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Design of quaternary quantum reversible half-adder,
full-adder and parallel adder circuits

TANG Qimei
( Network and Information Management Office, Anhui Medical University, Hefei 230032, China )

Abstract: Multiple valued quantum logic has more advantages than binary quantum logic and is a
promising research area in quantum computing technology. Adder circuits, as well as subtractor circuits,
are the major components of various computational units in computers and other complex computational
systems. A quaternary quantum reversible half-adder circuit is put forward, which consists of quaternary
1-qudit gates, 2-qudit Feynman gates and Muthukrishnan-Stroud gates, as well as a quaternary quantum
reversible full adder and a quaternary quantum parallel adder circuit. The proposed designs are compared
with the existing designs and the improvements on the performance of the proposed circuits are reported.
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Fig. 1  Symbolic representation of quaternary 1-qudit gate
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Table 1 Truth table of quaternion 1-qudit gate

£1 M 1-qudit| JEEE

A Z(+0)=A Z(+1)=A+1 Z(+2)=A+2 Z(+3)=A+3 Z(123)=2A Z(013)=2A+1
0 0 1 2 3 0 1

1 1 0 3 2 2 3

2 2 3 0 1 3 2

3 3 2 1 0 1 0

A Z(021)=2A+2 Z(032)=2A+3 Z(132)=3A Z(012)=3A+1 Z(023)=3A+2 Z(031)=3A+3
0 2 3 0 1 2 3

1 0 1 3 2 1 0

2 1 0 1 0 3 2

3 3 2 2 3 0 1

A Z(23)=A? Z(01)= A1 Z(0213)= A%2  Z(0312)= A3 Z(12)=2A° Z(0132)=2A%+1
0 0 1 2 3 0 1

1 1 0 3 2 2 3

2 3 2 1 0 1 0

3 2 3 0 1 3 2

A Z0231)=2A+2 Z(03)=2A%+3 Z(13)=3A° Z(0123)=3A%+1 Z(02)=3A%2 Z(0321)=3A%+3
0 2 3 0 1 2 3

1 0 1 3 2 1 0

2 3 2 2 3 0 1

3 1 0 1 0 3 2

FEATIHA MR B R, HTIRERANE S RPN 1-qudit [T x My FEGOR T 2B x A E
SAE y B VR, Wy RO x T T DU TR T, Z(+D)y Z(+2)s Z+3)s Z(23). Z(01). Z(12)-
Z(03) Z(13)F12(02) & H %I .
1.3 7T 2-qudit Muthukrishnan - Stroud | ]
Muthukrishnan F1 Stroud™ # ) T — £ %1 2-qudit | ], PUJT 2-qudit Muthukrishnan-Stroud (M-S) [ TR 5%
AR 2, Hor A REBHIIN, BRZEHN, it P= A, RN A =3, Wi Q% T BH Z748 .

A —

B

VA

—— P

0

2 WUJE2-qudit M-S [ 1555 %R

Fig. 2 Symbolic representation of quaternary 2-qudit M-S gate

1.4 P97 2-qudit Feynman|]

Khan" $2 tH P4 7€ 2-qudit Feynman '], 8] 3(a) 255 EK R, AT BRI, fith P= A, il Q= ADB.
{8 FH VU 7G 2-qudit M-S [ 1A 1-qudit [ 553 Feynman [], W1 3(b) Fiiw, 2% A = OB, BT A 1) 1-qudit | THEAS
3, WA BHAT R i AN A = 1, A58 — A 1-qudit 14452 3, IF B BRI +1 284 i ifim A
A=2, WE A1 qudit 14093, IR +2 484 HimA A = 31, 26 =4 1-qudit [ TREON 3, FERIA] +3 38 #k.
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Fig. 3 Quaternary quantum Feynman gate. (a) Symbolic representation of quaternary 2-qudit Feynman gate;

(b) Design of quaternary 2-qudit Feynman gate
2 DYoo Rl Nk as g st
2.1 Mg nas e gt

SN AS HLER R — BT AN BOR N AL S8 5 A g . DU T in A% RS P DU B B v N, AN
PAAEMEL AR . DU IE SR I FMER L 4 o, b AL B VIR, C. S N A& .

2 MTEmBEES
Table 2 Truth table of quaternary half adder

AB cS
00 00
01 01
02 02
03 03
10 01
11 02
12 03
13 10
20 02
21 03
22 10
23 11
30 03
31 10
32 11
33 12
R 2, X T
C=A'B+AB+AB+4A'B'+A'B+ 4B’ )

PR (7N M N AL, SRRz EE DD 1 0 T HR I L&, 2L H 15 9 0.
A0SR TR IE DU TNV A% R R A 3R, K EAE R DU AR o), AR SE — &2, X T T I
HE, N A=0, fH s
C0=0. 3)
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AT R, AT REHAN . AT 24U 1-qudit [T 5 A PY I8 2-qudit M-S 171, PRI #6431 B 1 AR
W7, BEPF SN 26 + Syo gt 2 A 2 Lot A0 50 30 03 DU G E G 4 Hh B AR5 2 4(b) s

A |+2 : |+2| | A 4 <
| |
: I B B
|
|
| |
0 Cl1

(@) (W]
B4 42D T nas e g Arm 28— 370 . (@) JECLf s (b) BEAZ 4 S A 5 R
Fig. 4  The first part of quaternary carry output of the proposed half adder circuit.

(a) Realization of the quaternary carry output; (b) Symbolic representation of the quaternary carry output
FESE =FR oy, N A = 2, i\ B =280 B = 31, %y th itz
C2=AB+AB*=4*(B*+B*), ®)
I C2 =1, 0 T HARA AN LGN C2 = 00 %5 BB AN 5@) Fras. TR SN 0 B 2e 0 AN 1T 0 e e
IR BRI T T 44PU5E 1-qudit [ TR 7 DY I 2-qudit M-S 7, PH X 3645 (1 & 74040 M 11,
WA R de + Tyo FITHE IR DY I6 - vk 25 6 13 350 40 DU 6 b 4 HH I A5 G L 5 (b)) BT

(@) (b)
BI5 42D TN 2% s g ar i 2 0. (@) EALE L (b) FEAZ R LS R SRR
Fig. 5 The second part of quaternary carry output of the proposed half adder circuit. (a) Realization of the quaternary carry output;

(b) Symbolic representation of the quaternary carry output
FESNUE S, N A =3, M5 B= 1,2, 31, fith st
C3=A'B'+A'B+A'B=4(B'+B*+B*), (6)
A C3=1; HA=3, B=0/], C3=0, Z%M/r AR 6(a) FiR. HEAITHEF BN TR S A LN
HI AT, - RSN R T 44 PY7C 1-qudit [']A19 AN PY I 2-qudit M-S 7], PRI & 73 ) B 5404 2
13, B R IR LS 4e + Oy Pt DU TC-nidk ds v O3 88 20 DU e A5 At RO ARF5 40 ) 6(b) Tz
Fir 32t DU G 24 i 2 v th B 7T 2R
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Fig. 6  The third part of quaternary carry output of the proposed half adder circuit. (a) Realization of the quaternary carry output;

(b) Symbolic representation of the quaternary carry output
e BT B2 HH 1D PRI R I AS 80 24 8 FRL I b AL Y R, 0 LT B, A T 10 S PY G 1-qudit AT 18 AN PY T
M-S [, B, % B (0 8 B AR 2 280 MBI AB A 13, S AL i i0) +1 AR He S 55 AT, BN N 0
&, HRWAS +1 484, Kb, 25 AB v 22 8023 I, AN FH P a] ) +1 84624 AB 931, 32 8033 I, AN H
AT +1 e . NERE, AN A VO, AR AR, i A2 0.
A — (1) —( 2 —()— 4

0 C

P17 4 e 8 e A 4 B
Fig. 7 Symbolic representation of carry output of the proposed half adder circuit

URAh, RIEL 2, N A = O, FTHH A2 T8N B [FIFE, MBI\ A= 1, S AEST B+ 1. W

REINA=2. 3, M A 0% T B+2. B+3, K[ &RA
S(A4,B) =A®B. ®)

{81 FH VY JC Feyman ] R A4 3% DY 0~ I3 2% LK (00 % HH R0, T 68 HH DU 6 w308 >4 o 2% v 2 10 i 3 4 141 8 Joir
o Hbrfr 2 S (Sum)Al C (Carry). WHRHEIN AR BT 13, 22, 23, 31, 328033, WAL CH 1, 75 %
HCHNO0. FEZHEFET T 134 1-qudit [ TH124 4~ M-S [, R EAE 2 242N 136 + 24y, & N 37,
T4 H DY 6 T 3 I 28 1 75 an ] 8 FR .

8 RHIVITTE N

Fig. 8 Proposed quaternary quantum half adder
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VU 7GR 4 0% L = B 3N DU I 1-qudit RBR IR A & Lt o i H D s mp ol 4 2 R A 51 9 B R, G
T 2N DU e TS f K, B AR ITE D BIRR TRTE IS JEEmas, Bl SRR
S(A4,B,C)=A®BaC |, (9)
C(4,B,C)=C(4,B) +C((4@®B),C), (10)

HFrd N2 A, B C H¥pf & S(Sum) M C,(Carry). {8 T 26 /> 1 qudit [ ] A1 48 > Muthukrishnan-
Stroud ['To DA, AR5 R 5N 262 + 48y, TN A 74,

—_—_——— e e e —_—

|
A | A

|

!

|
B ADB
C S
0 Cou

e =V = (I, I

Ko $RMHI TR T 4N

Fig.9 Proposed quaternary quantum full adder
2.3 USRI HATINA RS F BRI I
N-qudit P4 70 AT Ik 48 B B 2 7= A2 NAS DYk i oz A 2H & FL g o g2 Hh DU 76 2-qudit A3 947 hnvk
ax B AN 10 B, FAEA 1 2P o aldi 4 n & s, Al 2 il Ros N
S(A40,B0,C0) = A0®BODCO, (11)
S(A41,B1,C1) =41©B1&C1 , (12)

3

A 0 0.0. A 0

10 $2 DU TT i 7 IR AT A o

Fig. 10  Proposed quaternary quantum parallel adder
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C(40, B0, C0)= C(A0, BO)+ C(( A0®B0), C0), (13)
C(A1,B1,Cl)=C(A1,Bl)+ C((A1®B1),Cl), (14)

A 7 524> 1-qudit [ T#196 /> Muthukrishnan-Stroud [ . Kl ith, 1% FLE& R 52 2% 5 O 526 + 96y, & AT
148

3 SR
163~6 4 T tH TN 7Y 6 T L AR TR AT A BN L B e R TR0 T 1

B4k
%3 [T AT AN AR P B A B AR PR

Table 3 Comparison of hardware complexity of different quaternion reversible adders

Hardware complexity Half adder Full adder Parallel adder
Existing in [39] 24 + 90y 64 + 240y 144¢ + 540y
Proposed design 13¢ + 24y 26¢ + 48y 52¢ + 96y

4 AEIT TR AR B IEE M EEEL

Table 4 Comparison of constant input of different quaternion reversible adder circuits

Constant input Half adder Full adder Parallel adder
Existing in [39] 3 6 13
Existing in [40] 4 5 -
Proposed design 2 2 4

S5 AN[EITHTTR] A0 A AR EE BE B SR A EE B

Table 5 Comparison of garbage output of different quaternion reversible adder circuits

Garbage output Half adder Full adder Parallel adder
Existing in [39] 3 7 14
Existing in [40] 4 6 -
Proposed design 2 3 5

6 AEIMTAIEMARERETF ML

Table 6 Comparison of quantum costs of different quaternion reversible adder circuits

Quantum cost Half adder Full adder Parallel adder
Existing in [39] 114 304 684
Existing in [40] 46 128 -
Proposed design 37 74 148

538K (39, 401 F AT cTHAR EL, PR HE DU ST ) 3 Nk A F g B A R AR . BN RORE A R R
AR /D F) 1 g AN ATz R Y DRI, 8 £ i /N A A8 RT3 T2 0 B o £ I P SE AT 28, AT FU i £t i #s
LR R PERESE A -
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