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Abstract. The Electron Counting (EC) paradigm was proved to be an efficient
methodology for computing arithmetic operations in Single Electron Tunneling
(SET) technology. In previous research EC based addition and multiplication
have been implemented. However, the effective performance of these schemes
is diminished by fabrication technology imposed practical limitations. To allevi-
ate this problem high radix computation was suggested. In this paper we present
a high radix EC addition scheme and a high radix EC multiplication scheme. For
both arithmetic operations, we first briefly present the normal (non high radix) EC
schemes. Second, we present the high radix schemes and explain their function-
ality. Third, we explain the implementation of the high radix schemes in details.
Finally, we present simulation results and evaluate the schemes in terms of delay
and area cost.

1 Introduction

It is generally expected that current semiconductor technologies, i.e., CMOS, cannot be
pushed beyond a certain limit because of problems arising in the area of power con-
sumption and scalability. A promising alternative is Single Electron Tunneling (SET)
technology [[1], which has the potential of performing computation with lower power
consumption than CMOS and is scalable to the nanometer region and beyond [2].

Several proposals have been made to implement computational operations using SET
technology and these implementations are mainly categorized in two types (see for
example [[113]]). The first type of implementation represents logic values by voltage (see
[3]] for an overview) while the second type of implementation represents bits by single
electrons. Single Electron Encoded Logic (SEEL) [4] is an example of the latter.

Using the second type of implementation, arithmetic units can be designed in con-
ventional logic design styles, e.g., using Boolean and/or threshold gates (see for exam-
ple [4]]). The Electron Counting (EC) paradigm [5], on the other hand, uses a novel de-
sign style and appears promising as an efficient computational paradigm for the imple-
mentation of SET based arithmetic operations, e.g., addition and multiplication. Previ-
ous EC based adder and multiplier implementations assumed that an unlimited amount
of electrons could be transported within the EC building blocks, which does not hold
true in practice. Therefore, a limit to the operand size of the previous proposed schemes
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is implied by the available SET fabrication technology. One way to alleviate this prob-
lem is to do high-radix computation [[6]. In this paper we propose a high-radix EC
addition scheme and a high radix EC multiplication scheme.

The remainder of this paper is organized as follows. Section 2] briefly describes the
single electron tunnel phenomenon and introduces the EC paradigm. Section [3 intro-
duces the proposed high radix addition scheme, explains the implementation details
and presents simulation results. In Section [] the high radix multiplication scheme is
proposed and explained in details. The scheme is verified by means of simulation. Sec-
tion[3 concludes the paper.

2 Background

SET circuits are based on tunnel junctions which consist of an ultra-thin insulating

layer in a conducting material (see Figure [T). In classical physics no charge transport

is possible through an insulator. However, when the insulating layer is thin enough the

transport or tfunneling of charge can be controlled in a discrete and accurate manner,

i.e., one electron at a time. Tunneling through a junction becomes possible when the
ge

junction’s current voltage V; exceeds the junction’s critical voltage [7] V. = CrC)?
. +C;

where g, = 1.602-10~1°C, C ; 1s the capacitance of the junction, and C, is the capacitive
value of the remainder of the circuit as seen from the junction. In other words, tunneling
can occur if and only if |V;| > V..

Electron tunneling is stochastic in
nature and as such the delay cannot be
analyzed in the traditional sense. In- Embedding Circuit
stead, for each transported electron one
can describe the switching delay as t; =
—In(Perror)qeRs

=z
resistance and P,,,,, i1s the chance that
the desired charge transport has not oc- Fig.1. Schematic representation of the tunnel
curred after 7; seconds. In this paper we junction
assume R, = 10°Q and P.,,,, = 1073,

Note that the implementations dis-
cussed in here are technology independent. SET tunnel junctions can for example be
implemented by classical semiconductor lithography or by carbon nanotubes [8]. There-
fore, circuit area is evaluated in terms the total number of circuit elements (capacitors
and junctions).

As mentioned in the introduction, there are many ways to do computation using SET
technology of which the Electron Counting paradigm seems to exploit the potential of
SET most of all. In the EC paradigm, the ability to control the transport of individual
electrons is utilized to encode integer values X directly as a charge Xg,.. Once binary
values have been encoded as a number of electrons, one can perform arithmetic opera-
tions directly in electron charges, which reveals a broad range of novel computational
schemes.

ﬂi

symbol

, where R; is the junction’s

metal  insulator metal
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3 High-Radix EC Adder

A basic (non high radix) EC based addition scheme was first proposed in [5]]. Figure 2]
depicts a 2-bit instance of this addition scheme, which functions as follows. Each bit
of the inputs A and B is connected to the V input of an MVke building block. This
block, once enabled, adds Vkq, charge to the charge reservoir, where V is the magnitude
of the input, k is a build in constant, and ¢, is the absolute charge of one electron
(1.602 % 10712 C). In other words, the MV ke block removes Vk electron from the charge
reservoir. The build in constant k is adjusted to the weight of the corresponding input
bit of the MVke block. Thus, the total amount of electrons removed from the charge
reservoir is Z}ZO(aiZi + b2t ), which is equal to the sum of the inputs. The results of the
addition is converted back to the digital domain using three PSF building blocks, which
each implementing a Periodic Symmetric Function (PSF).

A possible implementation of the
MVke building block (Figure 3.1) was

proposed in [[6] and operates as follows. R

While R (reset) 'and \" are’ z’ero and in- " - (G ) oy
put E (enable) is set to '1’, the volt-  Reservoir J

age over junction 1 (Cl) approaches PSF [— 1
it’s critical voltage. If now V is set to mv2' e psE L 5

’1” the critical voltage is exceeded and
one electron tunnels from node M to
node N. As a result of this event a posi-
tive charge is present on node M, which
causes the voltage over junction 2 (C2)
to exceed it’s critical voltage and so one
electron tunnels from node P to node Fig. 2. 2-bit EC addition scheme

M. This process of two tunnel events

continues until the voltage over junc-

tion 1 has dropped below the critical voltage again. The number of electrons k that
is removed from the charge reservoir is proportional to the magnitude of both V and C,.

MV2 e
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Fig. 3.1. MV ke block implementation Fig. 3.2. Periodic Symmetric Function

A PSF block implements a Periodic Symmetric Function (PSF) F; whose output is
logic *1° within an interval from a to b, and with a period T (see Figure[3.2)). Each bit s;
of a digital representation of a value X can be described as a PSF of X as s; = FS,,'(X ),
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where the period is 2/*!. Thus, utilizing a PSF block for each bit an analog to digital
conversion can be performed.

An implementation of the PSF block is depicted in Figure[d.Iland was also proposed
in [6]]. The capacitor C, and the tunnel junction C; form an electron trap, which has a
periodic transfer function. If the input voltage rises, the output voltage follows, due
to capacitance division. At some point, though, the voltage over the tunnel junction
exceeds the critical voltage and an electron tunnels to node 7. The voltage of node T
drops therefore. As the input voltage continues to rise, the voltage of node T rises again
until it reaches the critical voltage. To obtain a PSF implementation a SET inverter [4]]
was added, which functions as a literal gate. As long as the input is below the threshold
value, the output is ’0’, if the input exceeds the threshold, the output value becomes *1°.

Fig. 4.1. PSF block implementa- Fig. 4.2. Organization of the 6-bit radix-8 adder
tion

3.1 High Radix Strategy

In order to create a high radix EC addition scheme only small adjustments to the normal
EC addition scheme are required. Figure [4.2] depicts a 6-bit radix-8 adder which oper-
ates as follows. Each 6-bit input is split into parts of three bits. The lower bits are added
and stored in CR! using a normal 3-bit EC adder, while the higher bits are added and
stored in CR?. Consequently, charge reservoirs CR' and CR? contain the intermediate
sums IS! = 22 (a;2" + b;2')q, and IS? = E3_;(a;2"3 + b;2'73)q,, respectively. If the
intermediate sum IS' > 7¢,, a carry signal is generated by the MC1e block, adding 1¢,
charge to CR?, thus conditionally moving 1¢, charge. Finally, the charge values present
in CR! and CR? are each converted to a binary representation by means of three and
four PSF blocks, respectively.
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3.2 Implementation

While the implementations of the MVke and the PSF block were proposed in [6] no
implementation of the MCle building block was previously introduced. This section
presents a possible implementation of a generalized version of the MCle block, i.e., the
MCke block, that moves kg, charge into a charge reservoir if its input value exceeds a
certain value. Such a block constitutes a generalization of the MCle block and it is also
useful for a wider range of EC based arithmetic operations.

The MCke block has two Boolean inputs (enable V, and reset V,.), one analog input V;,,
and one output connected to a charge reservoir (see Figure[3). Note that the voltage V;,
can be either a voltage source or the value of a charge reservoir. If V, ="1", V, ="0’, and
V, exceeds a threshold y, then the block removes & electrons from the charge reservoir
connected to the output. If V. ="1" (reset) and V, =’0’ all the electrons which were
previously removed from the reservoir are returned.

The functionality imple-
mented by an MCke block can
be thought of as consisting of
two stages. The first stage de-
tects whether V, exceeds the
threshold value y. If V,, > v,
the Boolean output Y of the
first stage is set to ’1’, oth-

erwise it is set to 0’. Con- Threshold gate MM Vke block
sequently, the operation per-
formed by the first stage of the Fig. 5. MCke block implementation

MCke block can be described
as an I-input threshold function. The SET threshold gate proposed in [9]] can be utilized
to realize the first stage of the MCke block.

The second stage of the MCke block removes k electrons from a charge reservoir
when V,, =’0" and V, =V}, =’1". The MVke block proposed in [6] performs a simi-
lar function and can be adjusted to operate as specified above. The resulting Modified
Move k electrons (MMVke) block functions slightly different than the MVke block.
The enable signal V, is used to set a positive voltage over junction 2 (J2) and junction 1
(J1). Capacitance values are such that the voltage over junction 2 is close to its critical
voltage while the voltage over junction 1 stays below its critical voltage. The driving
input Vy is connected through a capacitor to the central node M. If V), =’0’ no tunnel
event can take place, but if V, =1’ the voltage over J2 exceeds its critical voltage and
k electrons tunnel from node P to node N. For an extensive overview of the MMV ke
block the reader is referred to [[10].

3.3 Simulation

We have verified the MCke implementation by means of simulation using the SET sim-
ulation package SIMON [[11]. Simulation results were obtained using the following cir-
cuit parameters: logic ’0’= O0mV, logic ’1’= 16mV, and the capacitance of the charge
reservoir is 107!4F, in correspondence with previously designed EC building blocks
[6]. Assuming a threshold voltage of 12.2mV, as needed for the 6-bit radix 8 adder, we
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calculated the following parameters for the threshold gate: C,, = 10aF, C; = 0.5aF,
Cp = 5aF and C, = 7.4aF . The voltage swing on the output of the threshold gate was
calculated as 15mV. For k = 1 the following parameters were derived for the MMV ke
block: C, = 5aF, C, = 5.25aF, C; = 0.5aF, C,, = 50aF, C, = 2aF, C| = 7.43aF,
C; =0.5aF, C, = 200aF, C; = 100aF and C.. = 5aF. All simulations indicate that this
building block functions correctly.

We also simulated the 6-bit
radix 8 addition scheme as de-
picted in Figure 2] The para- 'S 17 107 1T L7 U7 L] 1
meters of the utilized MVke and 1
PSF building blocks are those ¢ — — —
used in the EC adder presented
in [6]. As stated earlier, a carry 1 — 1T
of one electron must be genera- 0
ted by the MCke block when the
CR! reservoir contains eight or 0
more electrons. Thus the thres- 1§ —

hold voltage of the MCke block '
should be the voltage correspond-

ing with a charge of 7.5 electrons '} B B
on the capacitance of the CR! :E : : : : : :
reservoir. Therefore, the threshold ‘-é I — —
voltage Vi, was set to 12.2mV, g b L L

. . . A S
which corresponds with the thres- 1 ‘ ‘ ) S B S |
hold voltage used for the MCke ° o e °° '
block in the simulation mentioned
above. Fig. 6. Simulation results for the 6-bit radix-8 adder.

The simulation results are de- From top to bottom (LSB first): reset(1), enable(1), in-
picted in Figure[6 The top block PutA(6), input B(6), sum(7)
of two signals represent the reset
and the enable, respectively. The second two blocks, each containing six signals, repre-
sent the input vectors A and B, respectively. The bottom block, containing seven signals
represents the output vector of the adder. For each vector displayed in the graph, the top
bar represents the least significant bit while the bottom bar represents the most signif-
icant bit. The test vectors A and B were chosen such that the MCke block was tested
for correct functionality under some extreme operating conditions. The simulation in-
dicates that the high radix adder functions correctly. The adder requires 187 circuit
elements and has a delay of 13.7 ns.

4 High-Radix EC Multiplier

Figure[7] depicts a basic (non high radix) multiplication scheme (first proposed in [3]),
which operates as follows. Each bit of operand B is connected to an MV ke block, which
adds 2/g, charge to the bottom charge reservoir if input b; is logic *1°. Consequently, the
charge reservoir contains the intermediate sum 1§ = Zl-lzobiZiqe. This intermediate sum
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is fed into the V inputs of a next set of MV ke blocks. Therefore, these blocks add IS * a; *
2'g, charge to the top charge reservoir. Consequently, that reservoir contains the product
of inputs A and B. The value in the top reservoir is analog and can be converted to the
digital domain using PSF blocks as it was done in the EC addition scheme (Figure[2)).
The multiplication scheme contains an OpAmp which has not been designed yet, but
which can potentially be implemented using a hybrid FET-SET technology [12].

4.1 High Radix Strategy

The high-radix EC multiplication scheme we

. . . E 0
propose is based on the full-tree multiplica- N My
tion strategy [13] often used in fast multipli- product

ers, which comprises three steps. In the first 4t My e
step all partial products are produced at once
in parallel. When assuming binary operands this
can be done by simple AND-gates and for n-
bit operands, this first step produces n rows of
bits. In the second step, the number of rows is
reduced using one or more stages of counters.
With each stage of counters, the number of rows
is reduced until only two rows are left over. In
the last step these two bit rows are added, often
by using a fast addition scheme like carry look- ~ Fig-7. 2-bit EC multiplication scheme
ahead.

The strategy of the high-radix EC multiplication we propose, which is depicted in
Figure [0.] for the case of 8-bit radix 4 multiplication, comprises the same three steps
with some adjustments. In the next section each step is explained in more detail.

100x
g

0
w1

1
MV2 e “*

i 8

]
.

4.2 Implementation

In the first step, the partial products are formed. Since we work in radix r, the operands
are split into digits of /ogyr bits. Assuming an operand size of n bits, this results in
[ IOZZJ digits for each operand. The multiplication of these digits is performed by nor-
mal EC multipliers, of which a 2-bit instance is depicted in Figure[7l

The direct application of the EC multiplication scheme for step one requires ( log’zr )2
such multipliers. However, we can reduce the number of elements if we observe that
each digit of B can be converted to analog once, after which this analog value is used
by all multipliers in the same row (see Figure[8).

In the second step the number of rows is reduced by EC counters, which functionality
is similar to normal population counters [[14] used for binary operands. However, an
EC counter assumes a number (k) of analog high-radix (r) inputs, all having the same
weight, i.e., the inputs are all in the same column. The EC counter produces a number
of outputs (s) in the same radix as the inputs, representing the sum of the inputs values,
i.e., it produces a row. In the remainder of this paper we denote a specific instance of
such an EC counter as EC (k,r;s) counter.

An EC counter implementation is depicted in Figure [0.2] for the case of four radix

16 inputs and operates as follows. Each analog input is buffered and amplified before
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ay a a, a

74‘ MvzU e

Fig. 9.1. 8-bitradix 4 EC Fig. 9.2. EC (4,16;2) counter
multiplication strategy

it is fed into the MPSF blocks [15] in order to eliminate feedback effects. The MPSF
blocks, which are multiple input versions of the PSF block depicted in Figure
perform both the addition of the inputs and the conversion of the intermediate sum to
the digital domain. Once the intermediate sum is converted to the digital domain, it is
split into digits of log,r bits, in order to guaranty that the output is in the correct radix.
These digits are each converted back to the analog domain by sets of MV ke blocks and
the final result is stored in charge reservoirs.

Since in our case the maximum intermediate sum is 64, six MPSF blocks are re-
quired each one producing one bit. The first four of these bits are used to produce the
analog sum output, which is done by four MV ke blocks. The last two bits are used to
produce the carry signal, which is done by two more MV ke blocks.

We note here that the partial products produced by the first step do not all have the
same weight. In Figure this is graphically represented, as the partialproducts in the
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bottom four rows have a different alignment as the ones in the top four rows. In order
to end up with equal aligned intermediate sums, an adjusted counter can be used for the
partial products in the bottom rows.

In counter based binary full-tree multiplication, the number of rows is reduced to
two, which subsequently is reduced to one row using a fast adder. However, as opposed
to standard adders, EC adders can perform &:1 reduction (within certain limits for k) in
almost the same delay as 2:1 reduction [15]]. Therefore, in the high-radix EC multipli-
cation scheme the number of rows does not have to be reduced to two, and the reduction
process can be stopped earlier than in binary multiplication schemes. For example, in
the 8-bit radix 4 EC multiplication in Figure [0.1] only one stage of five counters is
required.

The third step of the high-radix EC multiplication is the final addition of a number
of rows of intermediate sums. In general, this step of the multiplication is performed by
some fast addition scheme like carry look-ahead, carry-skip, etc. For the EC paradigm,
such a fast addition scheme is not designed yet, thus in this paper we use a ripple carry
structured adder.

The addition scheme we use in here, consists of several EC addition blocks, which
functions as a high radix, multiple input full adder. The addition block is implemented
by an EC counter, but omitting CR' and the corresponding MV ke blocks. Thus the out-
puts of the first set of MPSF blocks are producing the output bits. Charge reservoir
CR? remains and contains the carry signal. To create an adder, the addition blocks
are cascaded in parallel with the carry-out of block i connected to the carry-in of
block i+ 1.

4.3 Simulation

To verify the high-radix multiplication scheme we simulated the 8-bit radix 4 multi-
plier. We used an approach of partitioning to simulate the whole multiplier, for the
following reason. Although SIMON contains the OpAmp as circuit element, using it
in SET circuitry causes some random effects to occur. Partitioning the circuit in parts
ending with an OpAmp resolves this problem. To simulate the entire circuit, the output
of each OpAmp was stored and used as an input in the next part. The simulation results
indicated that the multiplier functions correctly. The multiplier requires 2372 circuit
elements and has a total delay of 63.6 ns.

5 Conclusions

In this paper we presented a high radix EC addition scheme and a high radix EC multi-
plication scheme. For both arithmetic operations, first we briefly discussed the normal
(non high radix) EC scheme. Second, we presented the high radix addition scheme and
explained its functionality. Third, we explained the implementation of the high radix
multiplication scheme in details. Finally, we presented simulation results and evaluate
the schemes in terms of delay and area cost. The 6-bit radix 8 addition scheme requires
187 circuit elements and has a delay of 13.7 ns. The 8-bit radix 4 multiplication scheme
requires 2372 circuit elements and has a total delay of 63.6 ns.
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