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CMOS Implementation of Programmable Logic Gates and Pipelined Full
Adders using Threshold Logic Gates Based on NDR Devices

Ramy Mira1, Mohamed El-Sayed2, and Nema El-Faramawy
Electrical Engineering Department, Alexandria University, Alexandria, Egypt

Abstract -  This  paper  presents  a  new  prototyping  technique,  which  allows  efficient
verification of circuit concepts based on negative differential resistance (NDR) devices. This
prototype, which is called MOS-NDR, has been used to implement programmable logic gates
and pipelined-ripple-carry full adders using linear threshold gates (LTGs).

1.INTRODUCTION

Among solid-state nanoelectronic devices, the most promising ones are the resonant tunneling devices (RTD). 
These devices are characterized by a current-voltage characteristic with negative differential resistance (NDR) 
regions. Handling these NDR characteristics and using them in a logic family or a memory cell is a widely 
accepted approach to nano-scale circuits [1].
Although it has been reported that it may be possible to achieve resonant tunneling using, for example, RTD-
hybrid FET, it is very attractive to investigate circuits that combine the advantages of resonant-tunneling diodes 
with the features of a technology like CMOS, which offers low power dissipation and very large integration 
levels [2].
In this paper, the RTD is emulated by using a configuration of four nMOS transistors. This configuration 
exhibits a negative differential resistance, and hence is referred to as MOS-NDR circuit [2].

2.NMOS-BASED NDR CIRCUITS

The MOS-NDR circuit is shown in Fig. 1. Figure 2 shows the simulation results of the MOS-NDR circuit as the
sizes of transistors MT1 and MT2 are varied. 
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Figure 1. Four-transistor MOS-NDR circuit emulating RTD I-V characteristics. (a) Circuit diagram. 

(b) MOS- NDR sub-circuit symbol.
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Even though device and process engineers describe an RTD by means of its peak-to-valley current ratio (PVCR)
and peak current density (PCD), circuit designers are usually concerned with the five parameters Vp, Ip, Vv, Iv, 
and Vs when it comes to design an RTD-based digital circuit. It is therefore important that the MOS-NDR 
circuit can be sized to generate the required I-V curve. 

Figure 2. Simulation results of the MOS-NDR showing the effect of varying W/L of (a) MT1 (b) MT2 while 
holding Vgg constant.

3.THRESHOLD LOGIC DESIGN

Threshold logic design is based on what is called Linear Threshold Gate (LTG). The characteristic feature of the
LTGs is the parallel processing of multiple inputs [2]. An LTG calculates the weighted sum χ of the digital 
inputs xk,  k =1, . . . ., N. The weighted sum is converted into a digital output y by comparing χ with a given 
threshold value θ (Fig. 3.a). If the weight wk and the threshold value θ are selected properly the LTG computes 
any linear separable Boolean logic function of N inputs [3]. 
The output y of a threshold gate is given by:

  y(χ) = sign (χ – θ)  =                                                                  (1)

and                xk = {0,1},           wk={0, ±1, . . . , ±wmax},        θ = {0, ±1, . . . , ±θmax }.

                                 

A threshold gate combines an internal multiple-valued computation of the weighted sum with digital encoded
input and output states. Actually, this capability of processing multiple input signal enables it to design circuits

with bit-level parallelism and reduced complexity. Thus, this approach shows a certain similarity to multiple
valued logic, but differs in regard to the digital input and output logic states.

1 if χ ≥ θ
0    if χ < θ
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Figure 3. Linear threshold gate (LTG). Y = sign (X1 +X2 -X3 -X4 – θ). (a) LTG symbol. (b) LTG  implémentation.
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The circuit in Fig. 3.b shows an RTD-based threshold gate composed of two serially connected RTDs and four 
RTD-nMOSs with two positive weighted inputs (X1, X2) and two negative weighted inputs (X3, X4). The 
threshold value is implemented by modifying the RTD peak current (Ip) of the driver RTD. If the threshold gate 
has Mp positive weighted and Mn negative weighted inputs, the total input current at the monostable-bistable 
transition point is

Here, Ip is the minimum RTD peak current in the LTG circuit. The weight factors wk express the ratios between
the RTDs with weighted inputs and Ip. The inputs Xk (“0” or “1”) of the threshold gate are set by the gate source
voltage VGSk of the nMOS transistors. the threshold value I is determined by:
 

                                                      I = (Ip(driver) –Ip(load))/Ip(load)                                                                (3)

      Therefore, the internal weighted sum (i.e. the input current) is finally converted into a digital output as:
      

3.1 Programmable NAND/NOR Threshold Logic Gate

A programmable NAND/NOR LTG is a good example for this type of logic gates. As shown in Fig.4, this gate
has three negative weighted inputs, two input MOS-NDR-nMOS circuits, and a third stage to modify the logic
function. When M3 is off the circuit functions as a NAND gate, and when M3 is on it functions as a NOR gate.
The threshold value θ is taken to be equal –1.5.
The mask layout of this circuit, and the post simulation results obtained for this circuit are shown  in Figs. 5 and
6, respectively.

Figure 5. Mask layout of programmable NAND/NOR threshold gate.
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Figure 4. Circuit implementation of programmable NAND/NOR threshold logic gate using MOS-NDR circuit.



Figure 6. Post simulation results of programmable NAND/NOR threshold gate (a) NAND function. (b) NOR
function.

3.2 Clocking Scheme and Bit-Level Pipelined Operation

To operate cascaded threshold gates in circuits composed of several stages it has to be ensured that the 
evaluation of one stage only starts after the previous stage has finished the computation. A possible solution is to
use a four phase overlapping clocking scheme with a phase delay between the clocks of two adjacent stages. 
Since LTG circuits are self-latching as soon as they have reached the bi-stable state this four phase clocking 
scheme leads to bit-level pipelined operation. Pipelining is a very well known technique for accelerating the 
execution of successive identical operations. In this way, the executions of several successive operations 
overlap, and the rate at which results are produced is considerably higher than that of non-pipelined design [4].
The four clock phases have delays of T/4, as shown in Fig. 7, so that four pipeline stages are activated during a 
single clock cycle T. The different phases of the clocking scheme are:

ㄱ Phase I, 0 ≤ t < T/4: Evaluation
During the slowly rising edge of the clock the gate evaluates the output (transition from monostability to 
bistability) and charges the load capacitance to VH or VL respectively.

 Phase II, T/4 ≤ t < T/2: Hold 
After evaluation phase has finished the gate hold the result as long as the supply voltage remains constant at Vclk

> 2Vp.

 Phase III, T/2 ≤ t < 3/4T: Reset 
During the falling edge of the clock, the load capacitance is discharged and the gate returns to the initial mono-
stable state.

 Phase IV, 3/4T ≤ t < T: Wait 
The clock cycle is finished by an inactive phase. During this phase the inputs of the gate are changed according 
to the results of the preceding pipeline stage.
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Figure 7: Four phase overlapping clocking scheme

3.3 Bit-Level Pipelined Addition using Threshold Logic Gates

In connection with the bit-level pipelined operation of the RTD-nMOS threshold logic gates, the pipelining 
approach is interesting for future digital signal processing applications where data throughput is of great 
relevance. 
The Adder circuit implementation is shown in Fig. 8 where the complete adder cell consists of four threshold 
gates, which are arranged in two circuit stages. The underlying idea of this threshold logic algorithm is to 
exploit the periodical relationship between the sum bit si and the operand sum χ = ai + bi + ci-1. The first stage of
the full adder contains three gates having the threshold values θi = 1, 2, 3 and classifies the input sum χ 
according to these threshold values. Finally, the second stage detects whether χ Є {1,3} or not.
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Figure 8. Circuit implementation of CMOS-NDR full adder cell

    
In terms of threshold logic equations the alternative full adder is described by:

                                                 Xi (χ)    =   sign (ai + bi + ci-1 –1)

                                                Ci (χ)    =   sign (ai + bi + ci-1 –2)

                                                 Yi (χ)    =   sign (ai + bi + ci-1 –3)                                (5)

and                                             si(χ)    =   sign (Xi – Ci + Yi –1)                                        

                                                             =    1     if      ai + bi + ci-1  Є {1,3}

Since the inputs of the second circuit stage are the intermediate results (Xi, Yi) and the new carry Ci, the input 
operands of the first stage (ai, bi, ci-1) are not required in the second clock cycle. Therefore, this full adder can be 
fully pipelined and is ideally suited for a pipelined n-bit adder. Note that   for proper operation of the circuit n 
and pMOS devices have been used as input switches; hence the name CMOS-NDR full adder cell.
The most simple hardware algorithm for parallel addition of two n-bit numbers is a ripple carry adder (RCA) 
composed of pipelined full adder cells. The carry bits are propagating in diagonal direction so that the logic 
depth comprises d = n+1 pipelined stages (Fig.9). This carry-propagation path is the critical path of the ripple 
carry adder. Since the four phase clocking scheme leads to four gate delays per clock cycle the overall delay of 
an n-bit ripple carry adder is Tadd = (n+1) T/4
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Figure 9. Circuit implementation of 8-bit CMOS-NDR ripple carry adder

A part from CMOS-NDR full adder, the RCA also contains two triangular arrays of delay elements, which are 
typical for bit-level pipelined circuits to permit the propagation of the carries along the diagonal direction. This 
ensures that the operand ai and bi are arriving simultaneously with the carry ci-1 at the corresponding full adder 
cell. The delay elements are implemented by cascading two MOS-NDR-nMOS inverter as shown in Fig. 10.      

Figure 10. Circuit implementation of MOS-NDR delay element
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The switching behavior of 8-bit CMOS-NDR ripple carry adder is shown in Fig.11. Three examples of binary 
addition are presented:
a) [a7, . . . . . ., a0] = [b7, . . . . . ., b0] = [11111111], which leads to [C7, S7, . . . . . .S0] = [111111110].
b) [a7, . . . . . ., a0] = [00000000], [b7, . . . . . ., b0]  = [11111111], and then [C7, S7, . . . . . .S0] = [011111111].

c) [a7, . . . . . ., a0] = [b7, . . . . . ., b0]  = [00000000], then [C7, S7, . . . . . .S0] = [000000000].   

4. Conclusions

The main contribution of this work is the usage of RTD-like circuits, called MOS-NDR to implement different 
digital circuits using threshold logic design method. The MOS-NDR circuit has a similar I-V characteristic of 
the RTD, and therefore, it can replace the RTD in the digital circuits proposed earlier and which are based on 
such a device. The MOS-NDR technique would enable the design and fabrication of fully integrated version of 
digital circuits, instead of using external RTDs in conjunction with CMOS circuits. The usage of MOS-NDR 
circuits to implement specific digital circuits provides a reduction in circuit area, as compared to the area of a 
hybrid RTD-CMOS version of the same circuit. However, a disadvantage of the MOS-NDR implementation 
technique is that the RTD-emulating circuit, being designed using MOS transistors, has a higher delay than that 
of the true RTD. Thus, one of the main advantages of RTD circuits (high speed) is prohibited. In the present 
stage, the MOS-NDR implementation technique is considered as a prototyping technique that allows efficient 
verification of circuit concepts based on NDR devices. 
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Figure 11. Switching behavior of 8-bit CMOS-NDR ripple carry adder presented in Fig. 9. (a) ai = bi = 
Logic 1. (b) ai = Logic 0, bi = Logic 1. (c) ai=bi= Logic 0.
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