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Complementary metal-oxide semiconductor (CMOS) design has been the dominant
technology in nearly every very large scale integration (VLSI) system. Providing

an optimal balance of high speed and small device area, CMOS technology has been able
to keep up shrinking die sizes and escalating clock rates. In 1965, Gordon Moore noted
the exponential rise in the number of transistors on a chip. He predicted that this trend
would continue and that the number of transistors on a chip would double every

18 months. However, as it stands today, CMOS technology is reaching its limits, as the
physical properties of transistors will not allow for scaling much smaller than current
dimensions. Due to these inherent limitations of the transistor, alternative technologies
must be explored to find a substitute for CMOS design .Therefore other technologies

such as Carbon Nanotubes, Nanowires, DNA computing and CMOL may have to be
studied .Quantum-dot Cellular Automata (QCA) has been widely advocated as new
device architecture for nanotechnology. Using QCA design of digital systems can be
achieved by exploiting the so-called capability of processing-in-wire- due to the feature

in which signal manipulation proceeds at the same time as propagation.

Background Information About Pipelining:

Pipelining is a popular design technique often used to accelerate the operation of the data
path in digital processors. Pipelining is an implementation technique where multiple
instructions are overlapped in execution. The computer pipeline is divided in stages. Each
stage completes a part of an instruction in parallel. The clock rates in today’s
microprocessors are increased by increasing the pipeline stages in the design. This can be
done either by increasing instruction/cycle or by increasing how many instructions am |
processing at a time. But in this discussion about QCA design we will see that how
nanotechnology uses the idea of pipelining in a different way by pushing the pipelining
idea from architectural level into lower device levels.

QCA basic overview:
X Only a few years from 2nm at room temp.
x Self latching
X Coulombic forces vs. current flow
X Interconnects and gates made of same devices.



Polarizations:
x Exactly two mobile electrons.
x Exactly two stable configurations.
x Capacitive plates control electron tunneling.
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Figure 1. QCA cell polarizations.
Fundamental QCA gates:
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Wiring and Routing:

x 90° and 48 orientation: end-to-end or corner-to-corner.

X Wires can cross in the same plane.

x 45 wiring-cells alternate in polarization. Free inversion.
Sizing:

x 10 times denser than a CMOS circuit.

X 100 times denser when using molecules as dots.
Clocking:

X Uses 4-phase clock: switch, hold, release, relax.

X QCA circuits divided into clocking zones:
- Groups of cells modulated by the same signal.
- Same cost (for delay) of wiring as for logic gates.



- Leads to its inherent self-latching.
x Clock lines can be larger than cells.
- Use metal lines underneath, act as energy source, due to energy
dissipation.
x Short 5-cell lines have potential to run at 2000 GHz.
Floor plans and Feedback:
X Requires in-order traversal of clock phases.
x Feedback must return to starting point in phase.

x Both feedback loops are 8 cell-long (must be divisible by 4).

Simple 12:
Two interesting features from self-latching device:
- Processing in wire.
- Multi-thread a circuit for free.
X In wire processing:
- Delay is only determined by no. of clocking zones.
- So, if you can fit logic into your path, that logic does not cost you any time
Arithmetic:
x Full adder in QCA using only majority gates (3 gates)
X More efficient than standard logic.
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Serial vs. Ripple-carry:
X In QCA, a bit serial adder is the same speed as a ripple-carryad@edR SRLQW LQ

using space to create a ripple-carry in QCA.
X Make it serial by routing carry-out to input.
Multiplier:
x Can create a 2 bit multiplier.
- Chain 2 full adders.
- Some required flip flops.
Multiplier--QCA implementation:
x 3 cycle delay.
X No delay between output bits.
X Scales up: Tried 32 bit multiplier; Size grows linearly.
X Multi-pipelining
x Calculation for free with the wire.
X Wave pipelining (process multiple pieces of data on the same wire).
Architecture: Simple 12.
Wiring and longest wire:
X Wires on the left are very long.
- Probability of correct output decreases.
- Propagationtimeinazone QXPEHU RI FHOOV
- Determines the period of the phase, clock.
Simple 12’s one-hot FSM:
x One-hot: state represented by one bit being high.
x 3 states: stopped, iFetch, and execute.
X Execute used in 2 feedback loops.
- Over 4 clocking zones.
+ Keep wires shorter.
+ Does this work? No, the feedback data arrives 1 cycle late.




+ Solution: Reroute signals so there’s fewer clocking zones.
X The longest wire is longer now, which will make the speed slower.
X However, it is a pretty simple logic with only 3 states.
More complicated FSM:
x Stack control FSM.
- 5 states, logic implemented as SOP'’s.
- Next idea: Put all “flip-flops” in same clocking zone: Guarantees that all
state bits change simultaneously.
“Comb” stores the state:
x All states stored in the same clock zone: “the comb”.
- State bits all updated at the same time.
x Feedback data arrives at the correct time
- All'logics implemented in 4 clocking zones.
X Required NOR implemented “in-wire”.
X Number of longer wires.
6 state controller for Simple 12:
+ Add EAGen, no-jump, and operand states.
+ Many more state independencies.
+ More transitions between various states.
State transition matrix:
+ Re-ordered matrix increases band structure, best ordering for the given FSM,
simplified wire routing.
A relatively complete architecture:
* Now have most primitives for a computer:
- Data flow bits.
- State machine.
-Control logic
- Delays associated with control signal timing.
-Feedback delay (from accumulator).
Review of QCA:
x Gates: automatic inversion, majority gate ( AND/OR).
x Self-latching:
- Free flip-flop, automatic pipe-lining.
- Multithreaded: multiple concurrent calculations.
x Time cost function:
- Strictly based on number of clocking zones.
- Placement and routing more important over quantity of gates used to
implement the logic.
- Wire length is big concern.



Discussion:
Although QCA has many attractive features, there are still many challenges to overcome
before its products can be practically used. The molecular implementation of QCA could
be a good approach with its many inherent advantages: highly symmetric cell structure,
very high operating speed, room-temperature operation, and very high device density.
Magnetic QCA, or MQCA is also a new promising direction to investigate further QCA
based applications. Comparing today's CMOS design methodology and QCA design
methodology one of the major differences that we have pointed in the class was that the
notion of in wire processing in QCA design you can do computation as information
propagates in the wire whereas in today's CMOS design the structure is

gate(input) ------------- >Wire---------- > gate(output)
where data is calculated on the input gate and is transmitted on wire with some delay to
the output gate. So there is no data computation on wire rather it is only the data
transmission. Another difference compared to traditional FET-based design is that the
delay calculations are based on the number of clocking zones from input to the output
rather than number of gates.
At the end of the presentation Dimitri came up with a conclusion which states that it has
been spend so much time on QCA design but the problem is making a single QCA. But
we ended up with a general conclusion of there is no need to wait for a single QCA
because communicating and giving feedbacks to the physicists in the areas of QCA
design will improve the development of single QCA design. So as a conclusion we can
say that although QCA design has been around for over a decade, it still exhibits the signs
of a “new” technology, and before it can be used to create large-scale devices, tools and
methodologies must be developed that advance the technology from device- level design
to system-level design.



