x1 is
when '0'=>
case X2 is
when '0' =>y <= Zero;
when '1' =>y <= Minus;
end case;
when '1'=>
case X2 is
when '0' =>y <= Plus;
when '1' =>y <= Zero;
end case;
end case;
end process;
end architecture bhv;

Joonis 5. Sisend decoder
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4.2.2 Decoder viljundite jaoks

Viljundite decoder-i loogika lehekiiljel 16, testpink lehekiiljel 45 ja signaalid lehekiiljel
58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary _logic.all;

entity decoder_valja is
port ( X: in ternary;
y1, y2: out bit);
end entity decoder_valja;

architecture bhv of decoder_valja is
begin
process (X) begin
case X is
when Plus=> y1<="0"
y2<="1}
when Zero=> y1<="0";
y2<="0}
when Minus=> yl<="1"
y2<="0
end case;
end process;
end architecture bhv;

Joonis 6. Viljund decoder
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4.3 XOR
XOR-i loogika lehekiiljel 16, testpink lehekiiljel 46 ja signaalid lehekiiljel 58.
package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;
use work.ternary_logic.all;
entity iksor is
port ( x1, X2: in ternary;
y: out ternary );

end entity iksor;

architecture bhv of iksor is

begin
process (x1, x2) begin
case x1 is
when Plus=>
case x2 is
when Plus => y <= Minus;
when Zero =>y <= Zero;
when Minus =>y <= Plus;
end case;
when Zero=>
case x2 is
when Plus => y <= Zero;
when Zero =>y <= Zero;
when Minus =>y <= Zero;
end case;
when Minus=>
case x2 is
when Plus =>y <= Plus;
when Zero =>y <= Zero;
when Minus => y <= Minus;
end case;
when others => y <= Zero;
end case;

end process;
end architecture bhv;

Joonis 7. XOR liilitus
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4.4 Minimum

Minimum-i loogika lehekiiljel 17, testpink lehekiiljel 47 ja signaalid lehekiiljel 58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary_logic.all;
entity min is
port ( X1, X2: in ternary;
y: out ternary );
end entity min;

architecture bhv of min is

begin
process (X1, x2) begin
case x1is
when Plus=>
case x2 is
when Plus => y <= Plus;
when Zero =>y <= Zero;
when Minus =>y <= Minus;
end case;
when Zero=>
case X2 is
when Plus => y <= Zero;
when Zero =>y <= Zero;
when Minus =>y <= Minus;
end case;
when Minus=>
case X2 is
when Plus => y <= Minus;
when Zero =>y <= Minus;
when Minus =>y <= Minus;
end case;
when others =>y <= Zero;
end case;

end process;
end architecture bhv;

Joonis 8. Minimum Liilitus
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4.5 Maximum

Maximum-i loogika lehekiiljel 17, testpink lehekiiljel 48 ja signaalid lehekiiljel 58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary_logic.all;

entity max is
port ( X1, X2: in ternary;
y: out ternary);
end entity max;

architecture bhv of max is
begin
process (X1, x2) begin
case x1 is
when Plus=>
case X2 is
when Plus => y <= Plus;
when Zero =>y <= Plus;
when Minus =>y <= Plus;
end case;
when Zero=>
case X2 is
when Plus => y <= Plus;
when Zero =>y <= Zero;
when Minus =>y <= Zero;
end case;
when Minus=>
case X2 is
when Plus => y <= Plus;
when Zero =>y <= Zero;
when Minus =>y <= Minus;
end case;
when others =>y <= Zero;
end case;
end process;
end architecture bhv;

Joonis 9. Maximum liilitus
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4.6 Accept anything

Accept anything-i loogikalehekiiljel 20 , testpink lehekiiljel 49 ja signaalid lehekiiljel 58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary logic.all;
entity acceptany is
port ( X1, X2: in ternary;
y: out ternary );
end entity acceptany;

architecture bhv of acceptany is

begin
process (x1, x2) begin
case x1 is
when Plus=>
case X2 is
when Plus =>y <= Plus;
when Zero =>y <= Plus;
when Minus =>y <= Zero;
end case;
when Zero=>
case X2 is
when Plus =>y <= Plus;
when Zero =>y <= Zero;
when Minus =>y <= Minus;
end case;
when Minus=>
case X2 is
when Plus =>y <= Zero;
when Zero =>y <= Minus;
when Minus =>y <= Minus;
end case;
when others =>y <= Zero;
end case;

end process;
end architecture bhv;

Joonis 10. Accept anything lilitus
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4.7 Comparator

Comparator-i loogika lehekiiljel 18, testpink lehekiiljel 50 ja signaalid lehekiiljel 58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary logic.all;
entity comp is
port ( X1, X2: in ternary;
y: out ternary );
end entity comp;

architecture bhv of comp is

begin
process (x1, x2) begin
case x1 is
when Plus=>
case X2 is
when Plus =>y <= Plus;
when Zero =>y <= Minus;
when Minus =>y <= Minus;
end case;
when Zero=>
case X2 is
when Plus =>y <= Minus;
when Zero =>y <= Plus;
when Minus =>y <= Minus;
end case;
when Minus =>
case X2 is
when Plus =>y <= Minus;
when Zero =>y <= Minus;
when Minus =>y <= Plus;
end case;
when others =>y <= Zero;
end case;

end process;
end architecture bhv;

Joonis 11. Comparator liilitus
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4.8 Modulo-3

Modulo-3 loogika lehekiiljel 19, testpink lehekiiljel 51 ja signaalid lehekiiljel 58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary logic.all;
entity modulo_3 is
port ( X1, X2: in ternary;
y: out ternary );
end entity modulo_3;

architecture bhv of modulo_3 is

begin
process (x1, x2) begin
case x1 is
when Plus=>
case X2 is
when Plus => y <= Minus;
when Zero =>y <= Plus;
when Minus =>y <= Zero;
end case;
when Zero=>
case X2 is
when Plus => y <= Plus;
when Zero =>y <= Zero;
when Minus =>y <= Minus;
end case;
when Minus=>
case X2 is
when Plus => y <= Zero;
when Zero =>y <= Minus;
when Minus =>y <= Plus;
end case;
when others =>y <= Zero;
end case;

end process;
end architecture bhv;

Joonis 12. Modulo-3 liilitus
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4.9 Consensus

Consensus loogika lehekiiljel 19, testpink lehekiiljel 52 ja signaalid lehekiiljel 58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary _logic.all;

entity cons is
port ( x1, X2 : in ternary;
y: out ternary );
end entity cons;

architecture bhv of cons is
begin
process (x1, x2) begin
case X1 is
when Plus=>
case X2 is
when Plus =>y <= Plus;
when Zero =>y <= Zero;
when Minus =>y <= Zero;
end case;
when Zero=>
case X2 is
when Plus =>y <= Zero;
when Zero =>y <= Zero;
when Minus =>y <= Zero;
end case;
when Minus=>
case X2 is
when Plus =>y <= Zero;
when Zero =>y <= Zero;
when Minus =>y <= Minus;
end case;
end case;
end process;
end architecture bhv;

Joonis 13. Consensus liilitus
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4.10 Inverter

Inverteri loogika lehekiiljel 18, testpink lehekiiljel 53 ja signaalid lehekiiljel 58.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary_logic.all;

entity inv is
port ( X: in ternary;
y: out ternary );
end entity inv;

architecture bhv of inv is
begin
process (X) begin
case X is
when Plus => y <= Minus;
when Minus => y <=Plus;
when others => y <= Zero;
end case;
end process;
end architecture bhv;

Joonis 14. Inverter liilitus
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4.11 Liitja

Liitja loogika lehekiiljel 20, testpink lehekiiljel 54 ja signaalid lehekiiljel 59.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary_logic.all;

entity fullAdder is
port( x1, x2, Cin : in ternary;
Cout, y : out ternary);
end entity fullAdder;

architecture bhv of fullAdder is
component modulo_3 is
port ( x1, X2: in ternary;
y: out ternary );
end component;
component acceptany is
port ( x1, X2: in ternary;
y: out ternary );
end component;
component cons_1 is
port ( x1, X2 : in ternary;
y: out ternary );
end component;

signal: modulo_3 1 out, modulo_3 2 out, cons_1 out, cons_2_out, acceptany_out
: ternary;

begin

U1: modulo_3 port map (x1, x2, modulo_3 1 out);

U2: cons port map (x1, x2, cons_1_out);

U3: modulo_3 port map (Cin, modulo_3_1 out, modulo_3 2 out);

U4: cons port map (modulo_3 1 out, Cin, cons_2_out);

U5: acceptany port map (cons_1_out, cons_2_out, acceptany_out);

end architecture bhv;

Joonis 15. Liitja programmi kood
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4.12 Lahutaja

Lahutaja loogika lehekiiljel 21, testpink lehekiiljel 55 ja signaalid lehekiiljel 61.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary _logic.all;

entity fullSubtractor is
port( x1, x2, Cin : in ternary;
Cout, 0 : out ternary);
end entity fullSubtractor;

architecture bhv of fullSubtractor is
component modulo_3 is
port ( x1, X2: in ternary;
y: out ternary );
end component;
component acceptany is
port ( x1, X2: in ternary;
y: out ternary );
end component;
component cons is
port ( x1, X2 : in ternary;
y: out ternary );
end component;
component inv is
port (x: in ternary;
y: out ternary);
end component;

signal inv_out, modulo_3 1 out, cons_1 out, cons_2_out, acceptany_out,
modulo_3 2 out : ternary;

Joonis 16. Lahutaja programmikood 1
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begin

UO0: inv port map (x1, inv_out);

U1: modulo_3 port map (inv_out, x2, modulo_3_1 out);

U2: cons port map (inv_out, X2, cons_1_out);

U3: modulo_3 port map (Cin, modulo_3_1 out, modulo_3_2_out);
U4: cons port map (modulo_3 1 out, Cin, cons_2_out);

U5: acceptany port map (cons_1_out, cons_2_out, acceptany_out);

end architecture bhv;

Joonis 17. Lahutaja programmikood 2
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4.13 Register

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary_logic.all;

entity registerl is
port( belk : in bit;
dir : in ternary;
reg : out ternary);
end entity registerl;

architecture bhv of registerl is
begin
process (bclk) begin
if bclk ='0" and bclk'event then
reg <= dir;
end if;
end process;
end architecture bhv;

Joonis 18. Registrisse salvestamine
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4.14 Valikuga inverter

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary logic.all;

entity inv is
port ( sub: in bit;
X: in ternary;
y: out ternary );
end entity inv;

architecture bhv of inv is

begin
process (sub, x) begin
case sub is
when '1' =>
case X is
when Plus => y <= Minus;
when Minus => y <= Plus;
when others => y <= Zero;
end case;
when '0' =>
case X is
when Plus => y <= Plus;
when Minus => y <= Minus;
when others => y <= Zero;
end case;
end case;

end process;
end architecture bhv;

Joonis 19. Valikuga inverteri programmikood
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4.15 Liitja-lahutaja

Liitja-lahutaja loogika lehekiiljel 22, testpink lehekiiljel 56 ja signaalid lehekiiljel 62.

package ternary_logic is
type ternary is (Minus, Zero, Plus);
end package ternary_logic;

use work.ternary_logic.all;

entity full_adder_sub is
port( belk, sub, x1, x2,Cin1, Cin2 : in bit;
yl,y2, C1, C2 : out bit);
end entity full_adder_sub;

use work.ternary _logic.all;

architecture bhv of full_adder_sub is
component fullAdder is
port (x1, x2, Cin: in ternary;
Cout, y: out ternary);
end component;
component inv is
port (sub: in bit;
X :in ternary;
y : out ternary);
end component;
component decoder_sisse is
port (x1, x2: in bit;
y : out ternary);
end component;
component decoder_valja is
port (X: in ternary;
yl, y2: out bit);
end component;
component registerl is
port (belk : in bit;
dir : in ternary;
reg : out ternary);
end component;

signal de0, Cin, r0, SO, Cout0, de0_inv : ternary;

Joonis 20. Liitja-lahutaja programm 1
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begin
U6: decoder_sisse port map (x1, x2, de0);
U7 : decoder_sisse port map (Cinl, Cin2, Cin);
U8 : inv port map (sub, de0, de0_inv);
U9: registerl port map (bclk, de0, r0);
U10: fullAdder port map (r0, de0_inv, Cin, Cout0, SO0);
U11: decoder_valja port map (SO, y1, y2);
U12: decoder_valja port map (Cout0, C1, C2);

end architecture bhv;

Joonis 21. Liitja-lahutaja programm 2
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5 Testimine

Uksikute liilituste testimiseks kasutati ModelSIM tarkvara, summatori, lahutaja ning
liitja-lahutaja testimiseks kasutati Xilnx ISE tarkvara simulatsiooniks. Simuleerimiseks
on ette antud sisendsignaalid tdeviirtustabelite jargi. Simulatsiooni testpink on
Kirjutatud VHDL-is.

5.1 Decoder

5.1.1 Sisendi decoder

Sisend decoder-i loogika lehekiiljel 15, kood lehekiiljel 27 ja signaalid lehekiiljel 58.

use work.ternary_logic.all;

entity test_decoder_sisse is
end entity test_decoder_sisse;

architecture bench of test_decoder_sisse is
signal x1, x2: bit;
signal y: ternary;
component decoder_sisse
port ( x1, X2: bit;
y: out ternary );
end component;
begin

x1 <="0"after 0 ns, '0" after 10 ns, '1' after 20 ns, '1' after 30 ns;
x2 <="'0"after O ns, '1" after 10 ns, '0" after 20 ns, '1' after 30 ns;

U1: decoder_sisse port map (x1, X2, y);
end architecture bench;

Joonis 22. Sisendi decoderi testpink
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5.1.2 Viljundi decoder

Viljund decoder-i loogika lehekiiljel 16, kood lehekiiljel 28 ja signaalid lehekiiljel 58.

use work.ternary_logic.all;

entity test_decoder_valja is
end entity test_decoder_valja;

architecture bench of test_decoder_valja is
signal x: ternary;
signal y1, y2: bit;

component decoder_valja
port ( x: ternary;
yl, y2: out bit);
end component;
begin
x <= Plus after 0 ns, Zero after 10 ns, Minus after 20 ns;

U1: decoder_valja port map (X, y1, y2);
end architecture bench;

Joonis 23. Viljundi decoderi testpink
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5.2 XOR

XOR-i loogika lehekiiljel 16, kood lehekiiljel 29 ja signaalid lehekiiljel 58.

use work.ternary _logic.all;

entity test_iksor is
end entity test_iksor;

architecture bench of test_iksor is
signal x1, x2: ternary;
signal y: ternary;

component iksor
port ( X1, X2: in ternary;
y: out ternary );
end component;

begin

x1 <= Minus after 0 ns, Minus after 10 ns, Minus after 20 ns, Zero
after 30 ns, Zero after 40 ns, Zero after 50 ns, Plus after 60 ns, Plus
after 70 ns, Plus after 80 ns;

X2 <= Minus after 0 ns, Zero after 10 ns, Plus after 20 ns, Minus after
30 ns, Zero after 40 ns, Plus after 50 ns, Minus after 60 ns, Zero after
70 ns, Plus after 80 ns;

U1: iksor port map (x1, X2, y);
end architecture bench;

Joonis 24. XOR-i testpink
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5.3 Minimum

Minimum-i loogika lehekiiljel 17, kood lehekiiljel 30 ja signaalid lehekiiljel 58.

use work.ternary logic.all;

entity test_min is
end entity test_min;

architecture bench of test_min is
signal x1, x2: ternary;
signal y: ternary;

component min
port ( X1, X2: in ternary;
y: out ternary );

end component;

begin

x1 <= Minus after 0 ns, Minus after 10 ns, Minus after 20 ns, Zero
after 30 ns, Zero  after 40 ns, Zero after 50 ns, Plus after 60 ns, Plus
after 70 ns, Plus after 80 ns;

X2 <= Minus after 0 ns, Zero after 10 ns, Plus after 20 ns, Minus after
30 ns, Zero after 40 ns, Plus after 50 ns, Minus after 60 ns, Zero after
70 ns, Plus after 80 ns;

U1: min port map (X1, X2, y);
end architecture bench;

Joonis 25. Minimumi testpink
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5.4 Maximum

Maximum-i loogika lehekiiljel 17, kood lehekiiljel 31 ja signaalid lehekiiljel 58.

use work.ternary logic.all;

entity test_max is
end entity test_ max;

architecture bench of test_max is
signal x1, x2: ternary;
signal y: ternary;

component max
port ( X1, X2: in ternary;
y: out ternary );
end component;

begin

x1 <= Minus after 0 ns, Minus after 10 ns, Minus after 20 ns, Zero
after 30 ns, Zero after 40 ns, Zero after 50 ns, Plus after 60 ns, Plus
after 70 ns, Plus after 80 ns;

X2 <= Minus after 0 ns, Zero after 10 ns, Plus after 20 ns, Minus after
30 ns, Zero after 40 ns, Plus after 50 ns, Minus after 60 ns, Zero after
70 ns, Plus after 80 ns;

U1: max port map (X1, X2, y);
end architecture bench;

Joonis 26. Maximum testpink
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5.5 Accept anything

Accept anything loogika lehekiiljel 20, kood lehekiiljel 32 ja signaalid lehekiiljel 58.

use work.ternary _logic.all;

entity test_acceptany is
end entity test_acceptany;

architecture bench of test_acceptany is
signal x1, x2: ternary;
signal y: ternary;

component acceptany
port ( x1, X2: in ternary;
y: out ternary );
end component;

begin
x1 <= Minus after 0 ns, Minus after 10 ns, Minus after 20 ns, Zero
after 30 ns, Zero after 40 ns, Zero after 50 ns, Plus after 60 ns, Plus
after 70 ns, Plus after 80 ns;
X2 <= Minus after 0 ns, Zero after 10 ns, Plus after 20 ns, Minus after
30 ns, Zero after 40 ns, Plus after 50 ns, Minus after 60 ns, Zero after
70 ns, Plus after 80 ns;

U1: acceptany port map (x1, X2, y);

end architecture bench;

Joonis 27. Accept anything testpink
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5.6 Comparator

Comparator-i loogika lehekiiljel 18, kood lehekiiljel 33 ja signaalid lehekiiljel 58.

use work.ternary_logic.all;

entity test_comp is
end entity test_comp;

architecture bench of test_comp is
signal x1, x2: ternary;
signal y: ternary;

component comp
port ( x1, X2: in ternary;
y: out ternary );

end component;

begin

x1 <= Minus after 0 ns, Minus after 10 ns, Minus after 20 ns, Zero
after 30 ns, Zero after 40 ns, Zero after 50 ns, Plus after 60 ns, Plus
after 70 ns, Plus after 80 ns;

X2 <= Minus after 0 ns, Zero after 10 ns, Plus after 20 ns, Minus after
30 ns, Zero after 40 ns, Plus after 50 ns, Minus after 60 ns, Zero after
70 ns, Plus after 80 ns;

U1: comp port map (X1, X2, y);
end architecture bench;

Joonis 28. Comparator-i testpink
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5.7 Modulo-3

Modulo-3 loogika lehekiiljel 19, kood lehekiiljel 34 ja signaalid lehekiiljel 58.

use work.ternary logic.all;

entity test_modulo_3 is
end entity test modulo_3;

architecture bench of test_ modulo_3 is
signal x1, x2: ternary;
signal y: ternary;

component modulo_3
port ( X1, X2: in ternary;
y: out ternary );
end component;

begin

x1 <= Minus after 0 ns, Minus after 10 ns, Minus after 20 ns, Zero
after 30 ns, Zero after 40 ns, Zero after 50 ns, Plus after 60 ns, Plus
after 70 ns, Plus after 80 ns;

x2 <= Minus after 0 ns, Zero after 10 ns, Plus after 20 ns, Minus after
30 ns, Zero after 40 ns, Plus after 50 ns, Minus after 60 ns, Zero after
70 ns, Plus after 80 ns;

U1: modulo_3 port map (x1, X2, y);
end architecture bench;

Joonis 29. Modulo-3 testpink
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5.8 Consensus

Consensus loogika lehekiiljel 19, kood lehekiiljel 35 ja signaalid lehekiiljel 58.

use work.ternary _logic.all;

entity test_cons is
end entity test_cons;

architecture bench of test_cons is
signal x1, x2: ternary;
signal y: ternary;

component cons
port ( x1, X2: in ternary;
y: out ternary );
end component;

begin

x1 <= Minus after 0 ns, Minus after 10 ns, Minus after 20 ns, Zero
after 30 ns, Zero after 40 ns, Zero after 50 ns, Plus after 60 ns, Plus
after 70 ns, Plus after 80 ns;

X2 <= Minus after 0 ns, Zero after 10 ns, Plus after 20 ns, Minus after
30 ns, Zero after 40 ns, Plus after 50 ns, Minus after 60 ns, Zero after
70 ns, Plus after 80 ns;

U1: cons port map (x1, X2, y);
end architecture bench;

Joonis 30. Consensus testpink
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5.9 Inverter

Inverteri loogika lehekiiljel 18, kood lehekiiljel 36 ja signaalid lehekiiljel 58.

use work.ternary _logic.all;

entity test_inv is
end entity test_inv;

architecture bench of test_inv is
signal x: ternary;
signal y: ternary;
component inv
port ( x: in ternary;
y: out ternary );
end component;
begin
X <= Minus after 0 ns, Zero after 10 ns, Plus after 30 ns;

U1: inv port map (X, Y);
end architecture bench;

Joonis 31. Invereteri testpink
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5.10 Liitja
Liitja loogika lehekiiljel 20, kood lehekiiljel 37 ja signaalid lehekiiljel 59.

use work.ternary_logic.all;

entity test_fulladder is
end entity test_fulladder;

architecture bench of test_fulladder is
signal x1, x2, Cin : ternary;
signal Cout, y : ternary;

component fullAdder is
port ( x1, x2, Cin: in ternary;
Cout, y: out ternary);
end component;

begin

x1 <= Minus after 0 ns, Minus after 5 ns, Minus after 10 ns, Minus after 15
ns, Minus after 20 ns, Minus after 25 ns, Minus after 30 ns, Minus after 35
ns, Minus after 40 ns, Zero after 45 ns, Zero after 50 ns, Zero after 55 ns,
Zero after 60 ns, Zero after 65 ns, Zero after 70 ns, Zero after 75 ns, Zero
after 80 ns, Zero after 85 ns, Plus after 90 ns, Plus after 95 ns, Plus after 100
ns, Plus after 105 ns, Plus after 110 ns, Plus after 115 ns, Plus after 120 ns,
Plus after 125 ns, Plus after 130 ns;

x2 <= Minus after 0 ns, Minus after 5 ns, Minus after 10 ns, Zero after 15 ns,
Zero after 20 ns, Zero after 25 ns, Plus after 30 ns, Plus after 35 ns, Plus after
40 ns, Minus after 45 ns, Minus after 50 ns, Minus after 55 ns, Zero after 60
ns, Zero after 65 ns, Zero after 70 ns, Plus after 75 ns, Plus after 80 ns, Plus
after 85 ns, Minus after 90 ns, Minus after 95 ns, Minus after 100 ns, Zero
after 105 ns, Zero after 110 ns, Zero after 115 ns, Plus after 120 ns, Plus after
125 ns, Plus after 130 ns;

Cin <= Minus after 0 ns, Zero after 5 ns, Plus after 10 ns, Minus after 15 ns,
Zero after 20 ns, Plus after 25 ns, Minus after 30 ns, Zero after 35 ns, Plus
after 40 ns, Minus after 45 ns, Zero after 50 ns, Plus after 55 ns, Minus after
60 ns, Zero after 65 ns, Plus after 70 ns, Minus after 75 ns, Zero after 80 ns,
Plus after 85 ns, Minus after 90 ns, Zero after 95 ns, Plus after 100 ns,
Minus after 105 ns, Zero after 110 ns, Plus after 115 ns, Minus after 120 ns,
Zero after 125 ns, Plus after 130 ns;

uo: fullAdder port map (x1, x2, Cin, Cout, v);

Joonis 32. Tiisliitja testpink
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5.11 Lahutaja

Lahutaja loogika lehekiiljel 21, kood lehekiiljel 38 ja signaalid lehekiiljel 61.

use work.ternary_logic.all;

entity test_full AdderSubtractor is
end entity test_fullAdderSubtractor;

architecture bench of test_fullSubtractor is
signal x1, x2, Cin : ternary;
signal Cout, o : ternary;

component fullSubtractor
port (x1, x2, Cin: in ternary;
Cout, o: out ternary);
end component;

begin

x1 <= Minus after 0 ns, Minus after 5 ns, Minus after 10 ns, Minus after 15
ns, Minus after 20 ns, Minus after 25 ns, Minus after 30 ns, Minus after 35
ns, Minus after 40 ns, Zero after 45 ns, Zero after 50 ns, Zero after 55 ns,
Zero after 60 ns, Zero after 65 ns, Zero after 70 ns, Zero after 75 ns, Zero
after 80 ns, Zero after 85 ns, Plus after 90 ns, Plus after 95 ns, Plus after 100
ns, Plus after 105 ns, Plus after 110 ns, Plus after 115 ns, Plus after 120 ns,
Plus after 125 ns, Plus after 130 ns;

X2 <= Minus after 0 ns, Minus after 5 ns, Minus after 10 ns, Zero after 15 ns,
Zero after 20 ns, Zero after 25 ns, Plus after 30 ns, Plus after 35 ns, Plus after
40 ns, Minus after 45 ns, Minus after 50 ns, Minus after 55 ns, Zero after 60
ns, Zero after 65 ns, Zero after 70 ns, Plus after 75 ns, Plus after 80 ns, Plus
after 85 ns, Minus after 90 ns, Minus after 95 ns, Minus after 100 ns, Zero
after 105 ns, Zero after 110 ns, Zero after 115 ns, Plus after 120 ns, Plus after
125 ns, Plus after 130 ns;

Cin <= Minus after 0 ns, Zero after 5 ns, Plus after 10 ns, Minus after 15 ns,
Zero after 20 ns, Plus after 25 ns, Minus after 30 ns, Zero after 35 ns, Plus
after 40 ns, Minus after 45 ns, Zero after 50 ns, Plus after 55 ns, Minus after
60 ns, Zero after 65 ns, Plus after 70 ns, Minus after 75 ns, Zero after 80 ns,
Plus after 85 ns, Minus after 90 ns, Zero after 95 ns, Plus after 100 ns,
Minus after 105 ns, Zero after 110 ns, Plus after 115 ns, Minus after 120 ns,
Zero after 125 ns, Plus after 130 ns;

U6: fullSubtractor port map (x1, x2, Cin, Cout, 0);
end architecture bench;

Joonis 33. Lahutaja testpink
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5.12 Liitja-lahutaja

Liitja-lahutaja loogika lehekiiljel 22, kood lehekiiljel 42 ja signaalid lehekiiljel 62.

5.12.1.1 Esimene test (x1=0)

use work.ternary _logic.all;

entity test_full_adder_sub is
end entity test_full_adder_sub;

architecture bench of test_full_adder_sub is

signal x1, x2, Cinl, Cin2 : bit;
signal y1, y2, C1, C2 : bit;

component full_adder_sub

begin

port( sub, bclk, x1, x2, Cinl, Cin2 : in bit;
yl, y2, C1, C2: out bit);
end component full_adder_sub;
signal bclk: bit :='0";
signal sub: bit :='0";

x1 <= '0" after O ns;

x2 <= '0"after O ns, '1" after 80 ns, '0" after 160 ns;

Cinl <= '0" after 0 ns, "1" after 40 ns, '1' after 50 ns, '1" after 70 ns, '0' after 80
ns, '1' after 120 ns, '0' after 160 ns;

Cin2 <= '0" after 0 ns, "1" after 20 ns, '0" after 40 ns, '1" after 60 ns, '1' after 70
ns, ‘0" after 80 ns, '1' after 100 ns, '0" after 120 ns, '1' after 140 ns,

'0" after 160 ns;

sub <= '0" after 0 ns, '1' after 10 ns, '0" after 20 ns, '1' after 30 ns, '0" after 40
ns, '1' after 50 ns, '0" after 60 ns, '1" after 70 ns, '0" after 80 ns,

1" after 90 ns, '0' after 100 ns, '1' after 110 ns, '0" after 120 ns, 1" after 130 ns,
'0" after 140 ns, '1" after 150 ns, '0" after 160 ns;

bclk <= '0" after O ns, '1' after 5 ns, '0" after 10 ns, '1' after 15 ns, '0' after 20
ns, '1' after 25 ns, '0" after 30 ns, '1" after 35 ns, '0" after 40 ns,

'1" after 45 ns, '0' after 50 ns, '1" after 55 ns, '0" after 60 ns, '1' after 65 ns, '0'
after 70 ns, '1' after 75 ns, '0" after 80 ns, '1' after 85 ns, '0" after 90 ns,

1" after 95 ns, '0' after 100 ns, '1' after 105 ns, '0' after 110 ns, 1" after 115 ns,
'0" after 120 ns, '1" after 125 ns, '0" after 130 ns, 1" after 135 ns,

'0" after 140 ns, '1' after 145 ns, '0" after 150 ns, '1' after 155 ns,

'0" after 160 ns;

U13: full_adder_sub port map (bclk, sub, x1, x2, Cinl, Cin2, y1, y2, C1,
C2);

end architecture bench;
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5.12.1.2 Teine test (x1=1)

use work.ternary_logic.all;

entity test_full _adder_sub is
end entity test_full _adder_sub;

architecture bench of test_full_adder_sub is

signal x1, x2, Cinl, Cin2 : bit;
signal y1, y2, C1, C2 : bit;

component full_adder_sub

begin

port( sub, belk, x1, x2, Cinl, Cin2 : in bit;
yl, y2, C1, C2: out bit);
end component full_adder_sub;
signal bclk: bit :='0";
signal sub: bit :='0";

x1 <= '1" after 0 ns;

x2 <= '0" after O ns, '1" after 80 ns, '0" after 160 ns;

Cinl <= '0" after 0 ns, "1" after 40 ns, '1' after 50 ns, '1" after 70 ns, '0" after 80
ns, '1' after 120 ns, '0' after 160 ns;

Cin2 <= '0" after 0 ns, "1" after 20 ns, '0" after 40 ns, '1" after 60 ns, '1' after 70
ns, '0" after 80 ns, '1' after 100 ns, '0" after 120 ns, '1" after 140 ns,

'0" after 160 ns;

sub <= '0" after 0 ns, '1' after 10 ns, '0" after 20 ns, '1" after 30 ns, '0' after 40
ns, '1' after 50 ns, '0" after 60 ns, '1" after 70 ns, '0" after 80 ns,

1" after 90 ns, '0' after 100 ns, 1" after 110 ns, '0" after 120 ns, '1" after 130 ns,
'0" after 140 ns, '1" after 150 ns, '0" after 160 ns;

bclk <= '0" after O ns, '1' after 5 ns, '0" after 10 ns, '1' after 15 ns, '0' after 20
ns, '1' after 25 ns, '0" after 30 ns, '1' after 35 ns, '0" after 40 ns,

'1" after 45 ns, '0' after 50 ns, '1" after 55 ns, '0" after 60 ns, '1' after 65 ns, '0'
after 70 ns, '1' after 75 ns, '0" after 80 ns, '1' after 85 ns, '0" after 90 ns,

1" after 95 ns, '0' after 100 ns, '1' after 105 ns, '0' after 110 ns, 1" after 115 ns,
'0" after 120 ns, '1" after 125 ns, '0" after 130 ns, '1" after 135 ns,

'0" after 140 ns, '1" after 145 ns, '0" after 150 ns, 1" after 155 ns,

'0" after 160 ns;

U13: full_adder_sub port map (bclk, sub, x1, x2, Cinl, Cin2, y1, y2, C1,
C2);

end architecture bench;
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6 Signaalid

Signaalid on saadud VHDL-i koodi simuleerimisel ModelSIM tarkvaraga. Signaalide

piltides on ndha nii 3-nd siisteemi véljundeid kui ka 2-nd siisteemi véljundeid.

6.1 Eraldi seisvad liilitused

Signaalid 1-3kuuluvad sisendite decoder-ile — loogika lehekiiljel 15, kood lehekiiljel 27,
testpink lehekiiljel 44;

Signaalid 4-6 viljundite decoder-ile — loogika lehekiiljel 16, kood lehekiiljel 28,
testpinklehekiiljel 45;

Signaalid 7-9 consensus — loogika lehekiiljel 19, kood lehekiiljel 35, testpink lehekiiljel
52;

Signaalid 10-12 comparator — loogika lehekiiljel 18, kood lehekiiljel 33, testpink
lehekiiljel 50;

Signaalid13-15 accept anything — loogika lehekiiljel 20, kood lehekiiljel 32, testpink
lehekiiljel 49;

Signaalid 16-17 inverter — loogika lehekiiljel 18, kood lehekiiljel 36, testpink lehekiiljel
53;

Signaalid 18-20 maximum — loogika lehekiiljel 17, kood lehekiiljel 31, testpink

lehekiiljel 48;
Signaalid 20-22 minimum — loogika lehekiiljel 17, kood lehekiiljel 30, testpink
lehekiiljel 47;
Signaalid 22-24 modulo-3 — loogika lehekiiljel 19, kood lehekiiljel 34, testpink
lehekiiljel 51;

Signaalid 25-27 XOR — loogika lehekiiljel 16, kood lehekiiljel 29, testpink lehekiiljel 46.
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6.2 Liitja

Liitja loogika lehekiiljel 20, kood lehekiiljel 37, testpink lehekiiljel 54
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6.3 Lahutaja

Lahutaja loogika lehekiiljel 21, kood lehekiiljel 38, testpink lehekiiljel 55.
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6.4 Liitja-lahutaja

Liitja-lahutaja loogika lehekiiljel 22, kood lehekiiljel 42, testpink lehekiiljel 56.
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7 Kokkuvote

Too kdigus loodi kolmendsiisteemi liitja-lahutaja ning testiti FPGA Nexys-3 plaadil,
millel on v&imalik anda liilititega kahendkoodis sisendid ja vastavatele nuppudele
vajutades, saada vddrtus LED-idel. Viljundiks saab kas summa voi vahe, samuti saab
vaadata vadrtust lisades ning vihendades iilekannet. T66d oleks vdimalik kindlasti
edasi arendada, luues niiteks tdieliku aritmeetika-loogikaploki ning samuti muuta
realisatsiooni plaadil, nditeks kuvada véartust 7-segmendilisel LED numberindikaatoril.

Programm too6tab téielikult, seega voib t66 eesmarki lugeda dnnestunuks.
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Lisa 1 — Tasakaalustatud 4-jargulise taisliitja-lahutaja VHDL

package ternary_logic is

type ternary is (Minus, Zero, Plus);
end package ternary_logic;
use work.ternary_logic.all;
entity decoder_sisse is

port ( X, y: in bit;

a: out ternary);

end entity decoder_sisse;
architecture bhv of decoder_sisse is

begin
process (X, y) begin
case X Is
when '0'=>
casey is
when '0' => a <= Zero;
when '1' => a <= Minus;
end case;
when '1'=>
casey is
when '0' => a <= Plus;
when '1' => a <= Zero;
end case;
end case;

end process;
end architecture bhv;
use work.ternary logic.all;
entity inv is
port ('sub: in bit;
a: in ternary;

0: out ternary );
end entity inv;
architecture bhv of inv is
begin

process (sub, a) begin
case sub is
when '1' =>
case a is
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when Plus => o <= Minus;
when Minus => o <= Plus;
when others => o0 <= Zero;

end case;
when '0' =>
case a is
when Plus => o <=Plus;
when Minus => o <= Minus;
when others => 0 <= Zero;
end case;

end case;

end process;
end architecture bhv;
use work.ternary_logic.all;
entity modulo_3 is

port ( a, b: in ternary;

0: out ternary );

end entity modulo_3;
architecture bhv of modulo_3 is

begin
process (a, b) begin
case a is
when Plus=>
case b is
when Plus => 0 <= Minus;
when Zero => 0 <= Plus;
when Minus => o0 <= Zero;
end case;
when Zero=>
case b is

when Plus => o <= Plus;
when Zero => 0 <= Zero;
when Minus => o0 <= Minus;
end case;
when Minus=>
case b is
when Plus => o0 <= Zero;
when Zero => 0 <= Minus;
when Minus => o0 <= Plus;
end case;
when others => 0 <= Zero;
end case;
end process;
end architecture bhv;
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use work.ternary _logic.all;
entity cons is
port (&, b :internary;
0: out ternary );
end entity cons;
architecture bhv of cons is

begin
process (a, b) begin
case a is
when Plus=>
case b is
when Plus => 0 <= Plus;
when Zero => 0 <= Zero;
when Minus => o0 <= Zero;
end case;
when Zero=>
case b is

when Plus => 0 <= Zero;
when Zero => 0 <= Zero;
when Minus => 0 <= Zero;
end case;
when Minus=>
case b is
when Plus => 0 <= Zero;
when Zero => 0 <= Zero;
when Minus => 0 <= Minus;
end case;
when others => 0 <= Zero;
end case;
end process;
end architecture bhv;
use work.ternary logic.all;
entity acceptany is
port ( a, b: in ternary;
0: out ternary );
end entity acceptany;
architecture bhv of acceptany is
begin
process (a, b) begin
case a is
when Plus=>
case b is
when Plus => 0 <= Plus;
when Zero => o0 <= Plus;
when Minus => 0 <= Zero;
end case;
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when Zero=>
case b is
when Plus => 0 <= Plus;
when Zero => 0 <= Zero;
when Minus => 0 <= Minus;
end case;
when Minus=>
case b is
when Plus => o0 <= Zero;
when Zero => 0 <= Minus;
when Minus => 0 <= Minus;
end case;
when others => 0 <= Zero;
end case;
end process;
end architecture bhv;
use work.ternary_logic.all;
entity decoder_valja is
port (a: in ternary;
Xm, Xp: out bit);
end entity decoder_valja;
architecture bhv of decoder_valja is

begin
process (a) begin
case a s
when Plus=> xp <="1";
xm <="'0"
when Zero=> xp <="0";
xm <=0
when Minus=> xp <="0";
xm<="1"
end case;

end process;
end architecture bhv;
use work.ternary_logic.all;
entity fullAdder is
port( a, b, Cin : in ternary;
Cout, S : out ternary);
end entity fullAdder;
architecture bhv of fullAdder is
component modulo_3 is
port (a, b: in ternary;
0: out ternary);
end component;
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component cons is
port (a, b: in ternary;
0: out ternary);
end component;
component acceptany is
port (a, b: in ternary;
0: out ternary);
end component;

signal modulo_3 1, cons_1, cons_2 : ternary;
begin
U0 : modulo_3 port map (a, b, modulo_3 1);
U1 : cons port map (a, b, cons_1);
U2 : modulo_3 port map (Cin, modulo_3 1, S);
U3 : cons port map (modulo_3_1, Cin, cons_2);
U4 : acceptany port map (cons_1, cons_2, Cout);
end architecture bhv;
use work.ternary_logic.all;
entity registerl is
port( belk : in bit;
dir : in ternary;
reg : out ternary);
end entity registerl,;
use work.ternary_logic.all;
architecture bhv of registerl is
begin
process (bclk) begin
if bclk ='0" and bclk'event then
reg <= dir;
end if;
end process;
end architecture bhv;
use work.ternary _logic.all,
entity full_adder_sub is
port( belk, sub, SOp, SOm, S1p, S1m, S2p, S2m, S3p, S3m, Cip, Cim : in bit;
[I0m, 10p, I11m, I1p, 12m, I2p, I13m, 13p, Icp, lcm : out bit);
end entity full_adder_sub;
use work.ternary_logic.all;
architecture bhv of full_adder_sub is
component fullAdder is
port (a, b, Cin: in ternary;
Cout, S: out ternary);
end component;
component inv is
port (sub: in bit;
a:in ternary;
0 : out ternary);
end component;
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component decoder_sisse is
port (X, y: in bit;
a . out ternary);
end component;
component decoder_valja is
port (a: in ternary;
Xm, Xp: out bit);
end component;
component registerl is
port (bclk : in bit;
dir : in ternary;
reg : out ternary);
end component;

signal de0, del, de2, de3, Cin, r0, r1, r2,r3, SO, S1, S2, S3, Cout0, Coutl, Cout2,
Cout3, de0_inv, del _inv, de2_inv, de3_inv : ternary;

begin

U5 : decoder_sisse port map (SOp, SOm, de0);

U6 : decoder_sisse port map (S1p, S1m, del);

U7 : decoder_sisse port map (S2p, S2m, de2);

U8 : decoder_sisse port map (S3p, S3m, de3);

U9 : decoder_sisse port map (Cip, Cim, Cin);

U10 : inv port map (sub, de0, de0_inv);

U11 : inv port map (sub, del, del_inv);

U12 : inv port map (sub, de2, de2_inv);

U13 : inv port map (sub, de3, de3_inv);

U14: registerl port map (bclk, de0, r0);

U15: registerl port map (bclk, del, rl);

U16: registerl port map (bclk, de2, r2);

U17: registerl port map (bclk, de3, r3);

U18: fullAdder port map (r0, de0_inv, Cin, Cout0, S0);
U19: fullAdder port map (r1, del_inv, Cout0, Coutl, S1);
U20: fullAdder port map (r2, de2_inv, Coutl, Cout2, S2);
U21: fullAdder port map (r3, de3_inv, Cout2, Cout3, S3);
U22: decoder_valja port map (SO, 10m, 10p);

U23: decoder_valja port map (S1, I11m, 11p);

U24: decoder_valja port map (S2, 12m, 12p);

U25: decoder_valja port map (S3, 13m, 13p);

U26: decoder_valja port map (Cout3, Icp, Ilcm);

end architecture bhv;
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Lisa 2 — Tasakaalustatud 4-jargulise taisliitja-lahutaja test

entity test_full_adder_sub is
end entity test_full_adder_sub;

architecture bench of test_full_adder_sub is

signal SOp, SOm, S1p, S1m, S2p, S2m, S3p, S3m, Cip, Cim : bit;
signal 10m, 10p, 11m, I1p, I12m, 12p, I3m, 13p, Icp, lcm : bit;

component full_adder_sub
port( belk, sub, SOp, SOm, S1p, S1m, S2p, S2m, S3p, S3m, Cip, Cim :
in bit;
I0m, 10p, I1m, I1p, 12m, I2p, 13m, I3p, Icp, Icm : out bit);
end component full_adder_sub;

signal bclk: bit :="'0";

signal sub: bit :='0";

begin

process begin
SOp <=0
SOm <="'0";
Slp<="04
SIm<="1"
S2p <="04
S2m <="'0"
S3p <=1
S3m <="'0";
Cip<="1,
Cim<="'0"
bclk <='0" after 0 ns, '1" after 10 ns, '0' after 20 ns;
wait for 40 ns;
SOp <="1"
SOm <="'0";
Slp<='1}
SIm<="0",
S2p <="14
S2m <="'0";
S3p <=1
S3m <="'0";
Cip <=0}
Cim<="1"

Joonis 49.Tasakaalustatud 4-jérgulise tdisliitja-lahutaja ja testpink 1

74



bclk <="'0" after O ns, '1' after 50 ns, '0" after 60 ns;
wait for 40 ns;

SOp <="0",
SOm <="04
Slp <="0},
Sim<="14
S2p <="0},
S2m <="'0";
S3p <="1},
S3m <="04
Cip<="1}
Cim<="0}

sub <="'0" after 0 ns, '1' after 10 ns, '0' after 20 ns;
bclk <="0" after 0 ns, '1' after 10 ns, '0" after 20 ns;
wait for 40 ns;

SOp <="1"%
SOm <="0"
Slp<="1%
SIm<="'0"
S2p <="1"%
S2m <="'0";
S3p <="14
S3m <="04
Cip <=0}
Cim<="1%

sub <="0"after 0 ns, '1" after 10 ns, '0" after 20 ns;
bclk <="'0" after 0 ns, '1" after 50 ns, '0" after 60 ns;
wait for 40 ns;

end process;

U26: full_adder_sub port map (bclk, sub, SOp, SOm, S1p, S1m, S2p, S2m, S3p,
S3m, Cip, Cim, 10m, 10p, I1m, I1p, I2m, 12p, I3m, I3p, Icp, Icm);
end architecture bench;
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Lisa 3 — Tasakaalustatud 4-jargulise taisliitja-lahutaja Nexys-

3 seadistus

NET "IOm" LOC ="U16" | IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 10_L2P_CMPCLK, Sch name = LDO

NET "l0p" LOC ="V16" | IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 10_L2N_CMPMOSI, Sch name = LD1

NET "I1m" LOC ="U15" | IOSTANDARD ="LVCMO0S33"; #Bank =2, Pin
name = 10_L5P, Sch name = LD2

NET "I1p" LOC ="V15" | IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 10O_L5N, Sch name = LD3

NET "I2m" LOC ="M11" | IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 10_L15P, Sch name = LD4

NET "I2p" LOC ="N11"| IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 1O_L15N, Sch name = LD5

NET "I3m" LOC ="R11" | IOSTANDARD ="LVCMQS33"; #Bank =2, Pin
name = 10_L16P, Sch name = LD6

NET "I3p" LOC ="T11" | IOSTANDARD = "LVCMOS33"; #Bank =2, Pin
name = 10_L16N_VREF, Sch name = LD7

NET "SOm" LOC ="T10" | IOSTANDARD = "LVCMOS33"; #Bank = 2,
Pin name = 10_L29N_GCLK?2, Sch name = SW0

NET "SOp" LOC ="T9" | IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 10_L32P_GCLK?29, Sch name = SW1

NET "S1m" LOC ="V9" | IOSTANDARD ="LVCMO0S33"; #Bank =2, Pin
name = 10_L32N_GCLK28, Sch name = SW2

NET "S1p" LOC ="M8" | IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 10_L40P, Sch name = SW3

NET "S2m" LOC ="N8" | IOSTANDARD ="LVCMO0S33"; #Bank =2, Pin
name = 1O_L40N, Sch name = SW4

NET "S2p" LOC ="U8" | IOSTANDARD ="LVCMO0S33"; #Bank =2, Pin
name = 10_L41P, Sch name = SW5

NET "S3m" LOC ="V8" | IOSTANDARD ="LVCMOS33"; #Bank =2, Pin
name = 10_L41N_VREF, Sch name = SW6

NET "S3p" LOC ="T5" | IOSTANDARD ="LVCMO0S33"; #Bank = MISC,
Pin name = 10_L48N_RDWR_B_VREF 2, Sch name = SW7

NET "Cip" LOC ="A8" | IOSTANDARD ="LVCMOS33"; #Bank =0, Pin
name = 10_L33N, Sch name = BTNU

NET "bclk" LOC ="C4" | IOSTANDARD ="LVCMOS33"; #Bank =0, Pin
name = 10_L1N_VREF, Sch name = BTNL

NET "bclk" CLOCK_DEDICATED_ROUTE = FALSE;
NET "Cim" LOC ="C9" | IOSTANDARD ="LVCMOS33"; #Bank =0, Pin

name = 10_L34N_GCLK18, Sch name = BTND
NET "sub™ LOC ="D9" | IOSTANDARD ="LVCMOS33"; #Bank =0, Pin
name = 10_L34P_GCLK19, Sch name = BTNR

Joonis 51. Nexys-3 seadistus

76



Lisa 4 — Tasakaalustatud 4-jargulise taisliitja-lahutaja skeem
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Lisa 5 — Tasakaalustatud 4-jargulise taisliitja-lahutaja signaalid valitud kombinisatsiooniga
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Lisa 6 — Taisliitja Karnaugh kaart

3-valentne Karnaugh kaart tiisliitjas olevale summale

Tabel 16. Tiisliitja summa Karnaugh kaart 3-nd siisteemis

X2
X1 -0+ | -]O0O|+]-]0]+
-l -]JOo0l+] O |+|-|+|-1]0
o(0|(+|-|+]|-]0]-]0]+
+ |+ -]01] -|O0|+|0|+]|-
Cin=- Cin=0 Cin=+
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Lisa 7 — Taisliitja iilekande Karnaugh kaart

3- valentne Karnaugh kaart téisliitjas olevale iilekandele

Tabel 17. Tiisliitja tilekande Karnaugh kaart 3-nd siisteemis

X2
X1 -1 0| +] - |[O0O|+|-]0]+
-!/-1-10| -1]-10}]-]01|0O0
0| -1-1- -10]0]0]0]|O0
+|-/0|0|0]0|0O]O0]|O0]+
Cin=- Cin=0 Cin=+
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