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Abstract 

In this paper, we discuss 8×8 array multiplier designs using the circuit model of three-state quantum dot gate field effect 
transistors(QDGFETs).QDGFETs produce one intermediate state between two normal stable ON and OFF states due to the 
change in the threshold voltage over this range. A simplified circuit model that accounts for this intermediate state was developed 
using this technique the design of 8bit array multiplier using the input three-state QDGFET gates is carried out. Increased 
number of states in the three-state QDGFETs will increase the number of bit handling capability of this device and will help us to 
handle more number of bits at a time with less circuit elements. 
 
Keywords: 8bitarray multiplier, Integrated circuit, quantum dot gate field effect transistor (QDGFET), Ternary logic, 
VLSI. 
 
1. INTRODUCTION 
A Conventional field effect transistor (FET) conducts based on the applied voltage in its gate terminal. When the gate 
voltage is higher than the threshold voltage of transistor, an inversion channel is formed underneath the gate region 
which allows charge carriers to flow from the source to the drain region of the FET.According to Moore’s law, the 
transistor density in the integrated circuits doubles after every two years. There are two methods to follow Moore’s law: 
one is to decrease the dimensions of the electronic devices and the other one is to increase the bit-handling capacity per 
device. As the different dimensions of the device decrease, other issues like gate leakage current, ON-OFF ratio as well as 
the noise margin, and so on also degrade. So the second method to increase the bit handling capacity per transistor, 
becomes more important to achieve 
Moore’s law. [10] 
Multivalued logic (MVL) has the following advantages. 
a) In MVL, each wire can transmit more MVL information than a binary element. As a result, the number of connections  
    Inside the chip can be reduced. 
b) Since each MVL, element can process more information than a binary element, the complexity of the circuits may be    
     Decreased. 
c) The ON-OFF chip connections can be reduced to help alleviate the pin-out difficulties that arise with increasingly 
larger  
     Chips. 
d) The speed of serial information transmission will be faster since the transmitted information per unit time is increased.  
However, theory also predicts several disadvantages of using MVL circuits. 
a) For fixed values of the highest and lowest voltages, the tolerances of the MVL circuits with more logic levels will be 
more critical than the binary circuits. 
b) To realize low-output impedance, additional sources of power are necessary to produce the intermediate output 
voltages. 
c) The process technology for the MVL circuit may be more complicated because the element in a circuit must deal with 
multivalued signals. 
The principle advantage of the three valued logic circuit is the high density of logic elements. For example, in an N bit 
processor, the number of bits per word that needs to be stored is N2, whereas in the ternary logic, the number of bits per 
word should be N*log32.Three valued memory can reduce 37% overall area of future microprocessor units. The number 
of memory cells and hence the capacitance of both the bit lines and the word lines also decreases using ternary logic 
circuit, which can produce significant advantage in terms of read power and write power [1].The disadvantage of ternary 
valued logic circuit is the static power dissipation. But since the number of circuit elements decreases in the ternary logic, 
the total power also decreases for the large memory size. For large memory size, ternary logic can significantly reduce the 
area and the power consumption. 
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The presence of quantum dots in the gate region, QDGFET produces one intermediate state between its two stable states 
in its transfer characteristics [3], [4]. The generation of the intermediate state can be explained by the resonant tunneling 
of charge carriers from the inversion channel to the quantum dots on top of the gate region. Since the quantum dots in the 
gate region are cladded by a high band gap insulator, charge leakage for these devices are very small, which provides the 
stability to the generation of the intermediate state between its normal ON and OFF states. Another advantage of 
QDGFET is that it can be fabricated in conventional CMOS process at room temperature. The quant- tum dot self-
assembly is also performed at room temperature. The threshold voltage of QDGFET can be controlled easily either by 
varying the gate insulator thickness or varying the number of quantum dot layers on top of the gate region. The 
background charge problem of SET is also absent in QDGFET. In our proposed circuit design, we use QDGFET as the 
key circuit element which itself can produce three states in its transfer characteristics. QDGFETs can be used in the 
conventional CMOS architecture to implement ternary logic circuits. The design complexity will decrease when 
implementing ternary logic circuits based on QDGFET. In ternary logic circuit, one more substantial disadvantage is that 
neither of the transistors in each complementary pair is closed too well, so that the static leakage current in these circuits 
is fairly substantial. The static power consumption for relatively large devices operating at helium temperatures is 
negligible. However, at the prospective room temperature operation, this power becomes on the order of 10−7 W per 
transistor. Though apparently low, this number gives an unacceptable static power dissipation density (>10 kW/cm2) for 
the circuits which would be dense enough (>1011 transistors per square centimeter) to present a real challenge for the 
prospective CMOS technology. Static leakage current flow in QDGFET-based ternary logic circuit is very low. 
This paper is organized as follows. Section 2 describes the fabrication methodology of a QDGFET. Sections 3 and 4 
highlight on the theory of operation and circuit model. The inversion operation, ternary logic half adder, full adder and 8 
bit array multiplier are discussed in Sections 5, 6, 7 and 8, respectively which is followed by the conclusions. 

 
Figure1 (a)  

 
Figure1 (b)  

Figure. 1. (a) Cross-sectional schematic of QDGFET. (b) High-resolution micrograph image (HRTEM) picture of a 
fabricated 

QDGFET. [10]  
 
2. FABRICATION METHODOLOGY  
Structurally the QDGFET and the QDG nonvolatile memory [5]–[7] are similar. P-type silicon wafer is used to fabricate 
QDGFET. Phosphorous is diffused at 1000 °C for 5 min in the source and drain regions of the sample where 1200-Å 
oxide is used as a mask. Source and drain diffusion is followed by the growth of the gate oxide. In this process, first, the 
gate region is etched with buffered oxide etch, and 20-Å oxide is grown at 800 °C for 5 min in a dry oxidation furnace. 
Quantum dots are deposited on top of the gate oxide by a site-specific self-assembly method. In this method, SiOx-cladded 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org  

Volume 3, Issue 6, June 2014   ISSN 2319 - 4847 
 

Volume 3, Issue 6, June 2014 Page 291 
 

-Si quantum dots are deposited on top of the gate insulator because of the pH of the quantum dot solution. Silicon dots of 
desired size can be obtained by repeatedly oxidizing and etching the dot solution. Silicon dot self-assembly is followed by 
the source/drain con- tact formation using gold–arsenic (AuAs). Finally, gate contact is formed by evaporating aluminum 
on top of the sample and forming metal interconnect by patterning the aluminum. Fig. 1(a) shows the cross-sectional 
schematic of a QDGFET. Fig. 1(b) shows the HRTEM of a fabricated QDGFET which shows the presence of two layers of 
SiOx-cladded -Si quantum dots on top of the gate insulator. [10]  
 
3. THEORY OF OPERATIONS  
The drain current of a QDGFET can be expressed as in [10]   

                                         ……………                                                            
(1)  

The intermediate state generates because when the gate voltage (VG) of the device is increased, the threshold voltage 
(VTH) of the device also increases because of resonant tunneling of charge carriers from the inversion channel to 
different layers of quantum dots in the gate region, which makes (VG −VTH) constant in (1). The tunneling probability 
can be expressed as [10] 

              ……………                                                               (2) 
 Fig. 2(a) - (d) shows energy band diagrams and carrier concentration plots in the quantum well channel (~14nm from 
gate contact) and two quantum dot gate layers ( 3 and 9 nm from gate) at various gate voltages. Fig. 2(a) shows the 
state of the device at a gate voltage before the dots are charged. Fig. 2(b) shows the charging of the first layer of dots 
closest to the channel via tunneling. The charge is built up in the first quantum dot layer, because the energy levels in the 
second quantum dot layer are not lined up which is shown in Fig. 2(c). The resonant tunneling of the charge carriers to 
the second quantum dot layer due to the alignment of the bound states in the first quantum dot layer and the second 
quantum dot layer is shown in Fig. 2(d)[10]  
 
4. QDGFET CIRCUIT MODEL  
The circuit model [3], [4] of the QDGFET was described in detail before. The threshold voltage of a QDGFET can be 
expressed according to (3). The drain current of the QDGFETcan be expressed as (4). In this paper, we develop an 
improved model considering all effects based on the Berkeley simulation model (BSIM 3.2.0 and BSIM 3.2.4) for nano-
FET modeling and conducted simulations of QDGFET-based ternary logic [10]  

               
Figure2(a)                                                                                Figure2(b) 

                
Figure2(c)                                                                              Figure2 (d) 

Figure 2. Device simulation shows the tunneling of electron wave function from inversion channel to different quantum 
dot layers. (a) Electron’s wave function is confined in the inversion layer under the gate. (b) Electron’s wave function 
tunnels through the gate oxide, and the cladding of the first quantum dot layer on the gate and is confined in the core of 
the first quantum dot layer. I Electron’s wave function tunnels through the cladding of the first and second quantum dot 
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layers and is confined in the core of the second quantum dot layer. (d) Resonant tunneling to the second quantum dot 
layer due to alignment of the bound states in the first quantum dot layer and the second quantum dot layer.[10] Circuits in 
the Tanner EDA environment. Table I shows different parameters for the circuit model simulation of QDGFET. Figure 3 
shows the comparison of the circuit model with the fabricated device transfer characteristics. 

 
Table 1: QDGFET circuit model simulation parameters [10] 

 N-QDGFET  P-QDGFET  
Minimum L  

Minimum W  
VT  
Vg1  
Vg2  

Vdd α  

22 nm  
22 nm  

100 mV  
200 mV  
300 mV  
500 mV  

1.0  

22 nm  
22 nm  

100 mV  
200 mV  
300 mV  
500 mV  

1.0  

 

 
 
                         Figure3 (a)                                                                               Figure3 (b) 

Figure 3. (a) Transfer characteristics and (b) output characteristics of a fabricated long-channel  
QDGFET and model data. [10] 

 

                    ……………                                                         (3) 

 

              ……………                                                         (4) 

 
5. INVERTER OPERATION  
A ternary inversion is an operation with one input (r) and three outputs ( , , and ) [10] such that  
 

 
                                                                                         ……………                                                           

(5) 

 
Table 2: Truth Table inverter 

Input STI PTI NTI 
0 
1 
2 

2 
1 
0 

2 
2 
0 

2 
0 
0 
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                                                       Figure4 (a)                                               Figure4 (b) 
Figure. 4.(a) Circuit diagram of an STI based on QDGFET. (b) Output voltage (Vout) versus input voltage (Vin) transfer 

characteristics of QDGFET complement function for an STI Where r is the number of states in the logic space. [10] 
 
The implementation of ternary inverters requires three inverters: negative ternary inverter (NTI), STI, and positive 
ternary inverter (PTI), where l0, l1, andl2 should be the different outputs, respectively. The truth table for these three 
inverters is shown in Table II. In our previous work, we have presented the detailed analysis of an STI [3], [4] based on 
QDGFET. The circuit diagram of an STI based on QDGFET is shown in Fig. 4(a). This circuit is the same as a 
conventional CMOS inverter, except that the transistors have been replaced by QDGFETs. In this circuit, when the input 
is 0, the P-QDGFET is in the ON state and the N-QDGFET is in the OFF state, which  

                                
     Figure5(a)                                                         Figure5(b) 

Figure. 5. (a) Modified STI circuit based on QDGFET. (b) Output voltage (Vout) versus input voltage (Vin) transfer 
characteristics of PTI and NTI based on QDGFET [10] 

 
Table 3: Rise/fall time for STI  

Transition logic to logic   Rise/Fall time  
  

1  2  
[9]  [10]  Proposed  

12ns  11.18ps  12.32ps  
2  1  12ns  11.18ps  12.32ps  
1  0  20ns  11.18ps  12.32ps  
0  1  20ns  11.18ps  12.32ps  
2  0  20ns  13.43ps  12.92ps  
0  2  20ns  13.41ps  12.92ps  

 
Makes the output 2. When the input is 2, the P-QDGFET is ON and the N-QDGFET is OFF, which make the output 0. 
When Vin is equal to 1, both transistors are in the intermediate mode, thus making both of them behave like a resistor. In 
this situation, the circuit behaves like a voltage divider which produces an intermediate logic output assuming both 
transistors have equivalent βs. This intermediate logic output depends on different parameters of both QDGFETs and 
their size ratios. In other words, changing the size ratio will produce different complement functions. The transfer 
characteristic of the complement function is shown in Fig. 4(b). Parameters for the transistors are shown in Table I. The 
limitation with QDGFET designs is the static current draw when the output of the complement function is at logic level 1. 
At logic states 0 and 2, there is no static current flow, but at state 1, the intermediate state, there is static current. This 
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current is less than what would be seen in a static load nMOS inverter, because the QDG transistor does not enter 
saturation. Static current draw is a typical problem of many MVL circuit structures [10].  

  
Table 4: Rise/fall time for NTI  

Transition logic to logic   Rise/fall time  
  [9]  [10]  Proposed  

0 2  23ns  13.43ps  13.84ps  
2 0  23ns  13.43ps  13.84ps  

 
Table 5: Rise/fall time for PTI 

Transition logic to logic   Rise/fall time  
  [9]  [10]  Proposed  

0  2  23ns  13.33ps  13.84ps  
2  0  23ns  13.38ps  13.84ps  

 
Static power dissipation is always a problem for ternary logic circuits when both the input and the output are in the 
intermediate state. In this QDGFET-based ternary logic circuit, the short circuit current in the inverter circuit is very 
small which is smaller than that of the nMOS inverter circuit. Chandy et al. discussed this issue before [4]. In the 
previous paper, they have introduced another design of inverter circuit, which can decrease the static power dissipation in 
the intermediate state of a QDGFET-based STI circuit. In that design (Fig. 5(a)), they increase the resistance in the static 
current flow path by including a depletion mode nMOSFET. Other design methods [9] are also helpful for decreasing 
static current flow, but in that case, the number of circuit elements also increases a lot. Since the static current flow in 
these devices is very small, they do not affect different logic states of different logic gates based on them. In this paper, we 
use conventional CMOS circuit architecture using QDGFET to implement different ternary logics. The circuit where 
power dissipation is very sensitive, this modified circuit design can be useful. The circuit diagram for the NTI and the PTI 
is same as in Fig. 4(a) where the QDGFETs are replaced by conventional pMOS and nMOS transistors with 22 nm 
feature size para- meters. Based on the threshold voltage of pMOS and nMOS, the inverter can behave as a NTI or as a 
PTI. For NTI, the threshold voltage of the pMOS is −0.3 V and that of the nMOS is 0.11 V. When the input voltage is 
below 0.11 V, the nMOS is OFF and the output is 0.5 V. When the input voltage is above 0.11 V, nMOS is ON and the 
output is zero. For the PTI implementation, the threshold voltage of the nMOS and the pMOS should be 0.3 V and −0.2 
V, respectively. Therefore, when the input voltage is more than 0.3 V, the lower transistor is ON and the output is zero. 
The transfer characteristics of NTI and PTI are shown in Fig. 5(b). Tables III–V show the calculated rise/fall time of the 
proposed inverter based on QDGFET compared with the CNT-based architecture [9] which shows the improved 
performance of the designed circuits.  

 
Figure 6.Different noise margins for ternary logic [10] 

 
5.1 NOISE MARGINS 
There are four noise margins for the ternary logic gates. Different noise margins for a ternary logic gate are defined in 
[10]  

 
 
 
 

Figure. 6 shows different noise margins for a ternary logic gate. Based on QDGFETs. [10]  
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6.  TERNARY LOGIC HALF ADDER  
A ternary half adder adds two ternary numbers and generates ternary sum bits and carry bits. The truth table of a ternary 
half adder is shown in Table 6. The logic function for sum and carry bit can be derived from the Karnaugh map shown in 
Table 7. 
 

              ……………                                                      (6) 
 

                                                ……………                                                       (7) 
 

Table 6: Truth table ternary half adder  
A  B  SUM  CARRY  
0  0  0  0  
0  1  1  0  
0  2  2  0  
1  0  1  0  
1  1  2  0  
1  2  0  1  
2  0  2  0  
2  1  0  1  
2  2  1  1  

 
Table 7: Karnaughmap for ternary half adder  

                                                                      Sum                                         Carry  
A/B  0  1  2      

    
    
    

A/B  0  1  2  
   0    1  2  0        
  1  1  2    1      1  
 2  2    1  2    1  1  

 

            
                           Figure7 (a)                                                                                                       Figure7 (b) 

Fig. 7. (a) Ternary logic half adder circuit. (b) Input–output waveforms of a ternary logic half adder. [10] 
 

 
Figure (8) 

Figure. 8. Different transient delays of QDGFET-based ternary half adder circuit  
compared with that of other ternary half adders. 
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7. TERNARY LOGIC FULL ADDER 
A ternary full adder adds two ternary numbers and accounts for values carried in as well as out. A 1-bit full adder adds 
three  
1-bit numbers, often written as A, B, and , A and B are the operands, and  is a bit carried in (from a Past addition). 
The circuit produces a 2-bit output sum typically represented by the signals  and S. A ternary full adder can be 
implemented by cascading two ternary half adder circuits. Fig. 9(a) shows the ternary full adder block diagram based on 
two ternary half adders. Here the first half adder adds 2 bits. The following half adder adds the sum output from the 
previous half adder with the carry input  and generates one sum bit and one carry bit in its output. The final carry bit 

 is generated by the OR operation between the two carry bits generated from the two stages (first half adder and the 
second half adder). Fig. 9(b) shows the different waveforms of the designed ternary full adder circuit. Table VIII shows 
the corresponding truth table. Power delay product of a QDGFET-based STI is used as an important metric like other 
digital circuits. In this analysis, two QDGFET-based STI are used in cascade as a ternary buffer and the average of the 
power consumed by the two STI is calculated. The average delay is measured as the average of the sum of four delay 
terms, that is, the delayfrom0to 1, the delay from 1 to 2, the delay from 2 to 1, and the delay from 1 to 0.Fig. 10 shows the 
comparison of the different time delays of QDGFET-based full adder with the ternary full-adders proposed in other 
published works The QDGFET-based circuits dissipate less power than the existing ternary logic circuits.  
 

 
Table 8: Truth table ternary full adder 

A B   SUM  CARRY  
0  0  0  0  0  
0  0  1  1  0  
0  0  2  2  0  
0  1  0  1  0  
0  1  1  2  0  
0  1  2  0  1  
0  2  0  2  0  
0  2  1  0  1  
0  2  2  1  1  
1  0  0  1  0  
1  0  1  2  0  
1  0  2  0  1  
1  1  0  2  0  
1  1  1  0  1  

    
Figure   9 ( a )                                                                                                 Figure   9 ( b )   

Figure . 9 . (a) Block diagram of a QDGFET - Based ternary logic full adder.(b) Input – Output waveform of a ternary logic full adder. [10]   
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1  1  2  1  1  
1  2  0  0  1  
1  2  1  1  1  
1  2  2  2  1  
2  0  0  2  0  
2  0  1  0  1  
2  0  2  1  1  
2  1  0  0  1  
2  1  1  1  1  
2  1  2  2  1  
2  2  0  1  1  
2  2  1  2  1  
2  2  2  0  2  

 

  
Fig. 10. Different transient delays of QDGFET-based ternary full adder circuit compared with 

that of other ternary full adders. 
 
 
8. TERNARY 8-BIT ARRAY MULTIPLIER  
Multipliers play a very important role in today’s Digital signal processing and various applications. With advances in 
technology, many researchers are trying to design multipliers which offer – high speed, low power consumption, less 
area. Making them suitable for various high speed, low power and compact VLSI implementation. The multiplication 
method is carried out by “add and shift” algorithm. The performance of multiplier is determined by the number of partial 
products that needs to be added. As the number of partial products that is added reduced the multiplier produces a better 
performance. For reducing the number of partial products that needs to be added modified booth algorithm is the 
technique. To achieve the speeds Wallace tree is the popular technique which can be used to reduce the sequential adding 
stages. If we combine both the techniques i.e., booth and Wallace tree algorithm the advantages of both the techniques 
can be found on an individual multiplier. However with increasing parallelism, the amount of shifts between the partial 
products and intermediate sum that needs to be added will increase which results in reduced speed, increase in silicon 
area due to irregularity of structure and also increased power consumption due to increase in interconnect resulting from 
complex routing. On the other hand “serial parallel” multipliers compromise speed to achieve better performance for area 
and power consumption. The selection of a parallel or serial multiplier actually depends on the nature of application. 
Array multiplier is well known due to its regular structure. Multiplier circuit is based on add and shift algorithm. Each 
partial product is generated by the multiplication of the multiplicand with one multiplier bit. The partial product are 
shifted according to their bit orders and then added. The addition can be performed with normal carry propagate adder. 
N-1 adders are required where N is the multiplier length  Since in the previous work the design based on quantum dot has 
been performed up to full adder by using those full adders and other combinational circuits [10] a 8bit ternary multiplier 
is carried out in this work.  
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                                    Figure11 (a)                                                                                                        Figure11 (b) 

 

 
                             Figure11(c)                                                                                              Figure11 (d) 
Fig. 11.  (a)Block diagram of a QDGFET-based ternary logic 8bit array multiplier. (b)Schematic of a QDGFET 8Bit array 

multiplier(c) Layout of 8bit array multiplier (d) Input –output waveform of Ternary 8bit array multiplier 
 

 
Figure 12 

Figure. 12. Different transient delays of QDGFET-based ternary 8bit array multiplier circuit compared with that of other 
ternary 8 bit array multipliers. 

 
In the above figure 12 transient delays of full adders and half adders in [4] [5]is taken and it is compared with proposed 
work by using the full adders as shown in the block diagram figure 11(a).As many full adders are used to build a array 
multiplier .the approximate value of delay  was analyzed when compared with delay of [4][5] with respect to full adders 
and Half adders as shown in the above figure[12].In multiplying two ternary numbers, each bit in the multiplier is 
multiplied with the multiplicand. Each of the eight products is aligned (shifted left) according to the position of the bit in 
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the multiplier that is being multiplied with the multiplicand. The eight resulting products are added to form the final 
product.  Since we are dealing with ternary numbers, forming the products is particularly easy. For an N-bit multiplier 
and multiplicand (  bit product), the result is 2N bits wide. The result of our desired 8x8 bit multiplication is thus a 
16-bit result. Fig. 12 shows the comparison of the different time delays of QDGFET-based 8bit array multiplier with the 
other 8bit array multipliers proposed in other published works  
 
9. CONCLUSION  
In this paper, we demonstrated the design of 8bit array multiplier using ternary combinational circuits. We showed the 
rise and fall time of logic inverters and it showed the better performance when compared to other ternary logic circuits. 
We also performed the comparative analysis of half adder, full adder, 8 bit multiplier with other ternary multipliers. The 
improved performance of the QDGFET-based ternary 8 bit multiplier was because of the fast resonant tunneling 
mechanism of the charge carriers from the inversion channel to the different layers of quantum dots in the gate region. 
The noise margin analysis showed comparable value with other ternary logic circuits. The uniform noise margin of the 
designed ternary logic circuits was because of the less charge leakage between the quantum dots in the gate region of the 
QDGFET.This paper showed the improved performance of the ternary 8 Bit array multiplier based on the QDGFET 
because of the tunneling mechanism and the cladded dots in the gate region. The improved performance of the different 
QDGFET-based ternary logic circuits will make QDGFET a promising circuit element in MVL circuits in the future.  
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