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Abstract—Nanotechnologies, including molecular quantum dot
cellular automata (QCA), are susceptible to high error rates. In
this paper, we present the design of concurrently testable latches
(D latch, T latch, JK latch, and SR latch), which are based on
reversible conservative logic for molecular QCA. Conservative re-
versible circuits are a specific type of reversible circuits, in which
there would be an equal number of 1’s in the outputs as there
would be on the inputs, in addition to one-to-one mapping. Thus,
conservative logic is parity-preserving, i.e., the parity of the input
vectors is equal to that of the output vectors. We analyzed the fault
patterns in the conservative reversible Fredkin gate due to a single
missing/additional cell defect in molecular QCA. We found that if
there is a fault in the molecular QCA implementation of Fredkin
gate, there is a parity mismatch between the inputs and the out-
puts, otherwise the inputs parity is the same as outputs parity. Any
permanent or transient fault in molecular QCA can be concur-
rently detected if implemented with the conservative Fredkin gate.
The design of QCA layouts and the verification of the latch designs
using the QCADesigner and the HDLQ tool are presented.

Index Terms—Concurrent testing, conservative reversible logic,
sequential circuits.

I. INTRODUCTION

Q
UANTUM dot cellular automata (QCA) is one of the

emerging nanotechnologies that exhibit a small feature

size, high clock frequency, and ultra low-power consumption

[1], [2]. QCA provides an alternative way of computation, in

which the logic states (“0” and “1”) are defined by the positions

of the electrons. Due to the significant error rates in nanoscale

manufacturing and nanotechnologies, including the QCA, there

is a critical need to maintain extremely low device error rates

[3]. In the manufacturing of QCA, defects can occur in the

synthesis and deposition phases. However, defects are more

likely to take place during the deposition phase [4].QCA devices

are also prone to transient faults caused by thermodynamic

effects, radiation, and other effects, as the energy difference

between the ground and the excited state is small [13].

To the best of our knowledge, the concurrent testing of

faults in QCA and QCA-based sequential circuits has not been

addressed in the literature. In this paper, we propose novel

designs for concurrently testable latches for molecular QCA

using conservative reversible logic. Reversible computation in

a system can be performed only when the system comprises
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reversible gates. Reversible circuits do not lose information, and

can generate unique output vector from each input vector and

vice versa (i.e., there is a one-to-one mapping between the input

and the output vectors). Landauer has shown that for irreversible

logic computations, each bit of information lost generates

kT ln 2 joules of heat energy, where k is Boltzmann’s constant

and T the absolute temperature at which the computation is

performed [7]. Bennett showed that kT ln 2 energy dissipation

would not occur if a computation is carried out in a reversible

way [8]. The testing properties of reversible logic are utilized in

a 1-D array of molecular QCA in [3], which is considered to be

the earliest effort toward applying reversible logic in molecular

QCA.

In this paper, we propose a class of novel designs for the

implementation of concurrently testable sequential circuits for

molecular QCA based on a special type of reversible logic called

conservative reversible logic. In conservative reversible logic,

in addition to one- to-one mapping, there would be an equal

number of 1’s in the outputs as there would be on the inputs.

We performed the fault pattern study of conservative reversible

Fredkin gate due to the single missing cell defect or the addi-

tional cell defect in QCA. We found that when there is a per-

manent fault due to the aforementioned defects, there is a parity

mismatch between the inputs and the outputs of the Fredkin

gate. Due to the parity-preserving property, any permanent or

transient fault in molecular QCA that leads to parity mismatch

can be concurrently detected. It is stated in [11], that multiple

defects are difficult to detect; however, single fault detection can

be effectively accomplished. Like in most of the existing works

reported in the literature, our work is also based on single miss-

ing/additional cell defect model.Wepresent several new designs

for concurrently testable latches (D latch, T latch, JK latch, and

SR latch) that are based on the reversible conservative Fredkin

gate, and are applicable in molecular QCA. It is to be noted

that in existing literature, the design of conventional irreversible

latches for molecular QCA have been proposed [17], [19]; how-

ever, these designs are not concurrently testable. Thus, the main

contribution of this paper is a class of concurrently testable

latches for use in the design of concurrently testable complex

sequential circuits in molecular QCA.

This paper is organized as follows. Section II presents the

conservative reversible logic Fredkin gate, the basic QCA de-

vices, and the QCA design of Fredkin conservative logic gate.

Section III presents the discussions on QCA defects, related

work, and concurrent testing. Section IV presents concurrently

testable reversible latches. Section V describes the simulation

conditions used to verify the designs along with simulation re-

sults, and the QCA layout of the proposed designs. Some con-

clusions are provided in Section VI.

1536-125X/$26.00 © 2009 IEEE
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Fig. 1. Fredkin gate.

TABLE I
TRUTH TABLE OF FREDKIN GATE

II. CONSERVATIVE REVERSIBLE FREDKIN GATE

The designs presented in this paper are based on conservative

reversible (three inputs: three outputs) Fredkin gate shown in

Fig. 1 [9]. Fredkin gate can be described as mapping (A,B,

and C) to (P = A,Q = A′B + AC, and R = AB + A′C),

where A,B, and C are the inputs, and P,Q, and R are the

outputs, respectively. Table I shows the truth table of Fredkin

Gate, and it can be seen that Fredkin gate produces the same

number of 1’s in the outputs as on the inputs, in addition to

the one-to-one mapping feature of reversibility. Moreover, it is

parity-preserving: its input parity is equal to the output parity.

Before showing the QCA design of Fredkin gate, we present the

QCA cell and the basic QCA logic devices: the majority voter

(MV), the inverter (INV), binary wire, and the INV chain. Fig. 2

shows the QCA cell and the basic QCA devices.

The proposed designs are based on the Landauer four-phase

clocking scheme, which is common in most QCA designs. A

simple and elegant tutorial on QCA can be found in [5]. The

QCA design of Fredkin gate is shown in Fig. 3 that uses the four-

phase clocking scheme in which the clocking zone is shown by

the number next toD (D0 means clock 0 zone, D1 means clock

1 zone, etc.).

III. BACKGROUND AND RELATEDWORK

In the manufacturing of QCA, defects can occur during the

synthesis and the deposition phase, more likely during the de-

position phase [4]. Researchers assume that QCA cells have

no manufacturing defects, and in metal, QCA faults occur due

to cell misplacement. These defects can be characterized as

cell displacement, cell misalignment, and cell omission [10].

Researchers have shown that molecular QCA cells are more

susceptible to missing and additional QCA cell defects [11].

The additional cell defect is because of the deposition of an

additional cell on the substrate, and the missing cell defect is

due to the missing of a particular cell.

Fig. 2. Basic QCA devices. (a) QCA cell. (b) MV. (c) INV. (d) Binary wire.
(e) INV chain.

Fig. 3. Fredkin gate QCA design (D0–D3 represent clock zones 0–3).

A. Related Work

The testing of QCA was addressed for the first time in a

seminal work reported in [4], where the defect characterization

of QCA devices was investigated, and it was shown how the

testing of QCA was different from conventional CMOS. The

modeling of QCA defects at molecular level was done for com-

binational circuits in [11]. Fault characterization was done for

single missing/additional cell defect on different QCA devices

such as MV, INV, fan-out, crosswire, andL-shape wire. The test

generation framework for QCA was presented in [10]. It was

shown that additional test vectors can be generated for detecting

QCA defects that remain undetected by the stuck-at fault model.

Bridging fault on QCA wires was also addressed.
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Fig. 4. QCA layout of Fredkin gate.

Reversible logic was proposed in [3] as a means to detect

single missing/additional cell defects. It was shown that re-

versible 1-D array is C-testable. Fault-tolerant QCA designs

were presented in [6] using triple-modular redundancy with

shifted operands. The strategy considers the wire delay and the

faults in the wires in QCA. The defect characterization and tol-

erance of the QCA SR latch, and the sequential circuit based on

it were presented in [17] and [19]. The robust coplanar crossing

in QCA was addressed in [22], and it was also proved that wires

having rotated cells are thermally more stable. The exhaustive

testing of single stuck-at faults (SSFs) in combinational logic

is presented in [18]. There has been also numerous seminal

works on the testing of reversible logic circuits such as those

presented in [20] and [25], but they have not targeted fault

testing of molecular QCA technology. Moreover, reversible se-

quential circuits are also discussed in existing literature such as

[14]–[16], but none of these circuits are designed for molecu-

lar QCA and with concurrent testing in consideration. We have

proposed two vector-testable reversible latches for molecular

QCA in [21]. The work in [21] is based on stuck-at fault model

and does not target concurrent testing of faults due to single

missing/additional cell defects.

B. Concurrent Testing of Molecular QCA

The proposed QCA layout of the Fredkin gate is shown in

Fig. 4. The Fredkin gate QCA layout is modeled to include

the presence of all possible single missing/additional cell de-

fects in MV, INV, fan-out, crosswire, and L-shape wire [11].

The modeling is done using HDLQ [12], a design tool that pro-

vides the Verilog hardware description language (HDL) library

of QCA devices, i.e., MV, INV, fan-out, crosswire, and L-shape

wire with fault injection capability. The design was simulated

in Verilog HDL simulator in the presence of faults to deter-

mine the corresponding outputs. The exhaustive testing of the

Fredkin gate with eight input patterns and all possible single

missing/additional cell defects was performed using the Active

HDL simulator. The exhaustive testing generated 20 unique fault

patterns at the outputs, as shown in Table II. In the fault patterns

study in Table II, ai is the 3-bit pattern having an equivalent

decimal value of i, for example, a0 represents 000 (decimal 0)

and a7 represents 111(decimal 7).

A careful observation of each fault pattern indicates that in

the occurrence of a fault, there is parity mismatch between the

outputs and the inputs of the Fredkin gate (i.e., parity of the

input vector is not equal to the output vector). This led us to

conclude that Fredkin gate can concurrently detect a permanent

fault by matching the parity. Since Fredkin gate is logically

parity-preserving, it can also detect the transient faults that result

in parity mismatch between inputs and outputs. Hence, Fredkin

gate can concurrently detect permanent, as well as transient fault

based on parity preserving in molecular QCA.

IV. DESIGN OF CONCURRENTLY TESTABLE LATCHES FOR

MOLECULAR QCA

In this section, we present the design of concurrently testable

latches based on concurrently testable Fredkin gate.

A. D Latch

The characteristic equation of the D latch can be written

as Q+ = DE + ĒQ. The equation can be mapped onto the

Fredkin gate (F ). Fig. 5(a) shows the design of the concurrently

testableD latch using Fredkin gate. It is to be noted that fan-out

is not allowed in reversible logic, but allowed inmolecular QCA.

Therefore, the design shown in Fig. 5(a) is valid for molecular

QCA. However, it does not produce Q′ (the complement of Q),

whichmay be required in a number of placeswhile designing the

sequential circuits. Thus, we are also showing another design of

D latch in Fig. 5(b), a design that also produces the complement

output.

B. T Latch

The characteristic equation of the T latch can be written

as Q+ = (T ⊕ Q)E + ĒQ. However, the same result can also

be obtained from Q+ = (TE) ⊕ Q. Fig. 6 shows the proposed

design of concurrently testable T latch in which the first Fredkin

gate produces (TE), and the second and third Fredkin gates

generate (TE) ⊕ Q (second and third Fredkin gates together

generate the XOR function).

C. JK Latch

The characteristic equation of the JK latch can be written

as Q+ = (JQ̄ + K̄Q)E + ĒQ. After computing the equation

JQ̄ + K̄Q, it can be mapped on the D Latch to design the JK
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TABLE II
FAULT PATTERNS IN FREDKIN GATE

Fig. 5. Concurrently testableD latch design using Fredkin gates. (a) Fredkin
D latch. (b) Fredkin D latch with complement output.

Fig. 6. Concurrently testable T latch design.

Fig. 7. Concurrently testable JK latch design.

Latch. Fig. 7 shows the proposed design of concurrently testable

JK latch. The first Fredkin gate produces K ′, which is passed

to the second Fredkin gate to generate JQ̄ + K̄Q. The output

JQ̄ + K̄Q produced by the second Fredkin gate is passed to the

third and fourth Fredkin gates working as a D latch.

D. SR Latch

The characteristic equation of the SR latch can be written as

Q+ = (S + R̄Q)E + ĒQ. After computing the equation S +
R̄Q, it can be mapped on the D Latch to design the SR latch.

Fig. 8. Concurrently testable SR latch design.

Fig. 8 shows the proposed design of the concurrently testable

SR latch. The first Fredkin gate produces R̄Q, which is passed

to the second Fredkin gate to produce S + R̄Q. The S + R̄Q

is passed to the third and fourth Fredkin gates working as a D

latch to finally generate the SR latch.

V. SIMULATIONS FOR FUNCTIONAL VERIFICATION

All the designs were verified using QCADesigner version

2.0.3 [5]. In the bistable approximation, we used the following

parameters: cell size = 18 nm, number of samples = 182 800,

convergence tolerance = 0.001000, radius of effect = 41 nm,

relative permittivity= 12.9, clock high= 9.8e− 22, clock low=
3.8e − 23, clock amplitude factor = 2.000, layer separation =
11.5000 nm, and maximum iterations per sample = 1000. In

our QCA layouts, we set out to create workable designs with

compact layouts. Each Fredkin gate in the layouts (in the critical

path) will delay the output by one cycle since Fredkin gate is

designed from four clocking zones (see Fig. 4). Fig. 9 shows

the simulation results of the Fredkin gate QCA layout shown

in Fig. 4, which has been verified using the QCADesigner tool,

and it can be seen that the output is produced after a delay of

one clock cycle, as the inputs are applied to the Fredkin gate

at clock zone 0 while the outputs are available at clock zone 4

(the simulation waveforms is same as the truth table of Fredkin

gate shown earlier in Table I that verifies the correctness of the

design). An important objective in our designs was to ensure

that the designs are practical and usable, and hence, through

the QCA designer simulation, it was verified that the signals

arrive properly without degradation. For example, in order to

work correctly, all signals should arrive simultaneously at the

QCA majority gate [23]. We also observed that there is a limit

on the maximum number of QCA cells that can be connected to
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Fig. 9. Simulation of Fredkin gate.

Fig. 10. QCA layout of D latch with output Q.

the same clock zone because the signal deteriorates beyond the

limit.

A. QCA Layout and Simulation of Proposed Latches

Figs. 10 and 11 show the QCA layout and simulation of the

D latch with output Q, but it does not produce the complement

output (QBAR). In Fig. 11, the arrow A and arrow C show that

whenD = 0 andE = 1, we will have output asQ = 0 (the input
D = 0 will be reflected in the output), and in the next cycle since
E = 0, Qwill maintain its value of 0. Arrow B shows that when

Fig. 11. Simulation of D latch with output Q.

Fig. 12. QCA layout ofD latch with output Q as well as complement output
QBAR.

E = 1 and D = 1, Q will become 1 (the value of D = 1 will

be reflected in the output), and in the next cycle since E = 0, Q
will maintain its value 1. All the output will be delayed by one

clock cycle as Fredkin gate has the output delayed by one clock

cycle.

Figs. 12 and 13 show the QCA layout and simulation of

the D latch with normal output Q, as well as the complement

output QBAR. In Fig. 12, O1 and O2 represent the intermediate

output. We have used the intermediate output so that the readers

can better understand the simulation results, and the work can be

reproduced by others (the actual output is namedQ and QBAR).

In Fig. 13, we get the correct output after the delay of two cycles

after passing the input, as we have two Fredkin gates cascaded

in series. Table III summaries the working ofD latch having the

outputQ, as well as complement output QBAR (summarization

of Fig. 11). The tip of the arrows A, C, and E in Fig. 13 represent

that the value at the inputD is reflected at the outputQ after two
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Fig. 13. Simulation ofD latch with outputQ and complement output QBAR.

TABLE III
VERIFICATION OF D LATCH

clock cycle delay. Arrows B and D represent that when E = 0,

the output Q is same as the old value of Q (which is reflected

two cycles after passing of inputs). This verifies the working of

the D latch.

Figs. 14 and 15 show the QCA layout and simulation results

of JK latch, respectively.We are providing the detailed analysis

of JK latch QCA layout as it demonstrates special characteris-

tic of QCA sequential circuits and the efforts required to design

functionally correct sequential circuit in QCA. In the QCA lay-

out of JK latch, YKB represents the complement of input K

generated after a delay of one clock cycle. Now, the next Fredkin

gate has three inputs: one of them is YKB , and others two are

QBAR and J . Since YKB is produced after delay of one clock

cycle; thus, in order to have all the input arrive simultaneously to

the Fredkin gate to produce the correct result, we have delayed

the input QBAR and J to the Fredkin gate by one clock cycle,

as shown in Fig. 14. This produces YJKQ output having the

value as JQ′ + K ′Q after a delay of two clock cycles. This is

passed to the third Fredkin gate having other two input asE and

Q. Since YJKQ is available after the delay of two clock cycle,

we have inserted two clock cycles delay to the inputE andQ to

make all the signals arrive simultaneously to the Fredkin gate. In

the proposed JK latch, we will get the correct output after delay

of four clock cycles, as four Fredkin gates forms the critical path

to the output Q. Table IV summarizes the working of the JK

latch, as shown in Fig. 15. Arrow A shows that when J = 1 and
K = 0, output Q becomes 1, arrow B shows that when J = 0

and K = 1, we will get the output Q = 0, and arrow C shows

Fig. 14. QCA layout of JK latch.

TABLE IV
VERIFICATION OF JK LATCH

Fig. 15. Simulation of JK latch.

that when J = 1 and K = 1, the output toggles of its current

value.

We simulated and verified the T latch and SR latch designs

in QCADesigner tool. In the T latch, the output Q will reflect

the input values after a delay of two clock cycles as the critical

path to Q has two Fredkin gates. Similarly, in the SR latch, it

takes four clock cycles to produce the correct output due to four
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TABLE V
SUMMARY OF VERIFICATION OF LATCHES

Fredkin gates in the critical path. Table V shows the number

of Fredkin gates in the critical path for various latches (each

Fredkin gate in the critical path has a delay of one clock cycles,

which means that having four Fredkin gates in the critical path

will delay the output by four clock cycles). Thus, the number of

clock cycles after which output Q reflects the values of inputs

in various latches is shown in Table V.

As discussed in Section II, the QCA design of the Fredkin

gate requires six MVs with four clocking zones. The Fredkin-

gate-basedD latch with enable signal having only the outputQ

requires one Fredkin gate for its design, as shown in Figs. 5(a)

and 10, thus needing six MVs and four clocking zones. From

Figs. 5 and 12, it can be seen that theD latch with enable signal

having bothQ andQBAR outputs requires two Fredkin gates for

its design, thus requiring 12 MVs and eight clock zones. While

the nontestable D latch design with enable signals converted

from gate level schematic in [24] to its corresponding QCA

designwill require fourMVs and four clock zones. The Fredkin-

gates-based JK latch with enable signal shown in Figs. 7 and

14, has four Fredkin gates in its design, thus requiring a total of

24 MVs and eight clocking zones, while the nontestable design

as converted from gate level schematic in [24] to its equivalent

QCA design will require six MVs and four clocking zones.

Thus, the advantages associated with proposed Fredkin-gate-

based latches regarding concurrent testing come with some area

overhead.

VI. CONCLUSION

We propose the use of conservative reversible logic based on

Fredkin gate to design concurrently testable sequential circuits

for molecular QCA. The proposed concurrent testing method-

ology is based on parity-preserving property of Fredkin gate,

and is beneficial for both permanent and transient faults that

results in parity mismatch between inputs and outputs. The con-

currently testable designs for the latches (D latch, T latch, JK

latch, and SR latch), their QCA layouts, and the simulation

details are presented. The proposed approach is applicable for

the concurrent detection of single missing/additional cell defect

model or unidirectional faults. In unidirectional faults, there are

only either 1 → 0 or 0 → 1 faults, and both types of faults

cannot occur simultaneously. For unidirectional faults, compar-

ing the number of 1’s in the inputs with the number of 1’s in

the outputs could be used for fault detection. The proposed ap-

proach is not suitable for the detection of bidirectional multiple

faults, for example, if we are expecting the outputs to be 011,

but due to bidirectional faults, the outputs are flipped to 101,

the parity of the outputs is still the same. We feel that one of

the possible solutions to concurrently detect multiple faults is

to regenerate the inputs at the outputs by using reversible logic.

Since reversible logic has one-to-one mapping between the in-

put and output vectors, it is possible to determine the inputs

from the outputs. Thus, the regenerated inputs can be checked

with the original inputs for the detection of multiple faults For

example, in the Fredkin gate, if its outputs P,Q, and R are fed

to another Fredkin gate cascaded in series, the original inputs

will be regenerated at the outputs of the second Fredkin gate.

This property of Fredkin gate can be beneficial for the detection

of multiple faults, as multiple faults or single fault in either first

or second Fredkin gate, or in both will result in incorrect values

of regenerated inputs. Therefore, the original input vector can

be compared with the regenerated input vector for detection of

faults.We intend to direct our future efforts towardmultiple fault

detection in QCA computing. In conclusion, we have designed

a class of novel latches for the implementation of concurrently

testable sequential circuits for molecular QCA based on conser-

vative reversible logic. The proposed paper will have impact on

fault susceptible molecular QCA nanocomputing.
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