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ABSTRACT

This paper presentsthe design and simulation ofa configurable logic block
(CLB) for a field-programmablegate array (FPGA) architecture based on a
next-generation technologyguantum-dot cellular automata(QCA). Previous
work on QCA-based FPGAs has focused on programmable interconnect. In
contrast, this paper focuses on programmable logic. A novesdinglelayer
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 latencywhich
is one ofthe components in a LUT. QCADesigner softwarewas 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

Quantumdot cellular automata(QCA) is a new technology at the nanotechnology level
[1][2][3][4]. Unlike complementarynetaloxide-semiconducto(CMOS) technologyQQCA uses
the positions of electrons in quantum dots to represent binary valaes'l’. QCA technology
uses the Coulombicinteraction to determine the positions of electrons, while CMOS uses the
current to determine the potential (voltage) levdlke advantages of usifCA technologyare
smaller circuit size, higher clock frequency, and less power consum@extion 2 coverQCA
background

Field-programmablegate arrays (FPGAS) use cellular arrays of multiplexelsok-up
tables(LUTs), memory cells, and special hardwétecks, such amultipliers and high-speed
addersto make up a programmable circuit atebture[5][6]. FPGAsprovide to main types of
programmability: programmable logic and programmable interconnect. Although these two
features are often combined, either featuretssif is sufficient. An FPGA could be made with
programmable interconnect afiged logic blocks Alternatively, an FPGA could be made with
fixed interconnectind configurablelogic blocks. In both cases, the fixed/configurable blocks

are placed ira two-dimensionalgrid. In the ormertype (Figure1-1(a)), the fixed logic blocks



are implemented with fixed combinational circuits such as NA¥Bed circug or special
hardwareblocks Vertical and horizontal/©O wires are placed betwedme fixed logic blocks.
The inputsand outputs of a block(not shown in the figurepre connected tdhe wires
surrounding the block. At intersections of vertical and horizontal wirdhe wirescan be
connected togethéhrough programmable interconnect performthe desiredunctions In the
latter type, the configurable Igic blocks are implemented with LUBased circug or other
configurable circuits Figure1-1(b) shows one exaple ofthe FPGA arrangementse input(s)
and output(s) on each side of the block are connected betweblotkeandthe nearest block.
The purpose of a LUT is to loakp the corresponding output valfrem userconfigured truth

tablebased on addreselection (inputs). Section 4 describes the details of LUTS.

LOGIC Logic, LOGIC LOGIC |-
BLOCK BLOCK BLOCK BLOCK
LOGIC Logic, LOGIC LOGIC |-
BLOCK BLOCK BLOCK BLOCK

(a) Programmablénterconnect

The two main types ofonfiguration can be combinedCommercialFPGAs typically

(b) Configurable Block

Figure 1-1: FPGA Architecture

have both configurable logic blocks and configurable interconnect within the same. device



FPGAs are widely used today, because they offer fastegrdiesmarket time than that of
application specific integrated circui{&SICs).
A. PROPOSED DESIGN

This paper presents the design and simulation of a-h&aSEdCLB that usesQCA
technology. EachLUT hasa sixteenbit memory (with serial write and parallel reasth four
inputs and one output. The CLB presented here consists ofLtdilis that implement
independent functions of the same four inputs. QCADesifflelis used for layout and
simulation of the entire design. For simplicity, the focus is on a single CLB component rather
than the whole PGA 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 resuliisashber
CLB is working properly to meet expected results.

B. PREVIOUS WORK

Previous work on QCAvased FPGAs has focused programmable interconnd@&][9].
The paper i8] developsan interconnect design with flexible routingThe design uses pre
made circuit for all possible routing at the interconneét.the site ofthe interconnect, QCA
cells in the unclocked zone are assumed to be an@merit 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 onexied NAND gate.

The programmable interconneot[9] uses @QCA 4Diamord circuit which has a similar
function to that of gpasstransistor iINnCMOS technology. The interconnect design has four

diamondshapectircuits in a two-by-two grid. Upperleft, upperright, and loweileft quadrants



havethe interconnect circuitwhile lowerright quadrant haghe logicblock which consists of
onefixed NAND gate. The interconnection designainly uses unidirectional (left to rightwire
routing. This uses similar clocking methods (unclocked and clocked zortesken [8].

The papers above upeogrammable interconnect but fixed logic, which is firg& type
of FPGA architecture representedkigure 1-1(a). In contrast,the QCA-based FPGAlesgn
presented herne believed to béhe firstdesignusingconfigurable logic blocksLUT-Basedwith
memory with fixed interconnect This designtargetsthe type of FPGA architecturepresented
in Figurel-1(b). Notice thaf8] and[9] do not usememory elemeistfor configuration Section
5 covers this new CLB design.

There are nmerous source®r QCA-based memory design©nly a few ofthem are
discussed here[10] presents anemory(with parallel write and parallel read)ith Row Selegt
Input, Write/Read and Output signals. Because QCA is a pipelined technolagysesan
internal loop to premrve the value of the memoryAn array of four onéit memorycells is
constructed to creatéx4 memory witha twoto-four decoder, dop-level sharedWrite/Read
signal asharednput Signal anda serial output. The design is scaleable to creatarger array
memory ora two-dimensional grid memoryThis design is good for a small amount of memory.
However, itmay incur a larger delafpr a large memory desigre(g, a 16-bit memory) The
outputs are combined in a serial chain of OR gates, whiclpaiuce adong latency athe
outpus. In contrast, the memory presented in Section 4.B uses a tree structure of OR gates.

In another memorydesign a memory with two or more bitsan be developed by usiag
longer internal memory loof hold the contds of the memory Thus, it hashighermemory

densitythan[10], which uses a separate loop for each Burpaperqd11][12][13][14] use this



memory designas an fundamental memory desidiut each of them has different memory
architecturgor read and write operations

[11] uses primitiveQCA elements each of which occupies a tile of 5x5 QCA cells.
These include such primitives adbimary wire,a fanoutelement a majority gate, anén AND
gate The primitives are then uséd make up logical devicesuch as aounter, comparator,
register latch, and so an The memoryn the desigrhas 16bit long loop to hold the contenof
the memory. In order to read or write certain bit of the memory, the counter and comparator are
used to comparbetween the current address dahd desiredaddress. The loop rotates until it
has arrived thelesiredaddress. At that point, read or write operation occurs. A long memory
loop is good for compact memory design, but at the expendieeaounter and comparator.
Another disadvantage is thdte loop takesa time torotatein order to arriveat the desired
address.

[13] uses spirall2-bit memory loop with different write/read circuitryThe authors
presentecin H-Memorydesignwith four Memory Maco blocks in a twedimensional grid with
acentral routing node at the center of the design. The design is scalable to create bigger memory
by using a tree of HMemory. H-Memoryroutes adata packet @it address, -bit op code, and
12-bit data, in that orderjo go though asequence 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 aoges$his design is not well
adapted forlie LUT-based desigmpresented here The output of a LUT must continuously
respond to the value at the LUT inputs rather than to arriving packets.

The memory design ifl2] describedile-based serial memorylt usesthree types of

tiles: aninput tile,aninternal memory tile andnoutput tile. A number of internal tiles (variable



N) can be stacked together vertically to implemighivord by N-bit memory. Thismemory
designis almost equivalent ta long memory loop However, it uses unconventional QCA
clocking scheme for faster memoagcessing. This design is a serial for both reading and
writing. A LUT requires parallel read.

The main disadvantage [th1] and[12] is that, in the read mode, it takes time to rotate
thememory loop to arrivetahedesired address to read the value in that memory locatibe.
maximum time for read latency i1 cycles, wher&l is a memory width in b& For example,
consider a 14bit memory constructed as a single loop with output available only at one end of
the loop. Suppose that bit 2 is currently available for readinghbuddsired memory location to
be read is ib 15. It takes 13 clock cycles trotate the memory loop in order to reach bit The
paper in [14] overcomes this probleby using parallel read/serial write memory and a
multiplexer device The memory architecture lisughly similar to therchitecturan [11] with
an additional devige2™to-1 multiplexer at the outputThe multiplexer selects one bit from the
memory loop Since QCA memory is always shifting in a pipelined wire, the use afcineter,
adder,and multiplexer componentshelps o track the currenmemorylocation The adder is
used to offset the difference between current and desired memory locations. The othtput of
adder controls the selesignals at themultiplexer. This eliminates the need to wait for the
values in thanemory 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 usimgetmory 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 paralléh iadlar

memory interface to thatn [14]) but replaceshe 16-bit memory loop withsixteenonebit

1C



memory cells, each of which ismodified version of ondit memorycell in [10]. The new
memory cell has two railsDI (Data Inpu} rail and RW (ReadWrite) rail. During write
operations, signals flow in one direction on tierail, but in the opposite direction on tRaV
rail. This memory configuration allows cells to bestackedshouldefto-shoulder to creatd-bit
memory. A decoder (Section 4)Aand & output circuit(Section 4.Cyeplace the multiplexer
and addeof [14]. However, the outputircuit doesnot need counter and adder components to
track the current memory locatidrecause each bit of memory 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 [ib4], write operations are performed serially. Thsgs i
appropriate for a LUT, because write operations are only used for configurAftenwards, the
memorycircuit is in read mode Because of the heavily pipelined nature of QCA, each read
incurs multiple clock cycles datency However, thehroughputis one read operation per clock
cycle. Section 4.B covers the details of thisvelmemory design.
C. ABOUT THE PAPER

Section 2 provides the QCA backgrouretjuired fora fundamental understanding of
QCA technology. Section @escribes hierarchical (FPGELB, and LUT) architectures for the
design presented her&ections 4 and 5 cover the implemeiota{design/layout) foa look-up
table and configurable logic block, respectively. Section 6 presents simulated results for LUT

and CLB. Finally, Section7 concludeghis paper with some discussion about future work.
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2. QCA BACKGROUND

This sectiondescribes &CA cell and its associated componestsh as a cell, wire,
majority gate, and inverter. A combination of those fundamental componentsegsad to
develop a digital circuit at the nanotechnology level. More detailed information on QCA can be
obtained if1][2][3][4].

A. QCA CELL

A QCA cell uses the positions of electrons in quantum dots to represent binary'Qalues
and'l. InFigure2-1, (top-view), asquarecell containdour dots where eacliot occupiesone
comer. The square boundary is fatustration 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 oppositersahihe cell. This leaves
only two stable states for each cell. These two states are used to represent logic Madues.
occupation of uppeleft and lowerright dots represent logl@'. In this case, th@CA cell issaid
to be 'polarizedto -1". Smilarly, the occupation of upperght and lower left dots represent
logic '1'. In this case, the QCA cell is said to be "polarized ta #fh"addition,null (also called

neutral) is another polarizatiom the quantum welland will bediscussedater.

Binary '0' Binary '1' Null

N TN o Yo
@ @ oo
,//'\* ,//'\ ,//'\ “,//“\

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 electroas cell
Consider a few QCA cells plag¢ogether as ifrigure2-2'. Assume that the blue cell at the left
is the input cell. Assume that the yellow cell at the right is the output G&lé Coulombic
interaction(magnitudes of eleémn repulsionfrom neighboring cellsdetermines the positis of
the electrons in the normal (green) cdh. case of logic 'QFigure2-2(a), the first green cell on
the left responds to the input cell aodtputslogic '0". The cell is polarized t6-1" because of
Couombic interaction (electrorepulsion). It cafeseen that the occupied dat the green cell
distance themselves from tbecupied dotsn the input cell. The second green cektproduces
the logical value in the first green cellhis processepeas for the remaining cells irthe wire
until it has reached the output celh other words, the wirexhibits a "@mino effect’ in which
all cells adopt the same polarizatidgimilarly, Figure2-2(b) illustrates the same proedure for a

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

(b) Logic"1"

Figure 2-2: QCA Normal Wire
QCA technologyrequiresthe aid ofa clock mechanismto operate properly It is a

pipelined system The clockmechanismhasfour clocks (fo, f1, f2, and f 3) as shown in

Figure 2-3, for two clock cycles The low lewel, rising edge, high level, anthlling edge of a

! All figures with black tackground (excepfigure4-7) are the copied from QCADesigner softw§ifg
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clock waveformrepresenthe four phases calleldold, release relax, andlatch, respectively.
The four different clock planes are placed directly betllo@QCA cells. When the clock is low,
a QCA cellis holding the current positioof the electronsat the top of the cellhold state)
During therising edge, the electrons tunnel down to the bottom of the QCA cell becatlse of
electrons attractioto the clock planeréleasestate) When the clocks high,the QCA cell is
considered tdhavenull polarizationwhere electrons sit on the bottom of the cedlgx state)
During thefalling edge, theslectronsare repelled from the clock plane and tunnel to the top of
the QCA cell in the position detemed by Coulombic interaction with neighboring celistch
state). Thus,afour-phase cloclsystem igequired in QCA technology to pass information (logic
values) across a wirg gate The direction for the information flow is frothe clock 7 ¢ to the
clock 7, to the clockf , to the clock f 3 to the clock f ¢ of the next clock period (circular
direction).

Figure2-4 illustrates thgprocesdor a wire to carry the informationsingthe fourphase
clocking mechanism Each sequenced part of the figuepresents one quarter otlack period.
QCADesigner[7] usesgreen, purple, blue andhite cellsfor clocks 7o, 71, 2, and 7 s,
respectively. In the figurecaption foreach part, the first term is for the green cells, the second
term is forpurplecels, andso on. Each term represemtsertain phase at a certain time. For
instance Figure 2-4(a) shows thathe green cellsare inarelax phasethe purple cellsare ina
releasephasetheblue cellsare inahold phase, anthewhite cellsare inalatch phase.

As shown inFigure 2-4(a), thegreen cells are ia relax state with neutral polarization
andall remaining ceB are ignored during initializationIn Figure 2-4(b), the green cellktch
thelogical value from the input cethroughCoulombic interaction. At the same time, the purple

cells are ina relax state. During the period shown ifigure 2-4(c), the electrons in the three
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greencells are held in their currepbsitions. Meanwhile, the purple cells latch the vdioen

the previous (green) celldn the last quarter of the clock period Figure2-4(d), thegreen cells
begin to release the position of electrotie purple cells hold the position, arlkle blue cells
latch the valudérom the previous (purple) celldn Figure2-4(e), one clockcycle afterthe initial
time, the green cellselax, the purple cefi release the position, the blue sdibld the position,
andthe white cells latch the value fromhe previous (blue) cells.Finally, in Figure 2-4(f), one
anda quarterclock periodsafterthe initial time, the green cells accept the new logic value from
the input cell andthe white cellspassthe original valueo the output cell This procedures
repeated everfour phases otheclock. This process demonstrates hthe information (logical

value) is passed from one group of cells to the next group of théygellsng clocking zones

Time ——

Figure 2-3: Four-Phase Clocking System
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(f) Phases: Latch, Relax, Release, Hold

Figure 2-4: QCA Pipelined Wire
There is another kind of the QCA wire calladinversion chaimas shown irFigure2-5.

The position of quantum dots in a normal (buffer) cell is rota#d clockwise or
counterclockwise to become an inverted cell. One quantum gtaded halfway between two
cornerson eachside of the QCA cell. Theinversion chainnverts the logsal value from the
previous celldue to Coulombic interactionlf the number ofgreeninverted cells between the
input and output cells is oddhe atput cell presents a bufferagersion of the input cell
Similarly, if the number of green inverted celbetween the input and output cells is even, the

output cell presentsnainverted version of the input cellThe inversionchains areuseful for
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developingbus rails with perpendiculigr"tapped normal wires. This can be done by placing a
normal cell lelow or abovehe inversion chains and aligning the cell halfway between inverted
cells at a certain location to obtaia bufferedvalue (Figure 2-6(a)), or invertedvalue (Figure

2-6(b)). The figure assumebat the input cellA, hasvalueO.

Figure 2-5: QCA Inversion Chain

X|%e X[e?

(a) Buffered Output (b) Inverted Output

Figure 2-6: Inversion Chain with Tapped Output

Normal wires and inversion chains can be used attansiection for signal crossingth
little crosstalk noise. As shown inFigure 2-7, normal wires are placevertically while
inversion chains are placed horizontally (or vice versdhe inversion chains must be a
continuous wire at the intersection, while the normal wire breaks into two segméinésnarfe
at the intersémn. There is little effect of Coulombic interaction at the intersection odethe
wires with the proper clock zonesNormal wires and inversion chains atigually independent
of each otheat the crossings Thus, one signal can pass from left tdhtigr from right to left
while another signatanpass from top tdottom orfrom bottom to top The intersection uses

one or two clock zones depending on the topologh®QCA layout.
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Figure 2-7: Wir e Crossings
C. MAJORITY GATE & INVERTER GATE

The heart of QCA computation is38anput majority gate The Boolean expre&s for the
majority gateisF = AB+BC+ AC. If at least two inputarelogic '0', the output is logi®0'. The
3-input truth tdle with one of the inputs fixed t®' is equivalent to &-input AND gate.
Similarly, if at least two inputs show loglt', the output resultsn logic 1. The 3-input truth
table with one of the inputs fixed t0 is equivalent to 2-input OR gate Table2-1 shows the
truth tables of the majority gate. Theay shadd areas represetite fixed value. Figure 2-8
illustrates the QCA layoutgsignalsA = '1' andB = '0' shown)for an AND gate andan OR gate.
The sums of Coulombic interaction (signél B, andC) determine he value at theutput where

the doninant interaction wins the vate

[clealce] [clelalce]
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 chadiscussedn Section 2.B., a simple inverter gate can be
used in QCA technologykigure2-9(a) shows the QCA layout for an inverter gate with the logic
'0" in the nput cell. The result of the output cell is logic '1'. SimilaFigure2-9(b) shows the

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

Lot BN

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

Figure 2-9: Inverter Gate
In an inverter gate, thimput wire is constructed into a twawong fork. The lefcell of
the output wire is aligned vertically betwed¢he two prong of the fork and is abutted
horizontally on theedgesides ofthe prongs. The logical value in the left cell of the output wire
is determined by the Coulombic interactibatweenit and the cells at the ends of theongs.

An inverter gate uses either one clock zonéwo clock zoneslIn the former arrangemertioth
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input wire and output wire ugbe sameclock zone. In the latter arrangemerthe input wire is
assigned to one clock zone, whillee output wire is assigned to the next clock zoRe&gure2-9

uses asingle clock zone.
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3. ARCHITECTURE S

This section describasierarchical(FPGA, CLB, and LUT)architecturesdr the design

presented hereAlso, it offers two possibléesignconfigurationsat the CLBlevel. Thedesign

uses bottorup method from three sutbmponents of a LUT to a CLB.

A. FPGA

The target architecture for this desigraisellular arrayof CLBs with orthogonal nearest

neighbors connections only, similar to that proposed %ij[16] as shown irFigure3-1. 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 neighbong CLBs. Similarly, four inputs of a CLB are connected

directly to the one output of neighboring CLBs.

~ICLB CLB[CLB
oI
~|CLB CLB[CLB
oI
~|CLB CLB[CLB

Figure 3-1: Architecture for QCA FPGA

As discussed ibection 1.Athe FPGA desigrhas not beermplemented However this

paper presents the design, layout, and simulation of one Gliéhould bea simpletaskto put

together acellular array ofidentical copies of the CLBresented her® form an FPGA witha

little modificationfor programming wes between CLB
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B. CLB

The proposedCLB implements four LUTsKigure 3-2) where each of them is placed
the correspondingside of the CLB. Each LUT computes an independent Boolean function of
four inputs as shen in the right side ofFigure 3-2. Those four inp&(n, s, e andw) are
connected to the outputs néighboring CLBs to thénorth', "south, "east, and"west' sides,
respectively. At the top level of the CLBall corresponding inputs ahe four LUTs are
connected togethewith a bus line. The outpus of the north, south, east, and wesUTs
representshe outputsN, S E, andW, respectively Thus, each output from the CLB can be any
function of the inputgrom its neighbors The LUT can be programmed with a truth table for

any Boolean function by usingn external FPGA programmeo shift values into the LUT

memories
N
T A A
wJT
N =N(n,s,w,e)
> “_§E|+m S = S(nJSJWJe)
§¢§§H . E =E(n;s,w,e)
W= W(n,s,w,e)
Ma l
107
A l
S S

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

The nside of eachLUT consistsof a four-to-sixteen decodey a sixteenbit memory
(serial writing for programming and parallel reading for normal,um&jan output circuit The
purpose of the decoder is émableone ofthe sixteerlines andto select the memory cedt the
address specified by the four inpufBhe implementation of the decoder uses a tree structure of
two-to-four decoders Each output line of thdour-to-sixteendecoder connects tan enable
signal ofa QCA memory cell The ouputs ofsixteenmemory cells arétied" togetherto forma
singleoutputcalled the output circuit Sincethreestatebuffersdo not exist in QCA technology,
a treestructureof OR-gates is used. Wenan enable signah a memory cell is not enabled, it
asserts logi®' at the outpt to avoid a data collision wittinenabled memory cell

D. CLB CONFIGURATIONS

There are two possibldesignconfigurationsat the configurablogic-block level. The
configurationsare the CLB witHfour decoders and the CLB thione decoder. Each of them has
advantageand disadvantage

A CLB with four decoders assumes that each L{A%-bit memory and output circuit)
has its own decodexs shown irFigure3-3. This configuration isuseful toconfigurethe LUT
with a built-in decodera group of sixteen memory celsnd an output circufor one side of the
CLB. Each LUT is a copy of the other onds.also hasa symmetrical circuit for equal timing
alignment. The drawbackis tha the configurationrequiresthree additional fouto-sixteen
decodes. Section 3C describeghis CLB configuration The design presented here uses this

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

In Figure 3-4, the CLB configuration with one decoder has aeetralfour-to-sixteen
decoder and sixteen groups of four memory d¢ellEn array (another type of LUT with an output
circuit). Four memory cellg"north”, "south”, "east", "west")n a group share one common
enable line. An enable line is connected to a corresponding output céritraldecoder. The
advantageof this configurationis that it only uses one decoder. Howevét, requires
complicatedwire routings to connect all corresponding witegether to fornfinal outpus N, S
E, W. This mayrequiretwo-layer routing which is not practical in the QCA technology. Also,
there is an issue with timing alignment becaugeatiacouting wires are equal in the number of

the clock zones.

2 Note: InFigure3-3, the outputs of the memory cells are drawn as if they are shortéengén reality, they are
combined through the tree of OR gates presents in Section 4.C.

24



A3 A2 A1 AO
4-t0-16 Decoder
F E 1 0
ENABLE ENABLE ENABLE ENABLE
; A2 SIS0 SIS LIS L BiEEEANE4NEY S SIS ;
Serial Out sintsintsintsl ikl 0 0 0 00 Sinintsintsl likiskink) Serial In
Wr EF |SF Ne We |Ee |Se Ne W: B2 |S: N Wo Eo |So No
) )

1YY

WESN

Figure 3-4: Architecture for a CLB with One Decoder®

% Note: InFigure3-4, the outputs of the memory cells are drawn as if they are shorted together. In reality, they are
combined through thtree of OR gates presents in Section 4.C.
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4. LOOK -UP TABLE IMPLEMENTATION

This section covers the implementation of a logk teble (LUT) with three sub

components(l) a fourto-sixteen decode(?) a sixteerbit memory, and3) an output circuit.
A. DECODER

Thefour-to-sixteendecoder block diagram is shownFigure4-1. There are fivéwo-to-
four decoders in a tree structucenfigurationto build a four-to-sixteen two-stage decoder.
Eachof four primaryinput signas (A, B, C, D) must fan out to four different locatiots connect
to theleft, middle left, middle right, and rigltouplel decoders (C andD aredistributedto the
first-stage decoderA andB aredistributedto the four decoders in the second stagéowever,
there is @echnical issuevith the fanout in QCA technologyrigure4-2(a) shows theliagram of
directconnectiorfanout. The fanout hasomplicatedcoplanar wire crossirgg 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, becaustock zones are used to control the direction of information flow.
Thesymmetrical fanout ifrigure4-2(b) offers the solution to the problem whéhnere isno wire
crossing. Thus, here are sevenprimary input signals (D,,C,,B,,AB,C,D,),
whereB=B,=B,, C=C,=C,, and D=D, =D,. A secondary fanout (after the primary
fanout) uses thelbowfanout with a few coplanar wire crossings.

Notice thatthe input signalsA and B are used in the secoistigedecoderswhile the
input signalsC andD are used in the firsdtagedecoder The notation for this paper is that bit F
is the leftmost bit and bit O is the rightmost bit for both ftsixteen decoder and sixtebit
memory(Section 4.B) Table4-1 shows the truth table fahe four-to-sixteendecoderf Figure

4-1. Exactly one of the output signals is high (logi) at any given time. In this pap the

26



outputs of the decodeare labeledwith enable lines. Enable lines are used to enable the

corresponding memory celfs describet Section 4.B.

DOCOBO A B1C1D1

FIRST-STAGE
] __2t0-4DECODER _ L
ENABLE ENABLE ENABLE ENABLE
2-to-4 DECODER |- |~ 2-to-4 DECODER 2-to-4 DECODER |- | L 2-to-4 DECODER
0 1 2 3 ? 1 2 3 ? 1 2 3 ? 1 2 3
11 IR T o1 Py

F E D [} B A 9 8 Enable Bit 7 6 5 4 3 2 1 0

Figure 4-1: Block Diagram for Decoder

DCBA DOCOBO A B1C1D1
| I B |
D= M D D D
C—= =-C C C
B B B B
(a) Direct-Connection Fanout (b) Symmetrical Fanout

Figure 4-2: Fanout Diagram for the Decoder
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Table 4-1: 4-to-16 Decoder Truth Table

It is possible to desigm four-to-sixteen decoder in a single age. However, this
configuration is noteffectivein QCA technology due tthe increased number of inpuis a
single clock zonend complicatedcoplanarwire crossing and timing issug For instance, the
inputs(signalA, B, C, andD) are located on thleft side ofa singlestage decoderAssumethat
it takes one clock cycle from one bit tlee next bitin the input rails It takesone clock cycle
from the inputgo output bitF, while it takes sixteenclock cycles from the input® output bitO.
This results inan unequaldelay between inputs and output©ne can compensate for the
unequal delaypy addingadelay at each output (15 cloclclesfor bit F, 14 clock cycls for bit
E, andso on). However, his is not a good solutidmecaus®f lenghy delaycompensated wires.
In addition four signal rails withcoplanarinterconnects in the same clock zone do not provide
reliable signals due to crosalk interference fronperpendiculatapped wires.Therefore, up to

two or three signal rails ard@ved, depenthg on clocking zone and layaut
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In contrast, dree structureonfiguration is ideatlue toits symmetryfor QCA pipelined
circuits where each path from input to output has the same delggr the decoder design
presented herghe latencys onlyfive clock cycles.

The two-to-four decoder in the firsstage usefour 2-input AND gates The inputs of

AND gates are connected to the inpute C (C =C, =C,) and the input wir® (D =D, =D,)

through inverter gatewhere neededs shown irFigure4-3. For logicalfunctionality, the output
of bit 0 ¢he leftmost bit) of the firststage decodeselectsthe top four lines inTable 4-1.
Similarly, bit 1, bit 2, and bit 3selectfour upper middle linesfour lower middle lines, antbur

bottom lines.

sl LH il :J

Figure 4-3. Schematic forFirst-Stage Decoder

Thetwo-to-four decoder in the secorglage uss eight2-input AND gates.Four of eight
AND gates are uskto enableor disablethe output. In QCA technology each logic gate with
more than two inputs is built by cascading multipnut gates In Figure 4-4, the circuit
configuration is the same asthmefirst-stage decoder witthreeadditionalA, B, andEN rails and
four 2-input AND gates. The inverters come from the inversion chaimghe three rails The
logical functionality isasfollows: If the enable rai(EN) is high (logic'l’), it activates théwo-
to-four decoder as manal operation; otherwise, it detivates the decoder and forces all outputs

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

The actual QCA layout of the secestage two-to-four decoder is shown iRigure4-5.
A comparisonof Figure 4-4 to Figure 4-5 shows that there amorresponding devices between
them. The top, middle, and lower railgarry thesignak EN, B, and A, respectively. As
mentionedabove up tothreerails with coplanar interconnects can be used in a single ctoek z

It takesone clock cycle to operate teecondstagedecoder.

’

-1.00 -1.00

Figure 4-5: Layout for SecondStage Decoder
Finally, a combination obnefirst-stage decoder arfdur secondstage decodsmresults

in a four-to-sixteendecoder. Four secongtage decoders are placed shoutdeshoulder to
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implement 16 enable lines. The fusthge decoder is placed abdiie secondstage decoders.
The seconeastage decoders receive input signalandB, while the first-stage decoder receives
input signalsC andD, as inFigure4-1. The complte decoder layout is shown fRigure 4-6.
Notice thatthe layout is symmetrical about theaginary vertical line in the center of the layout.
This results in equal latencylt takesfive clock cycles to travel from the inpufur address

select lines) to the outputsiXteenenable 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 addressitiribe decode(inputsn, s, e, andw).
As discussed in SectiohB, the memory cells presented here are the modified version of the
memory architecture frofl0]. The original version haive AND gates, one OR gate, and two
inverters with Row Select Write/Read Input, and Outpu signals [10] uses parallel
configuration with a decoder to select a memory trelaccepta new value during the write
mode. Similarly, during the read mode, an enabled memory outputs the stored value.

The modifiel memorycells usea serialReadMrite (RW signal,a serialData Input (DI)
signal a parallelEnable(EN) signal and a paralleDutputsignal Compared to the memory cell

from [10], the design presented here eliates a Row Selectsignal two AND gatesand one
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inverter TheRWandDI rails in the modified memory cellgse inversion chainsThe memory
cells are stacked sid®y-side with RW and DI rails connectedin seriesto create anN-bit
memory This allows tle entire memory to be configured as a shift regi@eRWandDI rails)
for writing. Theenable line in each memory cell is connected to an output dbtindo-sixteen
decoder This allows random access fmarallelreading

Figure 4-7 and Figure 4-8 showthe schematic anthe layout of one memory ceNith

labels In QCADesigner, geen, purple, blue and white wires represent clatksf 1, f 2, and
f 3, respectively. During the write modeRW= '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 mod&{="0"), the output of the left AND gate is forced to output '0'
where it rejects the value from titd. The lower input of theniddle AND gate is always '1'.
Thus,the gate outputs theurrentvalue in the memory loop. Because the output of left AND is
'0", the OR gate transports from right input to the outfdute output of the OR gate is losgh

back to the upper input of thmiddle AND gate. In QCA micrgipelined systemhis allows

the storedralueto be preserveth the loop until the write mode occurs. The right AND gate is
called an enable gat@nd operas independery from the rest of the circuit Regardlessof
whether one is in the read or write modiee enable gate outputs the stored value vidieérs '1'".

This shows that the memory cellgslecedto be read. Otherwise, whé&N is '0’, the otput is

‘0" which measthat the memory cell is not selected to badreThe summary of the memory

operation for read and write modes is showmable4-2.
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Figure 4-7: Schematic forthe One-Bit Memory Cell

DI

MEMORY LOOP
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Figure 4-8: Layout for the One-Bit Memory Cell
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Memory
Mode | RW | EN | DI Loop ouT
Read| O 0 X Unchanged 0
Read| O 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 sixtedst memory. TheRW and DI rails in each
memory cell are connected baitkback to create the sixtedait memory. TheRWandDI input

ports are at the left side of tRWrail and the right side of tHel rail, respectively.

Figure 4-9: Layout for 16-Bit Memory

Since QCA is a micropipelined systetihhe novel memory design presented here employs
two important rulegor writing to an N-bit memory. Firstthe RW(left to right) andDlI (right to
left) signalsmust propagate in opposite directionsSecond, during the write mode, tRWW
signal mustuse a ome-cycle pulse and pass down from bit F (the leftmost bit) to bit O (the
rightmost bit). Figure 4-10, Figure 4-11, and Figure 4-12 illustrate tese ruledor a fourbit
memory In all figures, asume that the memory is initialized with all zeros in Bheand RW
rails. In Figure4-10, DI and RW propagate in the same direction. Rigure4-11 and Figure
4-12, DI andRWpropagate in opposite direction

Figure4-10 illustrates an attempt to shift binary value 0101 into the memory thritnegh
DI port. During clock cycle 0, the memory is initialized. In the next cycle,Dh@ort starts
receiving the binary string 0101 witihe rightmost bit first. At the same time, bit 3 of the

memory is in write mode because thera mnecycle pulseon the RWrail at that memory bit.
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The logic '1' is loaded at th@l inputin bit 3. During clock cycle 2, the orwycle pulseis
shifted tobit 2. The rightmost bit of the vadus also shigdto bit 2. The previous memory cell

(bit 3) updates the logic '1' tne memory loop andhanges tan the read modeThe process
repeatsfor remaining memory cells.At end of the write mode (clock cycle 5), the memory
contains the binary value 1111The result does not match the desired valu@ldéfl By
analyzing thefigure, it can be proven that each memory cell always receives the value in the

rightmost bit of theDI 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 pagation direction oRWandDI opposite each
other as shown ifrigure 4-11 and Figure 4-12 (continued fromFigure 4-11). These figures
illustrate shifting the binary value 1010 into the memory throtngtDI port (right side of thé®I
rail). The DI signal must be interpolated to twitee length of the originaDI signal with the
value *' (do not care)its inserted every other cyclbecause th signal is traveling in the
opposite direction of th®&Wsignal. In the binary format, the origin@l has '1010' while the
interpolatedDl has '10-1-0-'. During the clock cycle 0, the memory is initializeBrom clock
cycle 1 to clock cycle 4the interpolatedDl signalis fed atDI port, the leftmost bit first. The
onecycle pulseat theRWport must not start until the leftmost bit Bil arrives bit 3. During the
clock cycle 4, bit 3 is in thevrite mode and accepts the new vafuam the DI input.  In next
clock cycle, theDI signal is shifted to the left whilRWsignal is shifted to the right. In that
case, the bit 2 is in therite mode. At the same timéhe previous memory cell updates the
value in the memory loop. Th®ocess repeater the remaining memory cells. At end of the
write mode (clock cycle 8), the memoegntains the binaryalue 101Q which agres 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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CLOCK : : Z - DI RAIL
CYCLE DI § DI § DI} DI}
6 MC MC MC MC
1 0 X X
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DI ¢ DI $ DI $ DI $ R
8 MC MC MC MC
1 0 1 0
_— RWI RWT RWi RWi
BIT 3 BIT 2 BIT1 BITO

Figure 4-12: Four-Bit Memory with Opposite Direction (2 of 2)
The algorithm for loading a desired value int@ tfourbit memory inFigure 4-11 and
Figure 4-12 can bescaled for thesixteenbit memory for the memory design presented here.
TableA-1to Table A-3 in the Appendix A illugratethe procedures to load new values into the

memory, configuring the LUT with a new truth tableX., X:,3 ,X,, X, represerd the initial
contents otthe DI rail. Similarly, Y:,Yz,3 ,Y,,Y, represents the initial contents thie RW rail.
Z.,7.,3 ,Z,,Z, represents the initial contents of the memo;:,Q:,3 ,Q,,Q, represents the

desired final contents of the memoryLight shaded arearepresentthe write mode in the
corresponding bit to accept new logical valudark shaded areas represent that the memory

loop is updated with a new valu&he"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 framteenregular outputs(16-bit
memory to one final output by sing a tree structure of OR gate8ecauseQCA has no
equivalentto thethreestatebuffer of CMOS, shared busses must be handled with logic such as

that shown irFigure4-13.

Figure 4-13: Layout for the Output Circuit

The order of values that appear at thépati corresponds to the order in which the
memory cells are enabledrifteen disabled memory celiseforced to outputlogic '0' to avoida
data collisiorwith anenabled memory cell. Each memory ¢akesa turn pneper clock cycle)
depenihg on the CLB address selectiofhe latency is five clock cycles between sixteen inputs
and one final output.

D. LUT

In Figure 4-14, threesubcomponentga fourto-sixteendecoder,a sixteenbit memory,
andan output circuit)are combined to implemeatlook-up table The enable line of a memory
cell is connedd to the corresponding enable line in the decoder. Similarly,dhgput of a
memory cell is conneed to the corresponding input of theutput circuit the tree structure of
OR gates The latency ielevenclock cycles long between the inputs of the decodertlaad

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

This sectiordescribes the configuratiaf a configurable logic block (CLB) withs core
component Programmingnstructions for th€CLB arealso covered
A. CORE
A configurablelogic block containsfour look-up tables.One LUT isplacedon each side

of the CLB. Each LUT hasseveninputs (D,,C,,B,, A B,;,C,,D,) for address selectionAs
described in Section 4.for the primary inputsD,and D, arethe fanoutranchesf D, C, and
C, are the fanoubrancheof C, and B, and B, are the fanoubranchef B. Thus, eactof the

fourinputs (n, s, e, w) of the CLB is required to provide eight fanobtanchedor signalsD, C, B
andfour fanoutbranchedor signalA to connect to the corresponding inpaf four LUTs. This
brings up complex wire routing between the inputs of a CLBthadnhputs d the four LUTs
such as twdayer routng and complex layout topologyFor the CLB design presented here,
signalsD, C, B, andA represent inputs, s, e, andw.

A spiral"coré' circuit is usedo resolve routing difficultieandto provide simple fanout
signals to each LUT Figure5-1 illustrates thecore layout. Thecore has 4spiral parallelrails
using inversion chainghere the outermosail is connected to theorrespondingnput signalon
the same side

Consider the south side of there The south inputs, is connected to the outermaatl
on the south side. The signal traviel the counterclockwise directioto the east side (othe
secondoutermostrail) to the north side (othe secondinnermostrail) to the west side (on the
innermostrail). Similarly, thethree remaining siddsavethe same circuit pattern bubtated90°
from each other. The seven inpuires fromthe LUTs are connected to certain ratsing

coplanar interconnegt Forexanple, in the south LUT, input®, and D, (inputn) are tapped
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from the secondinnermost rail, inputsC, and C, (inputs) are tappedrom the outermost rail,
inputs B,and B, (input €) are tappedrom the innermost rail, and inpu# (input w) is tapped

from thesecondutermost rail.

Inside thecore the clocking zong are arrangeth the counterclockwise direction. It
takesfive clock cycles for a signal to travel frothe outermost rail taheinnermost rail. For the
south signal, it taketsvo clock cycles to travel from the input e south fanoutthreecycles to
the east fanoufour cycles to the north fanout, aride cycles b the west fanout. Thushe
signal takes a cycle to travel from one side to the next Sities leads ta problemwith time
alignment. Since each fanout signal hadifferent arrival time at the outputs of theore the
core circuit needs to be compsated by adding delay to each output as shownHRigure 5-2.
The compensation results in equal atitrmes for all core outputs. Theamount of thedelay
between the inputsf thecoreand compensated outpuisthe coreis determinedoy the longest
delay (five cycles) in thecore plus one extra cycle An extra cycle is used to connect a wire

between theompensated outputs of thereandinputs of thedecoders
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B. CLB

The completeconfigurationof the CLB layout is shown ifigure5-3. The four LUTs
are identical except for rotationNorth, South, East, West LUTs are placed radiaiyward
(from the center of the CLB) atlie North,the Souththe East, andhe West sides of the CLB,
respectively. Two new wires (one clock cycle long)aatded to conne¢che RWandDI railsin
the South LUTto those of theeast LUT in the loweright corner of the CLB. Similarly, the
wires are also added in the uppigiht corner and uppédeft corner. In the loweleft corner of
the CLB, there are fouexternal I/O lines which arBW Input RW Output DI Input, andDI
Output TheRW InputandDI Outputare connected to tHeWrail andDI rail in the South LUT.
Similarly, theRW OutpueandDI Input are connected to tteWrail andDlI rail in the West UT.
Thus, theRWsignal is traveling counterclockwise frdR\W Inputport tothe South LUT,then to
the East LUT,then toNorth LUT, then to theNest LUT, andinally to theRW Outpuport. In
the same way, thBl signal is traveling clockwise fromI Input port tothe West LUT,then to
theNorth LUT, then to theEast LUT,then to theéSouth LUT, andinally to theDI Outputport.

The core component is inserted at the center of the CLB and aligned to match the
alignment of all inputs of the four LUTs. Fodragonalinput wires @, s, e, w) are added
between corresponding external inputs and inputs afdhe(ten clock cycles long).

The location of he outputfor each LUT is move from theoriginal location to the new
location in order to match the locati@f the input port oheighboringCLB (three more clock
cycles) The new location of thdl, 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 subsection describes how four (North, South, East, and West)t T6emoriesare
loaded withthe desiredvalues in a CLB during the write mode. For fEesignal, it takes 69
clock cycles from th®l Input port to the West UT, to the North LUTto the East LUTandto
bit F of the South LUT. The oreycle pulse at thd&RW Inputport mustnot start until the bi@ of
thevalid data(bit F of the South LUT)n the DI signal is three clock cycldsom arriving at bit F

of theSouthLUT. This is requird becausehere isa threeclock-cycle delaybetweerRW Input

47



