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ABSTRACT 
 

This paper presents the design and simulation of a configurable logic block 

(CLB) for a field-programmable gate array (FPGA) architecture based on a 

next-generation technology, quantum-dot cellular automata (QCA).  Previous 

work on QCA-based FPGAs has focused on programmable interconnect.  In 

contrast, this paper focuses on programmable logic. A novel single-layer 

configurable logic block with fixed interconnect was developed by 

implementing four look-up tables (LUTs).  Also, this paper presents a novel 

serial write/parallel read QCA memory design with low read latency, which 

is one of the components in a LUT.  QCADesigner software was utilized to 

design and simulate a four-to-sixteen decoder, 16-bit memory, and output 

circuit  to implement a LUT .  The simulation of the CLB confirms to the 

expected outcomes. 

 

1. INTRODUCTION  

Quantum-dot cellular automata (QCA) is a new technology at the nanotechnology level 

[1][2][3][4].  Unlike complementary-metal-oxide-semiconductor (CMOS) technology, QCA uses 

the positions of electrons in quantum dots to represent binary values '0' and '1'.  QCA technology 

uses the Coulombic interaction to determine the positions of electrons, while CMOS uses the 

current to determine the potential (voltage) levels.  The advantages of using QCA technology are 

smaller circuit size, higher clock frequency, and less power consumption.  Section 2 covers QCA 

background. 

Field-programmable gate arrays (FPGAs) use cellular arrays of multiplexers, look-up 

tables (LUTs), memory cells, and special hardware blocks, such as multipliers and high-speed 

adders, to make up a programmable circuit architecture [5][6].  FPGAs provide to main types of 

programmability: programmable logic and programmable interconnect.  Although these two 

features are often combined, either feature by itself is sufficient.  An FPGA could be made with 

programmable interconnect and fixed logic blocks.  Alternatively, an FPGA could be made with 

fixed interconnect and configurable logic blocks.  In both cases, the fixed/configurable blocks 

are placed in a two-dimensional grid.  In the former type (Figure 1-1(a)), the fixed logic blocks 
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are implemented with fixed combinational circuits such as NAND-based circuits or special 

hardware blocks.  Vertical and horizontal I/O wires are placed between the fixed logic blocks.  

The inputs and outputs of a block (not shown in the figure) are connected to the wires 

surrounding the block.  At intersections of vertical and horizontal wires, the wires can be 

connected together through programmable interconnect to perform the desired functions.  In the 

latter type, the configurable logic blocks are implemented with LUT-based circuits or other 

configurable circuits.  Figure 1-1(b) shows one example of the FPGA arrangements, the input(s) 

and output(s) on each side of the block are connected between the block and the nearest block.  

The purpose of a LUT is to look-up the corresponding output value from user-configured truth 

table based on address selection (inputs).  Section 4 describes the details of LUTs. 
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LOGIC
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BLOCK
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(a) Programmable Interconnect    (b) Configurable Block 

 

Figure 1-1: FPGA Architecture  

 

The two main types of configuration can be combined.  Commercial FPGAs typically 

have both configurable logic blocks and configurable interconnect within the same device.  
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FPGAs are widely used today, because they offer faster design-to-market time than that of 

application specific integrated circuits (ASICs). 

A. PROPOSED DESIGN 

This paper presents the design and simulation of a LUT-based CLB that uses QCA 

technology.  Each LUT has a sixteen-bit memory (with serial write and parallel read) with four 

inputs and one output.  The CLB presented here consists of four LUTs that implement 

independent functions of the same four inputs.  QCADesigner [7] is used for layout and 

simulation of the entire design.  For simplicity, the focus is on a single CLB component rather 

than the whole FPGA architecture (a cellular array of CLBs and interconnects together).  

Optimization of the design for speed and area is not covered, but the design for functionality is 

presented.  The design has not been fabricated.  However, the simulation results show that the 

CLB is working properly to meet expected results. 

B. PREVIOUS WORK  

Previous work on QCA-based FPGAs has focused on programmable interconnect [8][9].  

The paper in [8] develops an interconnect design with flexible routing.  The design uses pre-

made circuit for all possible routing at the interconnect.  At the site of the interconnect, QCA 

cells in the unclocked zone are assumed to be an open circuit between point a and point b.  For 

instance, there is no connection between horizontal and vertical wires at the interconnect.  

Similarly, QCA cells in the clocked zone are operating in the normal mode (connecting wires).  

The logic block has one fixed NAND gate. 

The programmable interconnect in [9] uses a QCA 4-Diamond circuit which has a similar 

function to that of a pass transistor in CMOS technology.  The interconnect design has four 

diamond-shaped circuits in a two-by-two grid.  Upper-left, upper-right, and lower-left quadrants 
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have the interconnect circuit, while lower-right quadrant has the logic block which consists of 

one fixed NAND gate.  The interconnection design mainly uses unidirectional (left to right) wire 

routing.  This uses similar clocking methods (unclocked and clocked zones) to those in [8]. 

The papers above use programmable interconnect but fixed logic, which is the first type 

of FPGA architecture represented in Figure 1-1(a).  In contrast, the QCA-based FPGA design 

presented here is believed to be the first design using configurable logic blocks (LUT-Based with 

memory) with fixed interconnect.  This design targets the type of FPGA architecture represented 

in Figure 1-1(b).  Notice that [8] and [9] do not use memory elements for configuration.  Section 

5 covers this new CLB design. 

There are numerous sources for QCA-based memory designs.  Only a few of them are 

discussed here.  [10] presents a memory (with parallel write and parallel read) with Row Select, 

Input, Write/Read, and Output signals.  Because QCA is a pipelined technology, it uses an 

internal loop to preserve the value of the memory.  An array of four one-bit memory cells is 

constructed to create 1x4 memory with a two-to-four decoder, a top-level shared Write/Read 

signal, a shared Input Signal, and a serial output.  The design is scaleable to create a larger array 

memory or a two-dimensional grid memory.  This design is good for a small amount of memory.  

However, it may incur a larger delay for a large memory design (e.g., a 16-bit memory).  The 

outputs are combined in a serial chain of OR gates, which can produce a long latency at the 

outputs.  In contrast, the memory presented in Section 4.B uses a tree structure of OR gates. 

In another memory design, a memory with two or more bits can be developed by using a 

longer internal memory loop to hold the contents of the memory.  Thus, it has higher memory 

density than [10], which uses a separate loop for each bit.  Four papers [11][12][13][14] use this 
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memory design as an fundamental memory design, but each of them has different memory 

architecture for read and write operations. 

[11] uses primitive QCA elements, each of which occupies a tile of 5x5 QCA cells.  

These include such primitives as a binary wire, a fanout element, a majority gate, and an AND 

gate.  The primitives are then used to make up logical devices  such as a counter, comparator, 

register, latch, and so on.  The memory in the design has 16-bit long loop to hold the contents of 

the memory.  In order to read or write certain bit of the memory, the counter and comparator are 

used to compare between the current address and the desired address.  The loop rotates until it 

has arrived the desired address.  At that point, read or write operation occurs.  A long memory 

loop is good for compact memory design, but at the expense of the counter and comparator.  

Another disadvantage is that the loop takes a time to rotate in order to arrive at the desired 

address. 

[13] uses spiral 12-bit memory loop with different write/read circuitry.  The authors 

presented an H-Memory design with four Memory Macro blocks in a two-dimensional grid with 

a central routing node at the center of the design.  The design is scalable to create bigger memory 

by using a tree of H-Memory.  H-Memory routes a data packet (8-bit address, 1-bit op code, and 

12-bit data, in that order) to go though a sequence of routing nodes until it reaches desired 

memory location to write or read the value of that memory.  The data packet technique is very 

similar to the conventional computer architecture for memory accessing.  This design is not well 

adapted for the LUT-based design presented here.  The output of a LUT must continuously 

respond to the value at the LUT inputs rather than to arriving packets. 

The memory design in [12] describes tile-based serial memory.  It uses three types of 

tiles: an input tile, an internal memory tile and an output tile.  A number of internal tiles (variable 
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N) can be stacked together vertically to implement M-word by N-bit memory.  This memory 

design is almost equivalent to a long memory loop.  However, it uses unconventional QCA 

clocking scheme for faster memory accessing.  This design is a serial for both reading and 

writing.  A LUT requires parallel read. 

The main disadvantage in [11] and [12] is that, in the read mode, it takes time to rotate 

the memory loop to arrive at the desired address to read the value in that memory location.  The 

maximum time for read latency is N-1 cycles, where N is a memory width in bits.  For example, 

consider a 16-bit memory constructed as a single loop with output available only at one end of 

the loop.  Suppose that bit 2 is currently available for reading but the desired memory location to 

be read is bit 15.  It takes 13 clock cycles to rotate the memory loop in order to reach bit 15.  The 

paper in [14] overcomes this problem by using parallel read/serial write memory and a 

multiplexer device.  The memory architecture is roughly similar to the architecture in [11] with 

an additional device, 2
n
-to-1 multiplexer at the output.  The multiplexer selects one bit from the 

memory loop.  Since QCA memory is always shifting in a pipelined wire, the use of the counter, 

adder, and multiplexer components helps to track the current memory location.  The adder is 

used to offset the difference between current and desired memory locations.  The output of the 

adder controls the select signals at the multiplexer.  This eliminates the need to wait for the 

values in the memory loop to rotate into the current position.  However, each memory address 

must pass through the adder before it reaches the select lines of the multiplexer.  This adds to the 

latency of each read operation.  This is a significant concern when using the memory for as a 

look-up table for an FPGA.  In addition, the adder contributes to the area of the memory. 

The novel memory design presented here uses serial write and parallel read (a similar 

memory interface to that in [14]) but replaces the 16-bit memory loop with sixteen one-bit 
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memory cells, each of which is a modified version of one-bit memory cell in [10].  The new 

memory cell has two rails: DI (Data Input) rail and RW (Read/Write) rail.  During write 

operations, signals flow in one direction on the DI rail, but in the opposite direction on the RW 

rail.  This memory configuration allows N cells to be stacked shoulder-to-shoulder to create N-bit 

memory.  A decoder (Section 4.A) and an output circuit (Section 4.C) replace the multiplexer 

and adder of [14].  However, the output circuit does not need counter and adder components to 

track the current memory location because each bit of memory is localized to its own loop.  

Therefore, the location of each bit is known in advance.  The desired address directly drives the 

select lines of the decoder.  As in [14], write operations are performed serially.  This is 

appropriate for a LUT, because write operations are only used for configuration.  Afterwards, the 

memory circuit is in read mode.  Because of the heavily pipelined nature of QCA, each read 

incurs multiple clock cycles of latency.  However, the throughput is one read operation per clock 

cycle.  Section 4.B covers the details of this novel memory design. 

C. ABOUT THE PAPER 

Section 2 provides the QCA background required for a fundamental understanding of 

QCA technology.  Section 3 describes hierarchical (FPGA, CLB, and LUT) architectures for the 

design presented here.  Sections 4 and 5 cover the implementation (design/layout) for a look-up 

table and configurable logic block, respectively.  Section 6 presents simulated results for LUT 

and CLB.  Finally, Section 7 concludes this paper with some discussion about future work. 
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2. QCA BACKGROUND  

This section describes a QCA cell and its associated components such as a cell, wire, 

majority gate, and inverter.  A combination of those fundamental components is needed to 

develop a digital circuit at the nanotechnology level.  More detailed information on QCA can be 

obtained in [1][2][3][4]. 

A. QCA CELL  

A QCA cell uses the positions of electrons in quantum dots to represent binary values '0' 

and '1'.  In Figure 2-1, (top-view), a square cell contains four dots, where each dot occupies one 

corner.  The square boundary is for illustration only.  Two electrons occupy each cell.  Each 

electron is free to tunnel between dots within one cell, but cannot leave the cell.  The two 

electrons within each cell repel each other to diagonally opposite corners of the cell.  This leaves 

only two stable states for each cell.  These two states are used to represent logic values.  The 

occupation of upper-left and lower-right dots represent logic '0'. In this case, the QCA cell is said 

to be "polarized to -1".  Similarly, the occupation of upper-right and lower left dots represent 

logic '1'.  In this case, the QCA cell is said to be "polarized to +1".  In addition, null (also called 

neutral) is another polarization in the quantum wells and will be discussed later. 

 
Binary '0' Binary '1' Null

Polarized "-1" Polarized "+1" Polarized "0"  
 

Figure 2-1: QCA Cell Polarization 
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B. QCA WIRE  

The Coulombic interaction is used to determine the positions of electrons in a cell.  

Consider a few QCA cells placed together as in Figure 2-2
1
.  Assume that the blue cell at the left 

is the input cell.  Assume that the yellow cell at the right is the output cell.  The Coulombic 

interaction (magnitudes of electron repulsion from neighboring cells) determines the positions of 

the electrons in the normal (green) cell.  In case of logic '0', Figure 2-2(a), the first green cell on 

the left responds to the input cell and outputs logic '0'.  The cell is polarized to "-1" because of 

Coulombic interaction (electron repulsion).  It can be seen that the occupied dots in the green cell 

distance themselves from the occupied dots in the input cell.  The second green cell reproduces 

the logical value in the first green cell.  This process repeats for the remaining cells in the wire 

until it has reached the output cell.  In other words, the wire exhibits a "domino effect" in which 

all cells adopt the same polarization.  Similarly, Figure 2-2(b) illustrates the same procedure for a 

wire with logic '1' (polarized to "+1"). 

 

 
(a) Logic "0" 

 

 
 (b) Logic "1" 

 

Figure 2-2: QCA Normal Wire  

 

QCA technology requires the aid of a clock mechanism to operate properly.  It is a 

pipelined system.  The clock mechanism has four clocks (f0, f1, f2, and f3) as shown in 

Figure 2-3, for two clock cycles.  The low level, rising edge, high level, and falling edge of a 

                                                 
1
 All figures with black background (except Figure 4-7) are the copied from QCADesigner software [7] 
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clock waveform represent the four phases called hold, release, relax, and latch, respectively.  

The four different clock planes are placed directly below the QCA cells.  When the clock is low, 

a QCA cell is holding the current position of the electrons at the top of the cell (hold state).  

During the rising edge, the electrons tunnel down to the bottom of the QCA cell because of the 

electrons attraction to the clock plane (release state).   When the clock is high, the QCA cell is 

considered to have null polarization where electrons sit on the bottom of the cell (relax state).  

During the falling edge, the electrons are repelled from the clock plane and tunnel to the top of 

the QCA cell in the position determined by Coulombic interaction with neighboring cells (latch 

state).  Thus, a four-phase clock system is required in QCA technology to pass information (logic 

values) across a wire or gate.  The direction for the information flow is from the clock f0 to the 

clock f1 to the clock f2 to the clock f3 to the clock f0 of the next clock period (circular 

direction). 

Figure 2-4 illustrates the process for a wire to carry the information using the four-phase 

clocking mechanism.  Each sequenced part of the figure represents one quarter of a clock period.  

QCADesigner [7] uses green, purple, blue and white cells for clocks f0, f1, f2, and f3, 

respectively.  In the figure caption for each part, the first term is for the green cells, the second 

term is for purple cells, and so on.  Each term represents a certain phase at a certain time.  For 

instance, Figure 2-4(a) shows that the green cells are in a relax phase, the purple cells are in a 

release phase, the blue cells are in a hold phase, and the white cells are in a latch phase. 

As shown in Figure 2-4(a), the green cells are in a relax state with neutral polarization, 

and all remaining cells are ignored during initialization.  In Figure 2-4(b), the green cells latch 

the logical value from the input cell through Coulombic interaction.  At the same time, the purple 

cells are in a relax state.  During the period shown in Figure 2-4(c), the electrons in the three 
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green cells are held in their current positions.  Meanwhile, the purple cells latch the value from 

the previous (green) cells.  In the last quarter of the clock period, in Figure 2-4(d), the green cells 

begin to release the position of electrons, the purple cells hold the position, and the blue cells 

latch the value from the previous (purple) cells.  In Figure 2-4(e), one clock cycle after the initial 

time, the green cells relax, the purple cells release the position, the blue cells hold the position, 

and the white cells latch the value from the previous (blue) cells.  Finally, in Figure 2-4(f), one 

and a quarter clock periods after the initial time, the green cells accept the new logic value from 

the input cell, and the white cells pass the original value to the output cell.  This procedure is 

repeated every four phases of the clock.  This process demonstrates how the information (logical 

value) is passed from one group of cells to the next group of the cells by using clocking zones. 

 

 
 

Figure 2-3: Four-Phase Clocking System 

 

3

2

1
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f

f

f

f
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(a) Phases: Relax, Release, Hold, Latch 

 

 
(b) Phases: Latch, Relax, Release, Hold 

 

 
(c) Phases: Hold, Latch, Relax, Release 

 

 
(d) Phases: Release, Hold, Latch, Relax 

 

 
(e) Phases: Relax, Release, Hold, Latch 

 

 
(f) Phases: Latch, Relax, Release, Hold 

 

Figure 2-4: QCA Pipelined Wire 

 

There is another kind of the QCA wire called an inversion chain as shown in Figure 2-5.  

The position of quantum dots in a normal (buffer) cell is rotated 45º clockwise or 

counterclockwise to become an inverted cell.  One quantum dot is placed halfway between two 

corners on each side of the QCA cell.  The inversion chain inverts the logical value from the 

previous cell due to Coulombic interaction.  If the number of green inverted cells between the 

input and output cells is odd, the output cell presents a buffered version of the input cell.  

Similarly, if the number of green inverted cells between the input and output cells is even, the 

output cell presents an inverted version of the input cell.  The inversion chains are useful for 
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developing bus rails with perpendicularly "tapped" normal wires.  This can be done by placing a 

normal cell below or above the inversion chains and aligning the cell halfway between inverted 

cells at a certain location to obtain a buffered value (Figure 2-6(a)), or inverted value (Figure 

2-6(b)).  The figure assumes that the input cell, A, has value 0. 

 

 
 

Figure 2-5: QCA Inversion Chain 

 

 
 

(a) Buffered Output     (b) Inverted Output 

 

Figure 2-6: Inversion Chain with Tapped Output  

 

Normal wires and inversion chains can be used at an intersection for signal crossing with 

little cross-talk noise.  As shown in Figure 2-7, normal wires are placed vertically while 

inversion chains are placed horizontally (or vice versa).  The inversion chains must be a 

continuous wire at the intersection, while the normal wire breaks into two segments of the wire 

at the intersection.  There is little effect of Coulombic interaction at the intersection of these 

wires, with the proper clock zones.  Normal wires and inversion chains are virtually independent 

of each other at the crossings.  Thus, one signal can pass from left to right or from right to left 

while another signal can pass from top to bottom or from bottom to top.  The intersection uses 

one or two clock zones depending on the topology of the QCA layout. 
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Figure 2-7: Wir e Crossings 

 

C. MAJORITY GATE  & INVERTER GATE  

The heart of QCA computation is a 3-input majority gate. The Boolean expression for the 

majority gate is ACBCABF ++= . If at least two inputs are logic '0', the output is logic '0'.  The 

3-input truth table with one of the inputs fixed to '0' is equivalent to a 2-input AND gate.  

Similarly, if at least two inputs show logic '1', the output results in logic '1'.  The 3-input truth 

table with one of the inputs fixed to '1' is equivalent to a 2-input OR gate.  Table 2-1 shows the 

truth tables of the majority gate.  The gray shaded areas represent the fixed value.  Figure 2-8 

illustrates the QCA layouts (signals A = '1' and B = '0' shown) for an AND gate and an OR gate.  

The sums of Coulombic interaction (signals A, B, and C) determine the value at the output where 

the dominant interaction wins the vote. 

 

C B A F   C B A F 

0 0 0 0   1 0 0 0 

0 0 1 0   1 0 1 1 

0 1 0 0   1 1 0 1 

0 1 1 1   1 1 1 1 
 

(a) AND Gate             (b) OR Gate 

 

Table 2-1: Truth Table for Majority Gate  
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(a) AND Gate      (b) OR Gate 

 

Figure 2-8: Layout for M ajority  Gate 

 

In addition to the inversion chain discussed in Section 2.B., a simple inverter gate can be 

used in QCA technology.  Figure 2-9(a) shows the QCA layout for an inverter gate with the logic 

'0' in the input cell.  The result of the output cell is logic '1'.  Similarly, Figure 2-9(b) shows the 

gate with the logic '1' in the input cell.  The result of the output cell is logic '0'. 

 

 
 

(a) Input Cell ='0'      (b) Input Cell = '1' 

 

Figure 2-9: Inverter Gate 

 

In an inverter gate, the input wire is constructed into a two-prong fork.  The left cell of 

the output wire is aligned vertically between the two prongs of the fork and is abutted 

horizontally on the edge sides of the prongs.  The logical value in the left cell of the output wire 

is determined by the Coulombic interaction between it and the cells at the ends of the prongs.  

An inverter gate uses either one clock zone or two clock zones.  In the former arrangement, both 
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input wire and output wire use the same clock zone.  In the latter arrangement, the input wire is 

assigned to one clock zone, while the  output wire is assigned to the next clock zone.  Figure 2-9 

uses a single clock zone. 
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3. ARCHITECTURE S 

This section describes hierarchical (FPGA, CLB, and LUT) architectures for the design 

presented here.  Also, it offers two possible design configurations at the CLB level.  The design 

uses bottom-up method from three sub-components of a LUT to a CLB. 

A. FPGA 

The target architecture for this design is a cellular array of CLBs with orthogonal nearest-

neighbors connections only, similar to that proposed in [15][16] as shown in Figure 3-1.  Each 

side of a CLB has a single input and a single output.  Four outputs of a CLB are connected 

directly to the one input of neighboring CLBs.  Similarly, four inputs of a CLB are connected 

directly to the one output of neighboring CLBs. 

 

CLB

CLB

CLB

CLB

CLB

CLB

CLB

CLB

CLB

 
 

Figure 3-1: Architecture for QCA FPGA  

 

As discussed in Section 1.A, the FPGA design has not been implemented.  However, this 

paper presents the design, layout, and simulation of one CLB.  It should be a simple task to put 

together a cellular array of identical copies of the CLB presented here to form an FPGA with a 

little modification for programming wires between CLBs. 
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B. CLB 

The proposed CLB implements four LUTs (Figure 3-2) where each of them is placed on 

the corresponding side of the CLB.  Each LUT computes an independent Boolean function of 

four inputs as shown in the right side of Figure 3-2.  Those four inputs (n, s, e, and w) are 

connected to the outputs of neighboring CLBs to the "north", "south", "east", and "west" sides, 

respectively.  At the top level of the CLB, all corresponding inputs of the four LUTs are 

connected together with a bus line.  The outputs of the north, south, east, and west LUTs 

represents the outputs N, S, E, and W, respectively.  Thus, each output from the CLB can be any 

function of the inputs from its neighbors.  The LUT can be programmed with a truth table for 

any Boolean function by using an external FPGA programmer to shift values into the LUT 

memories. 

 

 
 

Figure 3-2: Block Diagram for CLB  
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C. LUT  

The inside of each LUT consists of a four-to-sixteen decoder, a sixteen-bit memory 

(serial writing for programming and parallel reading for normal use), and an output circuit.  The 

purpose of the decoder is to enable one of the sixteen lines and to select the memory cell at the 

address specified by the four inputs.  The implementation of the decoder uses a tree structure of 

two-to-four decoders.  Each output line of the four-to-sixteen decoder connects to an enable 

signal of a QCA memory cell.  The outputs of sixteen memory cells are "tied" together to form a 

single output called the output circuit.  Since three-state buffers do not exist in QCA technology, 

a tree structure of OR-gates is used.  When an enable signal in a memory cell is not enabled, it 

asserts logic '0' at the output to avoid a data collision with an enabled memory cell. 

D. CLB CONFIGURATIONS  

There are two possible design configurations at the configurable-logic-block level.  The 

configurations are the CLB with four decoders and the CLB with one decoder.  Each of them has 

advantages and disadvantages.   

A CLB with four decoders assumes that each LUT (16-bit memory and output circuit) 

has its own decoder as shown in Figure 3-3.  This configuration is useful to configure the LUT 

with a built-in decoder, a group of sixteen memory cells, and an output circuit for one side of the 

CLB.  Each LUT is a copy of the other ones.  It also has a symmetrical circuit for equal timing 

alignment.  The drawback is that the configuration requires three additional four-to-sixteen 

decoders.  Section 3.C describes this CLB configuration.  The design presented here uses this 

configuration. 
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Figure 3-3: Architecture for a CLB with Four Decoders 
2
 

 

In Figure 3-4, the CLB configuration with one decoder has one central four-to-sixteen 

decoder and sixteen groups of four memory cells in an array (another type of LUT with an output 

circuit).  Four memory cells ("north", "south", "east", "west") in a group share one common 

enable line.  An enable line is connected to a corresponding output of the central decoder.  The 

advantage of this configuration is that it only uses one decoder.  However, it requires 

complicated wire routings to connect all corresponding wires together to form final outputs N, S, 

E, W.  This may require two-layer routing which is not practical in the QCA technology.  Also, 

there is an issue with timing alignment because not all routing wires are equal in the number of 

the clock zones. 

 

                                                 
2
 Note: In Figure 3-3, the outputs of the memory cells are drawn as if they are shorted together.  In reality, they are 

combined through the tree of OR gates presents in Section 4.C. 
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Figure 3-4: Architecture for a CLB with One Decoder 
3
 

 

 

                                                 
3
 Note: In Figure 3-4, the outputs of the memory cells are drawn as if they are shorted together.  In reality, they are 

combined through the tree of OR gates presents in Section 4.C. 
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4. LOOK -UP TABLE IMPLEMENTATION  

This section covers the implementation of a look-up table (LUT) with three sub-

components: (1) a four-to-sixteen decoder, (2) a sixteen-bit memory, and (3) an output circuit. 

A. DECODER 

The four-to-sixteen decoder block diagram is shown in Figure 4-1.  There are five two-to-

four decoders in a tree structure configuration to build a four-to-sixteen, two-stage decoder.  

Each of four primary input signals (A, B, C, D) must fan out to four different locations to connect 

to the left, middle left, middle right, and right coupled decoders.  (C and D are distributed to the 

first-stage decoder.  A and B are distributed to the four decoders in the second stage.)  However, 

there is a technical issue with the fanout in QCA technology.  Figure 4-2(a) shows the diagram of 

direct-connection fanout.  The fanout has complicated coplanar wire crossings.  Different signals 

are flowing from the top down, to the left, and to the right, all in a small space.  This is difficult 

to arrange in QCA, because clock zones are used to control the direction of information flow.  

The symmetrical fanout in Figure 4-2(b) offers the solution to the problem where there is no wire 

crossing.  Thus, there are seven primary input signals ( 111000 ,,,,,, DCBABCD ), 

where 10 BBB == , 10 CCC == , and 10 DDD == .  A secondary fanout (after the primary 

fanout) uses the elbow fanout with a few coplanar wire crossings. 

Notice that the input signals A and B are used in the second-stage decoders, while the 

input signals C and D are used in the first-stage decoder.  The notation for this paper is that bit F 

is the leftmost bit and bit 0 is the rightmost bit for both four-to-sixteen decoder and sixteen-bit 

memory (Section 4.B).  Table 4-1 shows the truth table for the four-to-sixteen decoder of Figure 

4-1.  Exactly one of the output signals is high (logic '1') at any given time.  In this paper, the 
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outputs of the decoder are labeled with enable lines.  Enable lines are used to enable the 

corresponding memory cells as described in Section 4.B. 

2-to-4 DECODER
0

Enable Bit

B0C0D0

ENABLE

1 2 3

F E D C

2-to-4 DECODER
0

ENABLE

1 2 3

B A 9 8

2-to-4 DECODER
0

ENABLE

1 2 3

7 6 5 4

2-to-4 DECODER
0

ENABLE

1 2 3

3 2 1 0

2-to-4 DECODER0 1 2 3

A B1 C1 D1

FIRST-STAGE

 
 

Figure 4-1: Block Diagram for Decoder  

 

B0C0D0 A B1 C1 D1BCD A

A
B
C
D

A
B
C
D

A
B
C
D

A
B
C
D

 
(a) Direct-Connection Fanout    (b) Symmetrical Fanout 

 

Figure 4-2: Fanout Diagram for the Decoder 
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INPUT  OUTPUT 

D C B A  F E D C B A 9 8 7 6 5 4 3 2 1 0 

0 0 0 0  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 1  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 1 0  0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 1 1  0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

0 1 0 0  0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

0 1 0 1  0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

0 1 1 0  0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

0 1 1 1  0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

1 0 0 0  0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

1 0 0 1  0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

1 0 1 0  0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

1 0 1 1  0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

1 1 0 0  0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

1 1 0 1  0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

1 1 1 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

1 1 1 1  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

 

Table 4-1: 4-to-16 Decoder Truth Table 

 

It is possible to design a four-to-sixteen decoder in a single stage.  However, this 

configuration is not effective in QCA technology due to the increased number of inputs in a 

single clock zone and complicated coplanar wire crossings and timing issues.  For instance, the 

inputs (signal A, B, C, and D) are located on the left side of a single-stage decoder.  Assume that 

it takes one clock cycle from one bit to the next bit in the input rails.  It takes one clock cycle 

from the inputs to output bit F, while it takes sixteen clock cycles from the inputs to output bit 0.  

This results in an unequal delay between inputs and outputs.  One can compensate for the 

unequal delay by adding a delay at each output (15 clock cycles for bit F, 14 clock cycles for bit 

E, and so on).  However, this is not a good solution because of lengthy delay-compensated wires.  

In addition, four signal rails with coplanar interconnects in the same clock zone do not provide 

reliable signals due to cross-talk interference from perpendicular tapped wires.  Therefore, up to 

two or three signal rails are allowed, depending on clocking zone and layout. 
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In contrast, a tree structure configuration is ideal due to its symmetry for QCA pipelined 

circuits where each path from input to output has the same delay.  For the decoder design 

presented here, the latency is only five clock cycles. 

The two-to-four decoder in the first-stage uses four 2-input AND gates.  The inputs of 

AND gates are connected to the input wire C ( 10 CCC == ) and the input wire D ( 10 DDD == ) 

through inverter gates where needed as shown in Figure 4-3.  For logical functionality, the output 

of bit 0 (the leftmost bit) of the first-stage decoder selects the top four lines in Table 4-1.  

Similarly, bit 1, bit 2, and bit 3, select four upper middle lines, four lower middle lines, and four 

bottom lines. 

 

3210

C1C1D1 D1D0 D0C0C0

 
 

Figure 4-3: Schematic for First -Stage Decoder  

 

The two-to-four decoder in the second-stage uses eight 2-input AND gates.  Four of eight 

AND gates are used to enable or disable the output.  In QCA technology, each logic gate with 

more than two inputs is built by cascading multiple 2-input gates.  In Figure 4-4, the circuit 

configuration is the same as in the first-stage decoder with three additional A, B, and EN rails and 

four 2-input AND gates.  The inverters come from the inversion chains in the three rails.  The 

logical functionality is as follows: If the enable rail (EN) is high (logic '1'), it activates the two-

to-four decoder as normal operation; otherwise, it deactivates the decoder and forces all outputs 

to logic '0'. 
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Figure 4-4: Schematic for Second-Stage Decoder  

 

The actual QCA layout of the second-stage, two-to-four decoder is shown in Figure 4-5.   

A comparison of Figure 4-4 to Figure 4-5 shows that there are corresponding devices between 

them.  The top, middle, and lower rails carry the signals EN, B, and A, respectively.  As 

mentioned above, up to three rails with coplanar interconnects can be used in a single clock zone.  

It takes one clock cycle to operate the second-stage decoder. 

 

 
 

Figure 4-5: Layout for  Second-Stage Decoder 

 

Finally, a combination of one first-stage decoder and four second-stage decoders results 

in a four-to-sixteen decoder.  Four second-stage decoders are placed shoulder-to-shoulder to 
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implement 16 enable lines.  The first-stage decoder is placed above the second-stage decoders.  

The second-stage decoders receive input signals A and B, while the fi rst-stage decoder receives 

input signals C and D, as in Figure 4-1.  The complete decoder layout is shown in Figure 4-6.  

Notice that the layout is symmetrical about the imaginary vertical line in the center of the layout.  

This results in equal latency.  It takes five clock cycles to travel from the inputs (four address 

select lines) to the outputs (sixteen enable lines). 

 

 
 

Figure 4-6: Layout for 4-to-16 Decoder  

 

B. MEMORY  

Memory cells are the main components in a LUT.  They are needed to store programmed 

values to perform Boolean functions based on address lines in the decoder (inputs n, s, e, and w).  

As discussed in Section 1.B, the memory cells presented here are the modified version of the 

memory architecture from [10].  The original version has five AND gates, one OR gate, and two 

inverters with Row Select, Write/Read, Input, and Output signals.  [10] uses parallel 

configuration with a decoder to select a memory cell to accept a new value during the write 

mode.  Similarly, during the read mode, an enabled memory outputs the stored value. 

The modified memory cells use a serial Read/Write (RW) signal, a serial Data Input (DI) 

signal, a parallel Enable (EN) signal, and a parallel Output signal.  Compared to the memory cell 

from [10], the design presented here eliminates a Row Select signal, two AND gates and one 
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inverter.  The RW and DI rails in the modified memory cells use inversion chains.  The memory 

cells are stacked side-by-side with RW and DI rails connected in series to create an N-bit 

memory.  This allows the entire memory to be configured as a shift register (in RW and DI rails) 

for writing.  The enable line in each memory cell is connected to an output of the four-to-sixteen 

decoder.  This allows random access for parallel reading. 

Figure 4-7 and Figure 4-8 show the schematic and the layout of one memory cell with 

labels.  In QCADesigner, green, purple, blue and white wires represent clocks f0, f1, f2, and 

f3, respectively.  During the write mode (RW = '1'), the left AND gate outputs the new value 

from DI.  At the same time, the middle AND gate "erases" the old stored value by outputting '0'.  

A quarter of a clock later, the OR gate sums the outputs of left and middle AND gates.  

Similarly, during the read mode (RW = '0'), the output of the left AND gate is forced to output '0' 

where it rejects the value from the DI.  The lower input of the middle AND gate is always '1'.  

Thus, the gate outputs the current value in the memory loop.  Because the output of left AND is 

'0', the OR gate transports from right input to the output.  The output of the OR gate is looped 

back to the upper input of the middle AND gate.  In a QCA micropipelined system, this allows 

the stored value to be preserved in the loop until the write mode occurs.  The right AND gate is 

called an enable gate and operates independently from the rest of the circuit.  Regardless of 

whether one is in the read or write mode, the enable gate outputs the stored value when EN is '1'.  

This shows that the memory cell is selected to be read.  Otherwise, when EN is '0', the output is 

'0' which means that the memory cell is not selected to be read.  The summary of the memory 

operation for read and write modes is shown in Table 4-2. 
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Figure 4-7: Schematic for the One-Bit  Memory Cell 

 

 

 
 

Figure 4-8: Layout for the One-Bit Memory Cell  
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Mode RW EN DI  
Memory 

Loop 
OUT 

Read 0 0 X Unchanged 0 

Read 0 1 X Unchanged Stored Value 

Write 1 X 0 0 (next cycle) Not Used 

Write 1 X 1 1 (next cycle) Not Used 
 

Table 4-2: Memory Cell Operation 

 

Figure 4-9 shows the layout of a sixteen-bit memory.  The RW and DI rails in each 

memory cell are connected back-to-back to create the sixteen-bit memory.  The RW and DI input 

ports are at the left side of the RW rail and the right side of the DI rail, respectively. 

 

 
 

Figure 4-9: Layout for 16-Bit Memory  

 

Since QCA is a micropipelined system, the novel memory design presented here employs 

two important rules for writing to an N-bit memory.  First, the RW (left to right) and DI (right to 

left) signals must propagate in opposite directions.  Second, during the write mode, the RW 

signal must use a one-cycle pulse and pass it down from bit F (the leftmost bit) to bit 0 (the 

rightmost bit).  Figure 4-10, Figure 4-11, and Figure 4-12 illustrate these rules for a four-bit 

memory.  In all figures, assume that the memory is initialized with all zeros in the DI and RW 

rails.  In Figure 4-10, DI and RW propagate in the same direction.  In Figure 4-11 and Figure 

4-12, DI and RW propagate in opposite direction. 

Figure 4-10 illustrates an attempt to shift binary value 0101 into the memory through the 

DI port.  During clock cycle 0, the memory is initialized.  In the next cycle, the DI port starts 

receiving the binary string 0101 with the rightmost bit first.  At the same time, bit 3 of the 

memory is in write mode because there is a one-cycle pulse on the RW rail at that memory bit.  
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The logic '1' is loaded at the DI input in bit 3.  During clock cycle 2, the one-cycle pulse is 

shifted to bit 2.  The rightmost bit of the value is also shifted to bit 2.  The previous memory cell 

(bit 3) updates the logic '1' in the memory loop and changes to in the read mode.  The process 

repeats for remaining memory cells.  At end of the write mode (clock cycle 5), the memory 

contains the binary value 1111.  The result does not match the desired value of 0101.  By 

analyzing the figure, it can be proven that each memory cell always receives the value in the 

rightmost bit of the DI signal. 
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Figure 4-10: Four-Bit Memory with Same Direction 
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The problem is solved by placing the propagation direction of RW and DI opposite each 

other as shown in Figure 4-11 and Figure 4-12 (continued from Figure 4-11).  These figures 

illustrate shifting the binary value 1010 into the memory through the DI port (right side of the DI 

rail).  The DI signal must be interpolated to twice the length of the original DI signal with the 

value '-' (do not care) bits inserted every other cycle, because the signal is traveling in the 

opposite direction of the RW signal.  In the binary format, the original DI has '1010' while the 

interpolated DI has '1-0-1-0-'.  During the clock cycle 0, the memory is initialized.  From clock 

cycle 1 to clock cycle 4, the interpolated DI signal is fed at DI port, the leftmost bit first.  The 

one-cycle pulse at the RW port must not start until the leftmost bit of DI arrives bit 3.  During the 

clock cycle 4, bit 3 is in the write mode and accepts the new value from the DI input.  In next 

clock cycle, the DI signal is shifted to the left while RW signal is shifted to the right.  In that 

case, the bit 2 is in the write mode.  At the same time, the previous memory cell updates the 

value in the memory loop.  The process repeats for the remaining memory cells.  At end of the 

write mode (clock cycle 8), the memory contains the binary value 1010, which agrees with the 

desired value of 1010. 
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Figure 4-11: Four-Bit Memory with Opposite Direction  (1 of 2) 
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Figure 4-12: Four-Bit Memory with Opposite Direction  (2 of 2) 

 

The algorithm for loading a desired value into the four-bit memory in Figure 4-11 and 

Figure 4-12 can be scaled for the sixteen-bit memory for the memory design presented here.  

Table A-1 to Table A-3 in the Appendix A illustrate the procedures to load new values into the 

memory, configuring the LUT with a new truth table.  01,,,, XXXX EF 3  represents the initial 

contents of the DI rail.  Similarly, 01,,,, YYYY EF 3  represents the initial contents of the RW rail.  

01,,,, ZZZZ EF 3  represents the initial contents of the memory.  01,,,, QQQQ EF 3  represents the 

desired final contents of the memory.  Light shaded areas represent the write mode in the 

corresponding bit to accept new logical values.  Dark shaded areas represent that the memory 

loop is updated with a new value.  The "M.L." in the table stands for Memory Loop. 
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C. OUTPUT CIRCUIT  

The purpose of the output circuit is to narrow from sixteen regular outputs (16-bit 

memory) to one final output by using a tree structure of OR gates.  Because QCA has no 

equivalent to the three-state buffer of CMOS, shared busses must be handled with logic such as 

that shown in Figure 4-13. 

 

 
 

Figure 4-13: Layout for the Output Circuit  

 

The order of values that appear at the output corresponds to the order in which the 

memory cells are enabled.  Fifteen disabled memory cells are forced to output logic '0' to avoid a 

data collision with an enabled memory cell.  Each memory cell takes a turn (one per clock cycle) 

depending on the CLB address selection.  The latency is five clock cycles between sixteen inputs 

and one final output. 

D. LUT  

In Figure 4-14, three sub-components (a four-to-sixteen decoder, a sixteen-bit memory, 

and an output circuit) are combined to implement a look-up table.  The enable line of a memory 

cell is connected to the corresponding enable line in the decoder.  Similarly, the output of a 

memory cell is connected to the corresponding input of the output circuit (the tree structure of 

OR gates).  The latency is eleven clock cycles long between the inputs of the decoder and the 

final output. 
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Figure 4-14: Layout for the LUT  
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5. CONFIGURABLE LOGIC BLOCK IMPLEMENTATION  

This section describes the configuration of a configurable logic block (CLB) with its core 

component.  Programming instructions for the CLB are also covered. 

A. CORE 

A configurable logic block contains four look-up tables.  One LUT is placed on each side 

of the CLB.  Each LUT has seven inputs ( 111000 ,,,,,, DCBABCD ) for address selection.  As 

described in Section 4.A for the primary inputs, 0D and 1D  are the fanout branches of D, 0C  and 

1C  are the fanout branches of C, and 0B  and 1B  are the fanout branches of B.  Thus, each of the 

four inputs (n, s, e, w) of the CLB is required to provide eight fanout branches for signals D, C, B 

and four fanout branches for signal A to connect to the corresponding inputs of four LUTs.  This 

brings up complex wire routing between the inputs of a CLB and the inputs of the four LUTs 

such as two-layer routing and complex layout topology.  For the CLB design presented here, 

signals D, C, B, and A represent inputs n, s, e, and w. 

A spiral "core" circuit is used to resolve routing difficulties and to provide simple fanout 

signals to each LUT.  Figure 5-1 illustrates the core layout.  The core has 4 spiral parallel rails 

using inversion chains where the outermost rail is connected to the corresponding input signal on 

the same side. 

Consider the south side of the core.  The south input, s, is connected to the outermost rail 

on the south side.  The signal travels in the counterclockwise direction to the east side (on the 

second outermost rail) to the north side (on the second innermost rail) to the west side (on the 

innermost rail).  Similarly, the three remaining sides have the same circuit pattern but rotated 90° 

from each other.  The seven input wires from the LUTs are connected to certain rails using 

coplanar interconnects.  For example, in the south LUT, inputs 0D  and 1D  (input n) are tapped 
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from the second innermost rail, inputs 0C  and 1C  (input s) are tapped from the outermost rail, 

inputs 0B and 1B  (input e) are tapped from the innermost rail, and input A (input w) is tapped 

from the second outermost rail. 

Inside the core, the clocking zones are arranged in the counterclockwise direction.  It 

takes five clock cycles for a signal to travel from the outermost rail to the innermost rail.  For the 

south signal, it takes two clock cycles to travel from the input to the south fanout, three cycles to 

the east fanout, four cycles to the north fanout, and five cycles to the west fanout.  Thus, the 

signal takes a cycle to travel from one side to the next side.  This leads to a problem with time 

alignment.  Since each fanout signal has a different arrival time at the outputs of the core, the 

core circuit needs to be compensated by adding a delay to each output as shown in Figure 5-2.  

The compensation results in equal arrival times for all core outputs.  The amount of the delay 

between the inputs of the core and compensated outputs of the core is determined by the longest 

delay (five cycles) in the core plus one extra cycle.  An extra cycle is used to connect a wire 

between the compensated outputs of the core and inputs of the decoders. 
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Figure 5-1: Layout for Core (Partial) 
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Figure 5-2: Layout for Core (Complete) 
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B. CLB  

The complete configuration of the CLB layout is shown in Figure 5-3.  The four LUTs 

are identical except for rotation.  North, South, East, West LUTs are placed radially outward 

(from the center of the CLB) on the North, the South, the East, and the West sides of the CLB, 

respectively.  Two new wires (one clock cycle long) are added to connect the RW and DI rails in 

the South LUT to those of the East LUT in the lower-right corner of the CLB.  Similarly, the 

wires are also added in the upper-right corner and upper-left corner.  In the lower-left corner of 

the CLB, there are four external I/O lines which are RW Input, RW Output, DI Input, and DI 

Output.  The RW Input and DI Output are connected to the RW rail and DI rail in the South LUT.  

Similarly, the RW Output and DI Input are connected to the RW rail and DI rail in the West LUT.  

Thus, the RW signal is traveling counterclockwise from RW Input port to the South LUT, then to 

the East LUT, then to North LUT, then to the West LUT, and finally to the RW Output port.  In 

the same way, the DI signal is traveling clockwise from DI Input port to the West LUT, then to 

the North LUT, then to the East LUT, then to the South LUT, and finally to the DI Output port. 

The core component is inserted at the center of the CLB and aligned to match the 

alignment of all inputs of the four LUTs.  Four diagonal input wires (n, s, e, w) are added 

between corresponding external inputs and inputs of the core (ten clock cycles long). 

The location of the output for each LUT is moved from the original location to the new 

location in order to match the location of the input port of neighboring CLB (three more clock 

cycles).  The new location of the N, S, E, W (outputs of the CLB) ports allows multiple CLBs to 

be tiled together to form an FPGA. 
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Figure 5-3: Layout for CLB  

 

C. PROGRAMMING  

This sub-section describes how four (North, South, East, and West) 16-bit memories are 

loaded with the desired values in a CLB during the write mode.  For the DI signal, it takes 69 

clock cycles from the DI Input port to the West LUT, to the North LUT, to the East LUT, and to 

bit F of the South LUT.  The one-cycle pulse at the RW Input port must not start until the bit 0 of 

the valid data (bit F of the South LUT) in the DI signal is three clock cycles from arriving at bit F 

of the South LUT.  This is required because there is a three-clock-cycle delay between RW Input 


