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ABSTRACT 

 

Hypercube network connection is formed by connecting different N number 

of nodes that are expressed as a power of 2. If each node has an address of m 

bits then the total number of nodes in the Hypercube network is N=2m. In 

calculating the predefined routing path for the case of this E-cube network, 

we apply deterministic algorithm which gives a deadlock free concept. For 

determining predefined routing path, node addresses involved in the path are 

calculated by using the exclusive operation, firstly, on the node addresses of 

source and destination, next, on the derived nodes according to the 

algorithm. In the present work, the Exclusive-OR operation is performed 

with the help of electron-tunneling based XOR gate which is made up 

of  Multiple input threshold logic gate . This multiple input threshold logic 

gate technology is really different from the existing one. By using an 

emerging technology we are capable of making an electronic circuit with 

high speed, low cost, high concentration density, light in weight, reduced 

gate numbers and low power consumption. This technology is relies on the 

condition of linear threshold logic and electron-tunneling event. When we 

are interested in implementing a circuit, a multi-inputs but one-output based 

logic-gate will be taken account of consideration. In this work, we have 

designed an E-cube Routing on a 4-dimensional hypercube to find out the 

node addresses for predefining the deadlock free routing path from source to 

destination. To develop this “E-cube Routing on a 4-dimensional hypercube”, 

we must require a specific logic called Exclusive-OR gate and for this, some 

small components like 2-input OR gate, 2-input AND gates of different input 

conditions are essential. After arranging this XOR gate in a pattern discussed 

in section 2, a desired circuit is implemented. All the circuit we are intended 

to construct are given in due places with their threshold logic and simulation 

set, the simulation results are provided as well. Different truth tables, 

derivation of threshold logic expressions are given for clear understanding. 

http://www.ijsrset.com/
https://doi.org/10.32628/IJSRSET218547
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We have taken our consideration of whether the present work circuits are 

faster or slower than the circuits of CMOS based- and Single electron 

transistor (SET) based-circuits. The power consumed at the time of tunneling 

event for a circuit is measured and sensed that it exists in the range between 

10meV to 250meV which is very small amount. All the combinational 

circuits we have presented in this work are of ‘generic multiple input 

threshold logic gate’-based.  
 

Keywords : Routing-path, Hypercube, Electron-tunneling, Threshold logic, 

high-speed, low-cost 

 

I. INTRODUCTION 

 

In network, packet routing may be conducted either 

by adaptively or deterministically, Depending upon 

the network conditions the adaptive routing is 

preferred. In this case an alternate path is possible. On 

the other hand, in the case of deterministic routing, 

the routing path from source to destination is strictly 

determined by the source point node address and 

goal/destination point address. That is, the routing 

path is measured in advance irrespective of network 

condition. Dimension order routing is the concept 

emerging from the deterministic routing algorithm. 

 

Dimension order routing needs to select the 

successive channels or sequential node addresses to 

follow a specific order depending on the dimensions 

of multidimensional network. When we are 

considering networking in two dimensional mesh, the 

scheme is said to be X − 𝐘 𝐫𝐨𝐮𝐭𝐢𝐧𝐠. If we think of a 

𝐧 − 𝐜𝐮𝐛𝐞 𝐨𝐫 𝐇𝐲𝐩𝐞𝐫𝐜𝐮𝐛𝐞 network, then the scheme 

is defined to be 𝐄 − 𝐜𝐮𝐛𝐞 𝐫𝐨𝐮𝐭𝐢𝐧𝐠 [1, 22]. 

By using a threshold logic gate (TLG), we are able to 

implement a Boolean function in an absolutely 

different way far from the traditional one. For TLG 

gate, every input variable has its corresponding 

coupling weight, and the gate will have an intrinsic or 

threshold value. As soon as the sum of all the 

coupling weights of all inputs variables concerned is 

equal to or greater than this threshold value then the 

output of the related gate is high(1), otherwise, the 

output is low (0) [4-6]. For constructing a threshold 

logic gate a new thought of generic Multiple input 

threshold logic gate is introduced. By this Multiple 

input threshold logic gate we are able to implement 

any circuit whether it is combinational or sequential 

or more complex [2-3]. 

 

1. E-cube routing over a n-dimensional  hypercube 

for 𝟐𝐧 nodes 

 

We think of an n-cube having 2n  nodes (peaks). 

Every node (p) in n-cube is coded in binary form 

like   p = (pn−1pn−2pn−3…p3p0 ) . The source node 

from which we are interested in starting routing is 

s = (sn−1sn−2sn−3…s1s0). And the destination node 

to which the routing ends is   d =

(dn−1dn−2dn−3…d3d0 ). Now we need to find the 

destination length from source(s) to destination (d) 

with the help of a small number of nodes or steps 

required. 

We indicate the n-dimensions in the present situation 

as i = 0, 1, 2, 3, … , n; where the ith dimension marks to 

the (i − 1)th bit in a node to be represented by  q = 

(qn−1qn−2qn−3…q3q0). Suppose q is any node along 

the route to be gone through. The route from source(s) 
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node to the destination (d) node can be determined 

by the following algorithm. 

Algorithm: 

 

(i) Measure the direction bit ki= si−1⊕di−1 for 

all  i  in n-dimensions i.e. i = 1, 2, 3,… . , n; 

Commence with dimension i = 1  and q = s 

and follow the following. 

(ii) Start routing from the node q  to the next 

node as q⊕ 2i−1  if   ki = 1 . Skip the step 

whenever  ki = 0. 

(iii) Move to the next dimension   i + 1, that is  i ←

i + 1. If i ≤ n go to the step (ii), else done. 

 

With the help of an example the algorithm cited 

above can be explained. Consider an E-cube routing 

over a 4-dimensional hypercube given in Fig. 1. 

 
Fig. 1 E-cube routing over a 4-dimensional 

hypercube for 24nodes 

 

Here, we have chosen the dimension  n = 4, so the 

number of nodes is equal to   24=16, the nodes are 

represented by 0000, 0001, 0010,… , 1111 . For the 

case of routing, we assume that the source and 

destination nodes are s=0010 and d=1001 respectively. 

So, k =  k4k3k2k1 = (s⊕ d)=1011. Now we are to 

route from source (s) node 0010 to 

s⊕(000k1)=0010⊕0001=0011, since k1 = 0⊕ 1 = 1. 

Next route from q= 0011 to the to q ⊕(00k20)=0001, 

since k2 = 1⊕ 0 = 1 . Skip the dimension i = 3  as 

k3 = 0⊕ 0 = 0. Route from q =  0001 to the 

to q ⊕(k4000)=1001, since k4=0⊕ 1 = 1. Hence the 

routing path will be as: 

0010→0011→ 0001 → 1001 and this path is shown in 

the Fig. 1 by thick lines with arrows. 

 

 

Fig.2 Block diagram of finding out the routing path 

 

According to the algorithm and with the diagram 

drawn in the Fig. 2, we find it easy to get the routing 

path from source to destination. Some paths 

consisting of the nodes or vertices of the cube are 

listed in the Table-1 below. In the above diagram, 

whenever we provide the source and destination code 

values to input terminatals, the output results we got 

from the output terminals are listed in the Table-1. 

Depending upon the number of nodes involved in a  

path we have calculated the path length. Equation of 

the path length is given by the following relation: 

𝑃𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑜𝑑𝑒𝑠 𝑖𝑛𝑣𝑜𝑙𝑣𝑒𝑑 − 1. 
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For instance, consider the serial number 7 in Table-1. 

There are 5 different nodes (0000, 0001, 0011, 0111, 

1111) in a routing path, so the 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ = 5 −

1 = 4 . Similarly, for serial number 9, there are 3 

different nodes (1110,1010,0010) involved in the 

path, therefore the 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ = 3 − 1 = 2. 

Table-1. Minimum routing path(s) 

Sl. 

No. 

Source Sou- 

rce 

2 

Sou- 

rce 

3 

Sou- 

rce 

4 

Goal  

point 

Path 

length 

1 0000 0001 0001 0001 1001 2 

2 0010 0010 0010 0110 1110 2 

3 0001 0001 0001 0101 1101 2 

4 0011 0011 0011 0111 1111 2 

5 0100 0101 0101 0001 1001 3 

6 0101 0101 0111 0011 1011 3 

7 0000 0001 0011 0111 1111 4 

8 1001 1001 1001 1101 1101 1 

9 1110 1110 1110 1010 0010 2 

10 0101 0100 0110 0010 0010 3 

11 1100 1100 1100 1100 0100 1 

12 0000 0000 0000 0100 1100 2 

13 1101 1100 1110 1010 0010 4 

14 1111 1110 1100 1000 0000 4 

15 1100 1101 1111 1011 0011 4 

16 0011 0011 0011 0011 1011 1 

 

II. TERMINPLOGIES 

 

A. Threshold Logic Gate 

A threshold logic gate (TLG) has a capable of 

implementing a Boolean function in a distinct way 

away from the semiconductor based logic gates as 

follows. Every input variable has its corresponding 

determined weight, and the gate must have an 

intrinsic value. When the sum of products of the 

weights with their ON inputs is equal to or greater 

than the threshold value then the output is ‘1’. 

Otherwise, the output is low (0). This operating 

principle can be expressed as below. 

 

 𝑓 = {
1,        ∑ 𝑤𝑖 𝑥𝑖 ≥ 𝜃

𝑛
𝑖=1

 0,           𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒      
 

 

where xi represents input, wi represents the 

corresponding weight of each input, and θ is the 

threshold value. 

 

Threshold logic function (TLF):  

The TLF indicating a Boolean function can be 

implemented by using a single TLG. The. A TLF can 

be realized by a vector [𝑤1 ,𝑤2 ,…,𝑤𝑛 : 𝜃 ]. TLF 

becomes linearly separable [1-7, 14]. A TLF can be a 

more complex one, for instance, g = 𝑥1 𝑥2 +𝑥2 𝑥3𝑥4 +

 𝑥1 𝑥3 +𝑥2 𝑥3𝑥5 that corresponds to compact vector as 

g = [4,3,3,1,1; 7] and this five variables based logical 

expression is represented by a single node TLG as 

follows. 

 
            Fig.3 TLG of ƒ = [4,3,3,1,1; 7] 

 

The typical advantage of a threshold logic is that 

number of gates can be decreased to a minimum 

number of nodes (gates) used in the circuit, reducing 

area or element numbers. 

 

Threshold Logic Properties 

 

A TLF, of course, will be a unite function, but the 

reverse is not always true, that is, all the unite 

functions are not always TLF [3]. Hence, if a function 

consists of binate variables, the function cannot be 
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TLF. The function ƒ = x1x2+x3x4 is an example of an 

unate function but it is not of a TLF. Assume that the 

logic function contains complemented variables, these 

variables can be manipulated in the similar way as the 

functions with all non-complemented variables, to 

identify whether it is a TLF. For instance, if ƒ(x1, x2,…, 

xn) is a threshold function defined by [w1,w2,…,wn; 𝜃] 

then its complement ƒ̅(x1,x2,…, xn) is also a threshold 

function defined by [-w1,-w2,…,-wn ;1-𝜃].  

 

Majority Decision Functions (MDF) 

This operating principle can also be explained in 

another way as Majority Decision Functions. A 

"majority decision function" of n variables for a 

logical element having n-inputs, 𝑥1,  𝑥2, … ,  𝑥𝑛 and 

one output. The output value of the function is 

expressed as  

{
 
 

 
 1,        𝑓𝑜𝑟 ∑𝑤𝑖 𝑥𝑖 ≥ 𝜃

𝑛

𝑖=1

0,      𝑓𝑜𝑟 ∑𝑤𝑖 𝑥𝑖

𝑛

𝑖=1

 ≤ 𝜃 − 1

 

     

Where, wi represents the coupling weight of each 

input  𝑥𝑖 , xi represents input, and θ is the threshold 

value. For instance, the structure (2, 1, 1; 2) can be 

represented by a MDF as 𝑥1 + 𝑥2𝑥3; so, this function is 

a MDF. Whereas, the function 𝑓(𝑥1𝑥2𝑥3𝑥4 ) = 𝑥1𝑥2 + 

𝑥3𝑥4 is not a MDF because of that it cannot be 

thought out by any single majority decision element. 

 

2. Generic Multiple input threshold logic gate 

 

A multiple threshold logic gate [1-7, 12-14] which 

may also be called a generic Multiple input threshold 

logic gate is shown in Fig. 4.  

 

Fig. 4 TLG with multi-input 

It consists of a tunnel junction having internal 

capacitance 𝐶𝑗   and resistance  𝑅𝑗 , two multi-input- 

signals (i)  𝑉𝑘
𝑃s and (ii) 𝑉𝑙

𝑛s connected at two points ‘q’ 

and ‘p’ respectively. Each input voltage 𝑉𝑘
𝑃  (upper 

side) is connected to the point “q” through the 

capacitance  𝐶𝑘
𝑃  ; and each input 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝑙

𝑛 (lower 

side), is joined at the point “p” through the 

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝐶𝑙
𝑛 . The bias 𝑣𝑜𝑙𝑡𝑎𝑔𝑒  𝑉𝑏  , for the 

assistance of the tunneling, is connected to the point 

“q” through the true capacitor  𝐶𝑏 . Tunnel Junction 

capacitor 𝐶𝑗 is linked between “p” and “q”. Point “p” is 

grounded through C0.  𝐶𝑗 and C0 play the important 

role in the circuit. For a LTG, the operation of it can 

be expressed by a function called 𝑠𝑖𝑔𝑛𝑢𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛.  

𝑇ℎ𝑒    𝑠𝑖𝑔𝑛𝑢𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛  of h(x) expressed by two 

equations (1) and (2).   

 

𝑔(𝑥) = 𝑠𝑔𝑛{ℎ(𝑥)} = {
  0, 𝑖𝑓 ℎ(𝑥) < 0
1, 𝑖𝑓 ℎ(𝑥) ≥ 0

 …………… (1) 

h(x) = ∑ (𝑤𝑘 ×
𝑛
𝑘=1  𝑥𝑘) −𝜃 ………….……………………. (2) 

where 𝑥𝑘  represents  n-Boolean inputs, and 𝑤𝑘 are 

their corresponding  integer weights.  

The LTG compares the threshold value  𝜃  with the 

weighted sum of the 𝑖𝑛𝑝𝑢𝑡𝑠 ∑ (𝑤𝑘 ×
𝑛
𝑘=1 𝑥𝑘  ). When 

∑ (𝑤𝑘 ×
𝑛
𝑘=1 𝑥𝑘  )  is more than or equal to the 

threshold value θ of the circuit, then output of the 
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LTG shows high (logical “1”), otherwise low (logical 

“0”).  

3.  2-input AND gate (linear threshold logic) 

By using the Generic Multiple input threshold logic 

gate, a 2-input AND gate with positive logic will be 

obtained easily. Consider the threshold logic 

expression of 2-input AND gate to be  

 

𝐴𝑁𝐷(𝐴, 𝐵) =  𝑠𝑔𝑛{𝑤𝐴𝐴 + 𝑤𝐵𝐵 − 𝜃}……. (3) 

 

In order to obtain the values of the coupling weights 

𝑤𝐴 and 𝑤𝐵, we are to first assume 𝐴 = 1 𝑎𝑛𝑑 𝐵 = 1. 

Then the equation (3) turns to  

 

𝐴𝑁𝐷(𝐴, 𝐵) =  𝑠𝑔𝑛{𝑤𝐴 +𝑤𝐵 − 𝜃}……. (4). 

 

To obtain a 2-input threshold logic AND gate, we can 

draw the truth Table-2 of a 2-input AND gate and 

compare the coupling weights 𝑤𝐴 and 𝑤𝐵 of two 

variables A and B respectively in equation (4) with 

the threshold value θ [1-5,7,8]. 

Table-2 

A B F(A,B) 𝜃 inequality 

0 0 0 0<𝜃 (1) 

0 1 0 𝑤𝐵 < 𝜃 (2) 

1 0 0 𝑤𝐴 < 𝜃 (3) 

1 1 1 𝑤𝐵 +𝑤𝐴 ≥ 𝜃 (4) 

 

As 2-input AND gate is a positive logic, we can 

assume the weights of A and B are 1 each. Then from 

the four inequalities in the Table-2, if we take 𝑤𝐵=1, 

𝑤𝐴=1 and 𝜃=2, then the all four inequalities in 4th 

column in Table-2 are satisfied. Hence the linear 

threshold logic equation for the cited AND gate 

becomes 

 

𝐴𝑁𝐷(𝐴, 𝐵) =  𝑠𝑔𝑛{𝐴 + 𝐵 − 2}……………………. (5) 
 

Based upon the equation (5), we can place two input 

capacitances𝐶1
𝑝
 𝑎𝑛𝑑 𝐶2

𝑃 with two positive logic inputs 

in the Generic Multiple input threshold logic gate 

given in section 4.   For this purpose the parameter 

values we have measured are as follows: logic input 

“0”=0V, logic “1” = 16mV, C=1aF, 𝐶1
𝑝
= 𝐶2

𝑃 =
1

2
𝐶    

=0.5aF,  𝐶𝑏 = 9.1𝑎𝐹 , 𝐶𝑗 = 0.25𝑎𝐹, 𝐶𝐿 =

9𝑎𝐹,𝐶0 = 10𝑎𝐹, 𝑅𝑗= 105 𝛺, . 𝑉𝑏  =𝑉𝑠=16mV. The 

corresponding 2-input threshold logic gate is given in 

Fig. 5(a) with its simulated results in Fig. 5(b).  

 

                                    
Fig. 5(a) 2-input AND Gate      (b) Simulation result  

              

 
Fig.5(c) symbol of AB       5(d) TLG based node of AB 

4.  2-input AND gate with one complement input 

 

We are to explore the construction of the Fig. 5(a) 

and find out the threshold logic symbol for the same. 

If we think of the similarity of logic equations 

AND(A,B)=AB and AND(A,B̅)=AB̅, a threshold logic 

equation of AND(A,B̅)=AB̅ can be written as 

 AND(A,B̅)= 𝑠𝑔𝑛{𝐴 + 𝐵̅ − 2}……………………. (6) 

But we know, B̅+B=1 or B̅=−B+1, 

Putting this value into equation (6), we obtain 

equation (7) 

 

F(A,B)= AND(A,B̅)= 𝑠𝑔𝑛{𝐴 − 𝐵 − 1}……………………. (7) 

 

Based upon the equation (7), we can place two input 

capacitances𝐶1
𝑝
 𝑎𝑛𝑑 𝐶1

𝑛 with one positive logic input 
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and one negative input in the Generic Multiple input 

threshold logic gate.   For this purpose the parameter 

values we have measured are as follows: logic input 

“0”=0V, logic “1” = 16mV, C=1aF, 𝐶1
𝑝
= 𝐶1

𝑛 =
1

2
𝐶 =0.5aF,  𝐶𝑏 = 9.5𝑎𝐹 , 𝐶𝑗 = 0.25𝑎𝐹, 𝐶𝐿 =

9𝑎𝐹,𝐶0 = 9.5𝑎𝐹, 𝑅𝑗 = 105  𝛺, . 𝑉𝑏  = 𝑉𝑠 =16mV. 

The corresponding 2-input threshold logic gate is 

given in Fig. 6(b) with its simulated results in Fig. 6(d).  

                     
Fig. 6(a) symbol of AB̅       6(b) TLG based node of AB̅ 

 
Fig. 6(c) 2-input TLG of AB̅ Fig. 6(d) simulated result 

 

5. Threshold logic equation for OR gate 

 

Expression of an OR gate of two variables A and B is 

F(A,B)=A+B. If we want to construct the threshold 

logic gate of an OR gate, we first draw the truth table 

of an OR gate in Table-3 and compare the weights of 

variables 𝑤𝐴  and 𝑤𝐵  of two variables A and B 

respectively with the intrinsic or threshold value 𝜃. 

  

 Table-3 

A B F(A,B) 𝜃 

0 0 0 0<𝜃 

0 1 1 𝑤𝐵 ≥ 𝜃 

1 0 1 𝑤𝐴 ≥ 𝜃 

1 1 1 𝑤𝐵 +𝑤𝐴 ≥ 𝜃 

 

For positive logic, we assume the weights of A and B 

to be 1 each. Then we write the three equations taken 

from 4th column of Table-3.  

0<𝜃…………………………………….………….. (8) 

𝑤𝐵 > 𝜃…………………………………………. (9) 

𝑤𝐴 > 𝜃………………………………..……….. (10)   

𝑤𝐵 +𝑤𝐴 > 𝜃………………………………. (11) 

 

As 0<𝜃 , 𝜃 must be positive, If we assume 𝑤𝐵=1, 𝑤𝐴=1 

and 𝜃=0.5, then the three equations in (9), (10) and 

(11) are satisfied. Therefore, the Threshold logic 

equation OR(A,B)=𝑠𝑔𝑛{ 𝑤𝐴A+𝑤𝐵B- 𝜃} for an OR gate 

is given in equation (12) and its corresponding 

threshold logic gate is drawn in Fig. 7(a) 

𝑂𝑅(𝐴, 𝐵)  =  𝑠𝑔𝑛{𝐴 + 𝐵 − 0.5}………… (12)  

 
Fig. 7(a) Threshold logic OR gate 

 

For implementing the OR gate we will use the 

parameters 𝐶1
𝑝
= 𝐶2

𝑝
=0.5aF,  𝐶𝑏 = 9.1𝑎𝐹, 𝐶𝐿 =

9𝑎𝐹,𝐶0 = 10𝑎𝐹, 𝑅𝑗 = 105  𝛺, 𝑉𝑠 = 16𝑚𝑉  and 

accordingly after running the simulator, the 

output we get is given in Fig. 7(c). 

 

 
Fig. 7(b) OR gate     Fig. 7(c) simulation result of OR 

gate 

6. Inverter 

An inverter that is capable of inverting its own input 

is shown in Fig. 8(a) [1-4, 8-10]. It is made up of 9 

elements: 4 Tunnel junctions, 5 true capacitors; one 
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supply voltage Vs=16mV, one input terminal and one 

output terminal. The inverter is constructed with two 

single electron transistors (SETs) which are connected 

in series. Upper two Tunnel junctions (J1, J2) and two 

true capacitors (Cg, Cb) belong to SET1. Similarly, The 

lower two Tunnel junctions (J3, J4) and two true 

capacitors (Cg, Cb) belong to SET2. Two inputs 

terminals (both Vin) are directly coupled to the small 

islands (small circles) of the SET1 as well as SET2 [1, 

2, 8-10] through their respective capacitances 𝐶𝑔 and 

𝐶𝑔 respectively. The island sizes of each SET are of 

size close to 10 nm diameter of gold and their 

respective capacitor values will be less than 10aF. The 

output terminal 𝑉0  is directly connected to the 

common channel in between SET1 and SET2. The 

output terminal must be grounded through a load 

capacitance 𝐶𝐿 to suppress charging effects.  

When an inverter is used we should choose  the 

parameter values as:  𝑉𝑔1 =0, 𝑉𝑔2 =0.1×
𝑞𝑒

𝐶
 , 𝐶𝐿 = 9𝐶 , 

𝐶𝑗 =
1

10
𝐶 , 5𝐶𝑗 =

1

2
𝐶 , 𝐶𝑔 =

1

2
𝐶 ,   𝐶𝑏 =

17

4
𝐶  Rj=50K𝛺 . 

For the case of simulation, we take the value of C 

=1aF. The simulation set and its simulation result are 

provided in Fig. 8(a) and 8(b) respectively. 

 

 

Fig. 8(a) Inverter based on parameters 

 

 Fig.8 (b) Result after simulation of the inverter 

We maintain the voltages  𝑉𝑔1 = 0 𝑎𝑛𝑑 𝑉𝑔2  =16mV 

all time. The operation of the inverter can be marked 

as: - the output 𝑉0  value will be 1 (logic high) 

provided that the input voltage Vin  is low and that 

will be 0 (logic low) whenever the input voltage Vin is 

high. SET1 (upper part in fig. 8(a)) will be in 

conduction mode and the SET2 is in Coulomb 

blockade [1-5, 12] if the input signal 𝑉𝑖𝑛 is connected 

to low (0). This causes the output voltage V0 to 

connect to 𝑉𝑏 , as a result the output voltage becomes 

high. When the input signal is high (logic 1), then the 

charges which is accumulated on each of the islands 

(for two SETs) are transferred by a fraction of an 

electron charge. By turns, SET1 turns up in Coulomb 

blockade mode and the SET2 turns up in conducting 

mode. In these circumstances, we call that the output 

V0 changes the condition from high to low (logic 0).  

 

For high and low inputs, we use the logic inputs “0” 

=0 Volts and logic “1”=0.1×
𝑞𝑒

𝐶
 . 

For simulation purpose, we assume that C=1aF and 

Logic “1”= 0.1 ×
1.602×10−19

1×10−18
 =  0.1 × 1.602 ×

10−2=16.02 × 10−3 =16.02 ≅ 16 mV. 

7. Exclusive OR (XOR) 

An Exclusive-OR gate expression of two variables A 

and is expressed as 𝑋𝑂𝑅(𝐴, 𝐵) = 𝐴̅𝐵 + 𝐴𝐵̅  which is 

not linearly separable, because if any variable X and 

its complement X̅ exist in a Boolean expression, then 
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this expression is not linearly separable.  Hence 

𝑋𝑂𝑅(𝐴, 𝐵) is not linearly separable, as a result it can’t 

be represented by a Linear Threshold Gate (LTG). 

When we want to express 𝑋𝑂𝑅(𝐴, 𝐵) = 𝐴̅𝐵 + 𝐴𝐵̅  

with a threshold logic gate, first we express P = (𝐴𝐵̅) 

with the help of threshold gate-based equation as 

given in equation (6). We can write as- 

P = 𝑠𝑔𝑛 {A+𝐵̅ − 2}……………..… (13) 

We know 𝐵̅ + B =1 or 𝐵̅= − B + 1, so equation (13) 

will be 

P = 𝑠𝑔𝑛 { 𝐵̅ −B− (1) } …………………… (14) 

Now the Boolean expression 𝑋𝑂𝑅(𝐴, 𝐵) = 𝐴̅𝐵 + 𝐴𝐵̅  

can be written as  

Y= 𝑋𝑂𝑅(𝐴, 𝐵) = P + 𝐴̅𝐵 …………………………… (15)  

For finding out the threshold gate logic of equation 

(15), we draw the truth Table-4. There are four 

inequalities in 5th column in this table. Note that in 

equation 7, there are two variables A and B, though it 

seems that P is a variable in equation (15), it would 

not be correct. Only two variables A and B   are the 

fact and P is depending on A and B. We can write the 

TLG expression as 

𝑌 =  𝑠𝑔𝑛 {  𝑊1𝐴 +𝑊2𝐵 + 𝑊3𝑃 − (𝜃)}…………….. (16) 

 

Table-4 

A B P Y 𝜃 

0 0 0 0 0<𝜃 

0 1 0 1 𝑊2 ≥ 𝜃 

1 0 1 1 𝑊1 +𝑊3 ≥ 𝜃 

1 1 0 0 𝑊1 +𝑊2< 𝜃 

 

After solving the inequalities in the 5th column of 

Table-4, we obtain a solution set { 𝑊1 ,𝑊2 , 𝑊3 ; 𝜃} = 

{-1, 1, 2 : 1}. Hence the Threshold equation for the Y 

is    

Y = sgn { − 𝐴 + B + 2𝑃 − (1)}…………….. (17) 

By using the TLG expression in equation (17) we will 

be able to draw the threshold logic circuit of depth 2 

as given in Fig.9a. 

 

Fig. 9(a) TLG of 𝑋𝑂𝑅(𝐴, 𝐵) = 𝐴̅𝐵 + 𝐴𝐵̅ 

 

 
Fig. 9(b) Set of A⊕B 

 

 
Fig. 9(c) Simulation result of A⊕B 

 

To check the linearly separable condition of equation 

(15) Y= 𝑋𝑂𝑅(𝐴, 𝐵) = P + 𝐴̅𝐵, we think of the three 

variables A, B and P. In this expression, no variable is 

existing both the forms of variable and its 

complement simultaneously, so the expression is 

linearly separable. A truth table of P + 𝐴̅𝐵 is drawn in 

Table-5. When the logical value of the expression is 1 

we represent it by a small red circle in Fig. 10 and 

that of the expression is 0 we represent it by a small 

colorless circle. It is transparent from the Fig. 10, 

there are two kinds of circles-one for Red and the 

other for colorless circles. These two of circles can be 

segregated by a plane. So the expression P + 𝐴̅𝐵 is 
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linearly separable and we are able to draw a linearly 

threshold logic gate with depth two and it is shown in 

Fig. 9(a). Truth table of  (P + 𝐴̅𝐵 ) is given in Table-5. 

 
 

8. E-cube Routing on a 4-dimensional hypercube  

In section 2, we have discussed about the design of an 

E-cube Routing on a 4-dimensional hypercube and 

block diagram of it is provided there. Now our 

intention is to draw same thing by using the TLGs. 

The prominent component required for it is an 

Exclusive-OR gate. By arranging the total number of 

twenty LTG- based XOR in a pattern shown in the 

Fig. 11(a), we have been able to construct an “E-cube 

routing on a 4-dimensional hypercube”. 

  
Fig. 10 Solution space Separation 

 

 

 

 

 

 

 

  

 

Fig. 11(a) Threshold Logic Gate Based routing path measurement of an E-cube routing on a 4-dimensional 

hypercube 
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 Fig. 11 (b) Simulation set for determining the source to goal routing path nodes 

 
SIMULATION SET OF E-cube routing on a 4-

dimensional hypercube 

For the purpose of implementing Simulation set for 

determining the source to goal routing path nodes, the 

parameter values of all component required will be 

measured. We have measured them and they are given 

below: 

For P=AB̅ :   logic input “0”=0V, logic “1” = 16mV, 

C=1aF, C1
p
= C1

n  =  =
1

2
𝐶     =0.5aF,  𝐶𝑏 = 9.5𝑎𝐹 , 

𝐶𝑗 = 0.25𝑎𝐹, 𝐶𝐿 = 9𝑎𝐹, 𝐶0 = 9.5𝑎𝐹, 𝑅𝑗= 105 

Ω, . 𝑉𝑏 =𝑉𝑠=16mV. 
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Fig. 11(c) Some simulation results of Fig. 11(b) 

 

For Y= XOR(A, B) = P + A̅B:  0”=0V, logic “1” = 16mV, 

C=1aF, C1
P = 0.5C2

P = C1
n =

1

2
𝐶=0.5aF, 𝐶𝑏 = 8.5𝑎𝐹, 

𝐶𝑗 = 0.25𝑎𝐹, 𝐶𝐿 = 9𝑎𝐹, 𝐶0 = 9.5𝑎𝐹, 𝑅𝑗= 105 

Ω, . 𝑉𝑏  =𝑉𝑠=16mV. 

After placing these values in due positions, we have 

implemented the E-cube routing circuit which is 

given in Fig. 11(b). 

 

OPERATION: At the time of execution, source and 

destination address or code values in binary are given 

as input in the input terminals, where source (S) 

=S3S2S1S0 and destination (d) = d3d2d1d0. First, we 

obtain a set of data k4k3k2k1. These data values i.e., k1, 

k2, k3 and k4 are used sequentially or one after another 

starting from k1. The next operations are performed as 

given in short in Table-6. 

 

For example, if we take source = s3s2s1s0=1100 and 

destination d3d2d1d0 =0010 then the executed values 

we 

obtained from the circuit given in Fig. 11(b) are: 

k4k3k2k1=1110, 2nd source= 1100, 3rd source= 1110, 4th 

source =1010, 5th source = 0010 and goal = 0010. The 

goal address is the same as the destination. 

 
9.  Delay, Switching energy and Fastness  

When a complex circuit contructed, we are to keep in 

mind that some inevitable components which are 

combined together in a proper way to obtained the 

circuit. In our present work, we are concentrated in 

an "E-cube routing on a 4-dimensional hypercube" 

wherein we need some inevitable components like 2-

input AND, 2-input OR and 2-input XOR gate. For the 

measuring of the efficiency of any electronic circuit 

weather it may be conventional or Nano- or Pico-, 

some factors are to be considered properly like-  (i) 

time required for an execution, (ii) number of 

components, (ii) speed, (iv) power consumption, (v) 

costs of materials, (vi) fan-outs, (vii) controlling 
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charge, (viii) atmospheric temperature etc. Ditterent 

parameter values of different TLG based gates are 

listed in Table-7. 

 

 

For calculating the processing/switching delays in the 

threshold logic circuit, we must think of the critical 

voltage 𝑉𝑐   and the tunnel junction capacitance 𝐶𝑗  in 

the multi-input threshold logic gate concerned. The 

processing delay for that circuit is find out by using 

the logarithmic expression of probable error given by 

the approach as written below [3-7, 14-15]. 

  

Delay = −(𝑒|ln (𝑃𝑒𝑟𝑟𝑜𝑟 )|𝑅𝑡) / ( |𝑉𝑗| − 𝑉𝑐) …….. (18) 

, where, 𝑅𝑡  = the internal resistance of the tunnel 

junction, 𝑉𝑐  = the critical voltage and 𝑉𝑗  is being the 

tunnel junction voltage. 

Execution is done when an electron passes through 

the tunnel junction barrier. When the tunnel junction 

voltage 𝑉𝑗  being a fraction of the bias voltage is being 

greater than or equal to the internal critical voltage 𝑉𝑐 

of the tunnel junction i.e., when  |𝑉𝑗| ≥ 𝑉𝑐 , then a 

tunneling event occurs. 

 If this conditional expression |𝑉𝑗| ≥ 𝑉𝑐 is satisfied by a 

2-input AND gate, junction voltage of the 2-input 

AND gate becomes 𝑉𝑗  =10.80, the internal critical 

voltage 𝑉𝑐  of the tunnel junction is found to be 

11.58mV. Given that the parameter values of tunnel 

resistance    𝑅𝑡 = 10
5Ω  and the probability of error 

𝑃𝑒𝑟𝑟𝑜𝑟 = 10−12.  Putting them in equation (18) we can 

calculate the gate delay = 0.062|ln (𝑷𝒆𝒓𝒓𝒐𝒓)| = 1.71ns. 

In a similar manner we can calculate the delays of 

distinct circuits and they are listed in Table-8 and 9. 

 

While tunneling, an electron passes over the junction 

barrier, by changing the total energy present in the 

circuit. The energy changes before and after a 

tunneling event is measured by the equation (19) 

given below.  

Δ𝐸 = 𝐸𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑢𝑛𝑛𝑒𝑙 − 𝐸𝑎𝑓𝑡𝑒𝑟 𝑡𝑢𝑛𝑛𝑒𝑙  

           = −𝑒(𝑉𝑐 − |𝑉𝑗|)………………………………… (19) 

This is considered as the switching/tunneling energy 

−𝑒(𝑉𝑐 − |𝑉𝑗|) that is consumed for a tunnel event in 

the tunneling circuit. We listed the energy 

consumptions for distinct and separate TLG circuits in 

Table-8. 
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Two distinct curves regarding Delay vs. Error 

Probability in TLGs and  the switching delay vs. the 

unit capacitance C (=1aF ) have been traced in Fig. 

12(a) and Fog. 12(b) respectively. 

 

 

Fig. 12(a) Delay vs. Error Probability in TLGs 

           

 

Fig. 12(b) Delay Vs. capacitance in circuits of TLGs. 

The number of prime elements like capacitors, 

resistors are needed for constructing a small elements 

like logic gate or circuit are counted. We have kept 

track of the parameter values essential from this work 

in relation to small element numbers, delays or late, 

and switching power. All of them are tabulated in 

Table-8. Power consumption (meV) for each circuit 

vs. element numbers is shown in Fig. 13 below. The 

processing delays for single electron Transistor (SET) 

and TLG based circuits in reference to the various 

elements are depicted by using the bar diagram side by 

side in Fig. 14. 

                      

Fig. 13 Comparison of small Elements and switching 

energy 
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        Fig. 14 Delays of SET/TLG Vs. gates 

 

The processing delays for distinct TLG based circuits 

must not be similar, for instance, in a 2-input XOR 

gate the latency is 2.21 for the 4-input OR gate the 

processing delay is 2.15ns, and in an E-cube routing on 

a 4-dimensional hypercube the delay is 11.05ns. 

 

It is given that the value of 𝑃𝑒𝑟𝑟𝑜𝑟  is 
1

1012
 , the time 

after which the first output in the present situation 

from 2nd source (s3s2s1s0) will fan out is 2.21×2= 

4.42ns. Similarly for 3rd source (s3s2s1s0) fan-out 

time=2.21× 3 = 6.63𝑛𝑠, for 4th source (s3s2s1s0) fan-

out time=2.21 × 4 = 8.84𝑛𝑠  and for 5th source 

(s3s2s1s0) fan-out time=2.21× 3 = 11.05𝑛𝑠 Hence, we 

are to maintain the data that are providing at the 

inputs should be at least after 11.05ns. In this 

condition, frequency of fan-out for the 𝐸 −

𝑐𝑢𝑏𝑒 𝑟𝑜𝑢𝑡𝑖𝑛𝑔 𝑜𝑛 𝑎 4 − 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 ℎ𝑦𝑝𝑒𝑟𝑐𝑢𝑏𝑒  

circuit will be 1 11.05ns ⁄  = 90.49 MHz. 

 

We are intended in bringing to light the circuit delays 

in connection with CMOS, SET-based and LTG-based. 

We have detected the processing delays as 12ns [5-11, 

17-18] each for the case of a CMOS logic gate like 

AND, NAND, NOR and XOR. The tunneling time 

delay in the case of a single electron transistor (SET) 

[13-15] is approximately 4ns [4-10, 17-18]. The speed-

up of LTG-based delays in connection to the 

corresponding delays of SET-based delays are listed in 

Table-9 and the three curves of (i) SET-based delay, 

(ii) LTG-based delay and (iii) Speed-up times (ratio) 

versus the different logic gates / circuits are depicted 

in Fig.15. 

 

10. Switching delays of SET and LTG 

Given that the probability of error is   
1

1012
 , the 

processing delays for the different circuits are 

provided in Table-9. From this table, we can easily 

realize that the LTG based circuit is at least 2 times 

faster than the SET based circuit. In view of CMOS, 

the LTG based circuit is 8 times faster than (it).  
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Fig. 15 Delays of SET- and TLG- based and their ratio 

 

11. CONCLUSION 

 

In a network, packets need to be travelled without 

deadlock. When we want to avoid deadlocking, a 

proper algorithm to be followed for packet routing so 

as to move through the busses without halt. If the 

deterministic routing algorithm is used, then the 

routing path from source to destination is strictly 

determined by the source point node address and 

goal/destination point address without deadlocking. 

To embody the deterministic routing algorithm, we 

can make a circuit called “E-cube Routing on a 4-

dimensional hypercube” based on an emerging 

nanotechnology— on the principle of electron-

tunneling. On the basis of the electron-tunneling, a 

multiple input threshold logic gate is introduced. 

Relying upon this multiple input threshold logic gate, 

we have been able to create threshold logic gates, 

combinational and sequential logic circuits. As the size 

of tunnel junction is very small (diameter 10nm), the 

concentration density of the TLG based circuits will 

be be high. The power consumed for the E-cube 

Routing on a 4-dimensional hypercube is 424.00meV 

=424.00 × 10−3 ×1.602× 10−19=679.24× 10−24 Joule 

which is, really, very low amount. From the point of 

view of the result of the processing delay, it is clear 

that the TLG-based circuit is at least 2-times faster 

than the SET based circuit and 8-times faster in 

comparison with the CMOS based circuit. In our 

observation, we have decided that after every 11.05ns 

one desired output is fanned out from output terminal 

of the “E-cube Routing on a 4-dimensional 

hypercube”. Almost all the circuits drawn are verified 

by the simulator-SIMON and realized that the 

simulated results are squared with the theoretical 

aspects. The reality is that atmospheric temperature 

for the case of an electron tunneling based linear 

threshold logic technology is to maintain at 0K which 

is really very difficult.  
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