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Abstract

Taking advantage of advances in Nanotechnology, the quantum-dot cellular automata (QCA) has
overcome many limitations that complementary metal-oxide-semiconductor (CMOS) had been
confronted. Undesirable characteristics such as too many leakage currents limit the CMOS designs in
nano dimensions. The idea of designing multiple-valued logic (MVL) systems rather than standard
binary has gotten attractive to many designers. The application of MVL in the design of digital circuits
offers so many advantages over traditional methods. D flip-flop is a primary sequential circuit in any
register. In this paper, a novel quaternary D flip-flop based on introducing quaternary QCA (QQCA) is
presented. The structure of our quaternary model is clarified. Also, we have proposed a 4-qubits
register by utilizing the presented quaternary D flip-flop. Both circuits got simulated and evaluated by
QCASIm (quaternary edition). QCASIm can illustrate the simulation result in a truth table and a
waveform format. Our work got compared with other published works. The simulation results show
that our proposed circuit is efficient in terms of latency and energy consumption.
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Figure (1): QCA cell schematic, a) with polarization P = -1 (Binary '0"), b) with polarization P = 1 (Binary '1')

5L F Gl SIS LS ;o el IS YLK gz ol a5 sl pgas o QCA siiler 55, aix QCA o SIS
223 o iales |y QCA SIS sles (V) JK3 |yl (F 5 polay (YA, 100l5 (V¥ g () 15l o5, le a5 ol

@J|| [@J@J]| [OC®

/ O®|| |[O®l[O® @O\

& L=
Switch Hold Release Relax

[VF] QCA U5 sl +(Y) S
Figure (2): QCA clock phases [14]

(A%)



AY=AY N Sl /a0 5 Joz o leds [o0jum Sl /50 oo 10 dindigd sla o, 4 i

a4 o a3l ] el ool JUil i, 5o Sanlas jslice & ool Joilly s 555 s 5 VL oSS i
090 5L 50 .0 oo 7y ($9,8 S3 e 0y g g o 00 YU aas Jol 51 50 aiyle 51 ST ax 0 A (G a)
s LB 55 TS e |8 catiie Condg o oo okl QCA (sl Jslos 5 wigd oo 4zils 455 YU Jeaily slaos
§ Sy s0 095 9> Fomly 4 i BT 56 )0 Wi e oliT (Sl 4y lagyg iUl g wigd o0 09,51 by (ool 42 Lo
D] ais o e85 > ailslyl oy 2SI

CegS N (6,l0gSs bl sog S N Ol ,o 098 oo solitwl Sledlbl 6 lagSs sl gyl 51 a8 aiiwn ola,lad lacsls
b D O b L Lacls aS el Jglorie .cadFO s G 4 5Ls ol CnsS yo sl o)ls |y Sledlbl
oo (5 lwannds g oloiinn (6 ke lem LS soleiing 5 ke lem D oMb s 5l oslanal b alie ol yo [V0] et o
Ghin oo Jgam il ould g 00 Bdod Aoy pod LiSu jo Sl 0l dllas ol ool ol
Jos g it 55 Sl 00 (55l jlaz DS e 50 0 plmil iy SIS 4y (sloylal g 0ok 0051 (e e
slo s ay plassl o ez iy 355 e ol o ogaie lotsed 33l olyen 4 soleiing 5l ez QCA
5o adlie ol (6 Sa e el 0ol 00 )5l paiin Oladllas b avglae g (giludncd zols poxy (i )0 04l solpiiny
ol 00 03 5 (i) 31 s

oo =Y

2 (29990 S 90 Jolaa |) CansS 5o lg5 oo s Gialei 1, (0, 1, 2, 3) (35 )z Wl oo (CnsS) 55k, of, 0
saly; g9, 29990 Ghie Ollas ailear 5k bz Bhio Slles &jso ol ;0.(00, 01, 10, 11) 0,5 jgai oo LS
ol oas ools ioles (V) Jeaz jo o83 )k shin 4l Sldes 5l 5 5 covo Joox IR¥d 39 dlg> o 90

Table (1): The truth table of quaternary operators
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Figure (3): Four possible states of QQCA cells
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Figure (5): Structure of a wire, SQI and majority gate from left to right respectively
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Table (2): Simulation results of proposed designs
GOl Sz b (g lwdnds G (V) Jgum

by 1543 Jphas oloss | (Sels JSer) o6 | (UMY) Il coluno | igp | (€7 J) (b e (5551

D o oold fY \IYO ofev-9 VY YV A/OY
Sl CnsS ¥ YVY YYD YA sy OYO/+ )
(PIPO)

S S dos (b5, -0

olasi g b« Jhil ol (5005 115 )0 a5 Cowl ool iy o5 4y 3o plidy caslis QCA sla o oIS oL, Gl )y
D] ams oo Giales ) asls ol (7) sabal, el ons ool slo Jgbos

Cost = Area x Delay x Complexity )
Corls (39,5 dwlne 51 JBil Colus (Jgaz ol 5o sl ol (V) Jgaz ,0 soloin slolae sl (o5l mls
&5 S gz Jeol 5l (e (65, etz 0,50 1 50 ) Hlae la sl seled a5 e ooty Lt
6550 o Sestiwly S 65,51 S 5 (Lo sl (oolws gl m (5 ls Sslialy iUl (65,5 Ao Sesbaly sl
Ly ol ol oas ools (yLas () gabaly 1o a5 1T oo Cawsds (glme sla ok Crmle (o2 )15 Sesliwly 2SI

Total Energy Consumption = (Eintemai x Cell Number) + Eexternal D)
639 &) 3 el 0085 (b (5 lez ez QCA (5,108 L L 5 b ol 515 i atiS Jyl i 5 5 jsbogles
D) awslie (ol aseis cwl a8 5 )18 avolie 9,50 CMOS (55108 10 Bains S0 sl L solpin sloloe
P s 5 BT 50 sl oads 0051 (1) Jgaz 50 (Ollib S0 ez sler sloedl 8 D L soloiiy oM (oo

(A%)



(Sowg® Sgrme — (P9 floo L) —eng Lo e [ OGS S (Byne

Ol |y anglio ol 4t () Jgozr 5 0 anlio QCA (551008 )0 (229995 Gloodl s b oolerin 53l lex
25l 5 (6 amler i) 385 Sialei 1y ilate 55 e g se (s9letny 3wl o ool 55 L ms e
3 e S50 bl sl s el 09990 OB odd g0 4y 5o dhaie bl slass cpl ols lis (gl a5 clsls s

255 ply g0 Plas (o999 > 0) JLil coluwe g a8 (IS4 slo Jolo slows a5 coul L5 (b3 oyl

Table (3): Quaternary D flip-flops comparison results
G4zl LM uld D dunlio g b5 1(Y) Jgu

Q) Brae G551 | () 30 | colu gysled
[vfl] ba/fe-1o </166€-4 | +/YAum CMOS \/AV
[vol baNre-Vo </fye-4 | «/Youm CMOS YoV
[vs] da/ve-1o -/fye-4 | «/Youm CMOS Y/YV
[yv] yYy/ave-\o Fhe-\Y «/YAum CMOS \/AV
[vAl \Ye-\o YYOE-\Y | +/YAum CMOS \/AV
[val YIVAE-\O oAE-\Y 4+-nm CMOS \/YV
[val AFATAISERTA b-e-\Y 4+-nm CMOS \/YV

wolgins )b </ve-\y Y/de-\Y solgiin QQCA

Table (4): QCA D flip-flops comparison results
QCA M s D dns Lo g i :(F) Jour

ady W Jokw oluwi | (Celw JSouw) 3l | (UmY) Jil Coliumo | aujn

(25091 V] fr VIO o/ ¥ YIOA
(2999)VA] vy ) oo VA
(29391l YA ) oY -IN®
(2999[Y-] 8§ ) ofeY A7)
(2509 TV] e ) ofY IFA
(2509)/[YY] 14 ) ofY YA
(as09)YY] YA \ o/ AV

(6 k2 k) soleiin )b fr VYO oeY VY

S S A —F

) Jloms g 5 i (S oz Wl o0 a5 Sl ooyl 5 (SG i35 ) i jged Jlezms Spie (b
39 Laglall g 257 a5 B3 ol ol Syl s 5 5 5t 5 5] i sl n ilS
Mo 5| ()l 3B aS el 550 lacs 5108 5l (S (ol (Jsbe SUlagil 555108 s alidl> L
5l Ll o 5l obol 0,5 3yxe QCA (gl 255, Lz oo calio gl 45 el j2agil slad ;o CMOS L
D O s s 008,55 (QCASIM) QQCA _pgasvo 3l 5 (65Lmannss ag, o 00l madgs oSl
i g (ilavand S w0 S iluand 5 (b sl (Byxe Joo jloslitul LPIPO old congs 4 5 55k )z
@l S )l (psase aladsaz ;5 (25999 QCA 3 CMOS (55108 L (Bans Koo sla)ls' b goloiiey 5

29 85 n S R0 slag b b anlie j0 oleiinn ik o5 05 o] 5l Sl (g5loas

References

&=l
[1] S.M.A. Zanjani, M. Parvizi, "Design and simulation of a bulk driven operational trans-conductance

amplifier based on CNTFET technology”, Journal of Intelligent Procedures in Electrical Technology, vol.
12, no. 45, pp. 65-76, June 2021 (in Persian) (dor: 20.1001.1.23223871.1400.12.1.5.1).

@)



AY=AY N Sl /a0 5 Joz o leds [o0jum Sl /50 oo 10 dindigd sla o, 4 i

[2] A. Baghi-Rahin, V. Baghi-Rahin, "A new 2-input CNTFET-based XOR cell with ultra-low leakage power
for low-voltage and low-power full adders", Journal of Intelligent Procedures in Electrical Technology, vol.
10, no. 37, pp. 13-22, 2019 (in Persian).

[3] F.Peng, Y. Zhang, R. Kuang, G. Xie, "Spars: a full flow quantum-dot cellular automata circuit design tool",
IEEE Trans. on Circuits and Systems Il: Express Briefs, vol. 68, no. 4, pp. 1233-1237, April 2021 (doi:
10.1109/TCSI1.2020.3039532).

[4] E. Blair, "Electric-field inputs for molecular quantum-dot cellular automata circuits”, IEEE Trans. on
Nanotechnology, vol. 18, pp. 453-460, April 2019 (doi: 10.1109/TNANO.2019.2910823).

[5] V. Levashenko, I. Lukyanchuk, E. Zaitseva, M. Kvassay, J. Rabcan, P. Rusnak, "Development of
programmable logic array for multiple-valued logic functions", IEEE Trans. on Computer-Aided Design of
Integrated Circuits and Systems, vol. 39, no. 12, pp. 4854-4866, Dec. 2020 (doi: 10.1109/TCAD.2020.2966-
676).

[6] A. Norouzi Doshanlou, M. Haghparast, M. Hosseinzadeh, M. Reshadi, "Efficient design of quaternary
quantum comparator with only a single ancillary input”, IET Circuits, Devices and Systems, vol. 14, no. 1,
pp. 80-87, Jan. 2020 (doi: 10.1049/iet-cds.2019.0098).

[7] F. Sharifi, A. Panahi, H. Sharifi, K. Navi, N. Bagherzadeh, H. Thapliyal, "Design of quaternary 4-2 and 5-2
compressors for nanotechnology”, Journal of Computers and Electrical Engineering, vol. 56, pp. 64-74.
Nov. 2016 (doi: 10.1016/j.compeleceng.2016.11.006).

[8] E. Abiri, A. Darabi, S. Salem, "Design of multiple-valued logic gates using gate-diffusion input for image
processing applications”, Computers and Electrical Engineering, vol. 69, pp. 142-157, July 2018 (doi:
10.1016/j.compeleceng.2018.05.019).

[9]1 A. Navidi, R. Sabbaghi-Nadooshan, M. Dousti, "TQCAsim: an accurate design and essential simulation tool
for ternary logic quantum-dot cellular automata”, Scientia Iranica, in Press, 2021 (doi: 10.24200/SCI.202-
1.53471.3256).

[10]S.M. Mohaghegh, R. Sabbaghi-Nadooshan, M. Mohammadi, "Designing ternary quantum-dot cellular
automata logic circuits based upon an alternative model”, Computers and Electrical Engineering, vol. 71, pp.
43-59, Oct. 2018 (doi: 10.1016/j.compeleceng.2018.07.001).

[11]SM. Mohaghegh, R. Sabbaghi-Nadooshan, M. Mohammadi, "Design of a ternary QCA multiplier and
multiplexer: a model-based approach”, Analog Integrated Circuits and Signal Processing, vol. 101, pp. 23—
29, May 2019 (doi: 10.1007/s10470-019-01465-3).

[12] SM. Mohaghegh, R. Sabbaghi-Nadooshan, M. Mohammadi, "Innovative model for ternary QCA gates", IET
Circuits, Devices & Systems, vol. 12, no. 2, pp. 189-195, Mar. 2018 (doi: 10.1049/iet-cds.2017.0276).

[13] T.F. Cesar, L.F.M. Vieira, M.A.M. Vieira, O.P. Vilela Neto, "Cellular automata-based byte error correction
in QCA", Nano Communication Networks, vol. 23, Article Number: 100278, Feb. 2020 (doi: 10.1016/j.n-
ancom.2019.100278).

[14]V. Vankamamidi, M. Ottavi, F. Lombardi, "Clocking and cell placement for QCA", Proceeding of the
IEEE/NANO, pp. 343-346, OH, USA, July 2006 (doi: 10.1109/NANO.2006.247647).

[15] M. Morris Mano, M. D. Ciletti, "Digital Design", 61" Edition, Pearson, 2018.

[16]1. Jahangir, A. Das, M. Hasan, "Design of novel quaternary encoders and decoders", Proceeding of the
IEEE/ICIEV, pp. 1021-1026, Dhaka, May 2012 (doi: 10.1109/ICIEV.2012.6317530).

[17]M. A. Dehkordi, M. Sadeghi, "A new approach to design D-ff in QCA technology", Proceedings of the
IEEE/ICCSNT, pp. 2245-2248, Changchun, China, Dec. 2012 (doi: 10.1109/ICCSNT.2012.6526365).

[18] T. N. Sasamal, A. K. Singh, U. Ghanekar, "Design and implementation of QCA D-flip-flops and RAM cell
using majority gates", Journal of Circuits, Systems and Computers, vol. 28, no. 05, May 2019 (doi: 10.11-
42/S0218126619500798).

[19]H. Alamdar, G. Ardeshir, M. Gholami, "Phase-frequency detector in QCA nanotechnology using novel flip-
flop with reset terminal”, International Nano Letters, vol. 10, pp. 111-118, June 2020 (doi: 10.1007/s40089-
020-00300-2).

[20]S. Senthilnathan, S. Kumaravel, "Power-efficient implementation of pseudo-random number generator using
quantum dot cellular automata-based D flip flop”, Computers and Electrical Engineering, vol. 85, Article
Number: 106658, July 2020 (doi: 10.1016/j.compeleceng.2020.106658).

[21]J.C. Jeon, "Low-complexity QCA universal shift register design using multiplexer and D flip-flop based on
electronic correlations”, The Journal of Supercomputing, vol. 76, pp. 6438-6452, Aug. 2020 (doi: 10.100-
7/s11227-019-02962-y).

[22]M. G. Roshan, M. Gholami, "Novel D Latches and D flip-flops with set and reset ability in QCA
nanotechnology using minimum cells and area"”, International Journal of Theoretical Physics, vol. 57, pp.
3223-3241, Oct. 2018 (doi: 10.1007/s10773-018-3840-1).

@Y



(Sowg® Sgrme — (P9 floo L) —eng Lo e [ OGS S (Byne

[23]Z. Song, G. Xie, X. Cheng, L. Wang, Y. Zhang, "An ultra-low cost multilayer RAM in quantum-dot cellular
automata”, IEEE Trans. on Circuits and Systems Il: Express Briefs, vol. 67, no. 12, pp. 3397-3401, Dec.
2020 (doi: 10.1109/TCS11.2020.2988046).

[24]W. Haixia, Z. Shunan, S. Zhentao, Q. Xiaonan, C. Yueyang, "Design of low-power quaternary flip-flop
based on dynamic source-coupled logic", Proceedings of the IEEE/ICECC, pp. 826-828, Ningbo, China,
Sep. 2011 (doi: 10.1109/ICECC.2011.6066389).

[25]S. Shim, S. Park, S. Hong, "Design of Q-IDEN D flip-flop using RS latch”, International Journal of
Computer Sceince and Network Security, vol. 6, no. 9A, Sept. 2006.

[26] G.S. Na, Y.H. Choi, "Quaternary D flip-flop with advanced performance", The Institute of Electronics and
Information Engineers, vol. 44, no. 2, pp. 14-20, 2007.

[271H. Wu, Y. Bai, X. Li, Y. Wang, "Design of high-speed quaternary D flip-flop based on multiple-valued
current-mode", Journal of Physics: Conference Series, vol. 1626, June 2020.

[28] A. Mochizuki, T. Kitamura, H. Shirahama, T. Hanyu, "Design of a microprocessor datapath using four-
valued differential-pair circuits”, Proceedings of the IEEE/ISMVL, pp. 14-14, Singapore, May 2006 (doi:
10.1109/ISMVL.2006.18).

[29]1H. Shirahama, T. Hanyu, "Design of high-performance quaternary adders based on output-generator
sharing”, Proceedings of the IEEE/ISMV, pp. 8-13, Dallas, USA, May 2008 (doi: 10.1109/ISMVL.2-
008.11).

[30] A. Navidi, R. Sabbaghi-Nadooshan, M. Dousti, "A creative concept for designing and simulating quaternary
logic gates in quantum-dot cellular automata”, Frontiers of Information Technology and Electronic
Engineering, in Press, 2021 (doi: 10.1631/FITEE.2000590).

[31] K. Walus, T. J. Dysart, G. A. Jullien, R. A. Budiman, "QCADesigner: a rapid design and simulation tool for
quantum-dot cellular automata”, IEEE Trans. on Nanotechnology, vol. 3, no. 1, pp. 26-31, Mar. 2004 (doi:
10.1109/TNANO.2003.820815).

[32] https://qcasim.com, https://bit.ly/3nFqdTj, 2020.

[33]P. Pain, A. Sadhu, K. Das, M. R. Kanjilal, "Physical proof and simulation of ternary logic gate in ternary
quantum dot cellular automata”, Computational Advancement in Communication Circuits and Systems,
Lecture Notes in Electrical Engineering, vol. 575, pp. 375-385, 2020 (doi: 10.1007/978-981-13-8687-9_34).

[34]B. K. Bhoi, N. K. Misra, I. Dash, A. Patra, "A redundant adder architecture in ternary quantum-dot cellular
automata”, Smart Intelligent Computing and Applications, vol. 159, pp. 375-384, 2020 (doi: 10.1007/978-
981-13-9282-5_35).

[35]S. Srivastava, S. Sarkar, S. Bhanja, "Estimation of upper bound of power dissipation in QCA circuits", IEEE
Trans. on Nanotechnology, vol. 8, no. 1, pp. 116-127, Jan. 2009 (doi: 10.1109/TNANO.2008.2005408).

Lo gy )

1. Metal-oxide-semiconductor field-effect transistor
2. Complementary metal-oxide-semiconductor
3. Quantum-dot cellular automata

4. Qubit

5. Quaternary

6. Binary

7. Switch

8. Hold

9. Release

10. Relax

yRegister

yFlip-Flop

vSequential logic circuit

yQuaternary quantum-dot cellular automata
15. Binary quantum-dot cellular automata
16. Ternary quantum-dot cellular automata
17. Ternary

18. Standard quaternary inverter

19. Majority gate

20. Layout

21. Parallel input parallel output

Aav)


https://qcasim.com/
https://bit.ly/3nFqdTj

