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ABSTRACT 

 

In this thesis, a novel low-voltage current mode WTA/LTA circuit is proposed for which 

detects maximum and minimum values from the given current inputs simultaneously. The 

circuit is developed using cascode current mirrors and a substractor circuit. The cascode 

current mirror is used to improve the output swing and substractor circuit is used to compute 

the difference of two input currents. The proposed circuit operates at supply voltage of 1.1V 

with high precision. The output current is mirrored with transfer error lower than 0.035% while 

input current is varying from 0 to 40uA. Simulations have been performed with SPICE level 

53 (TSMC) parameters in 0.18um CMOS technology. Some of the applications of the proposed 

WTA/LTA circuit such as half wave rectifier, full wave rectifier and modulus circuit with their 

simulation results have also been presented. 

 

    Maximum and Minimum functions are fundamental operations in many nonlinear systems. 

Most analogue maximum and minimum continuous-time CMOS implementations have been 

derived from ‘Winner-take-all (WTA) and Looser take all (LTA) circuits. The thesis gives a 

brief review of different approaches reported by various researchers in literature. Out of these, 

one of the maximum and minimum circuit has been designed and simulated. The simulated 

results have also been presented. 
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CHAPTER  

INTRODUCTION 

 

1.1 Introduction 

The need for high accuracy and energy efficient devices continues to derive the 

need of devices which consume lesser energy and work for longer hours without being 

charged. In areas of neural networks and artificial intelligence, the demand of very small 

circuits with similar characteristics are required. Along with the reduction in size of 

integrated circuit they use, the functionality and flexibility needs to improve. Analog 

circuits have provided  solution with continuous changing technology sizes and smart 

designs to enhance their capability. One of such circuit most widely used is winner takes 

all (WTA)/ loser takes all (LTA) circuit which is used to find the maximum and minimum 

outputs from given set of inputs. In analog design there has always remained a trade-off in 

between several major parameters like speed, size, functionality, resolution, supply voltage 

etc. 

These circuits also find application in the area of fuzzy logic circuits [13, 25] for 

implementing nonlinear circuits. These circuits are used for high end results. This circuit 

can also be employed in various fields like signal processing [3, 9], cellular neural network 

and data compression.  

One of the primary limitation in deploying this design is high precision which needs taken 

care off. While differentiating between the inputs that have equal magnitudes these errors 

occur. Another restriction is imposed by supply voltage because neural network circuits 

have to work in collaboration with several other circuit so energy requirement increases as 

whole. Moreover, the signals are of very weak signal strength which have to be located and 

responded back. So, keeping trade-off between constraints the design has been proposed  

that results in reduced supply voltage requirement of the circuit without degrading high 

resolution.  
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1.2 Motivation 

The rapid growth in the field of fuzzy logic and neural network has led to the design 

of high precision and low supply circuits for the hardware realization for these systems. 

WTA/LTA circuits provide solutions to that areas, where the physical variable carrying on 

the information is either current or voltage and there is need to find information in form of 

maximum or minimum signal. Hardware implementations which take voltages as inputs 

are generally based on operational amplifiers that means complex circuit blocks. 

 

More promising for VLSI are current based implementations of maximum and minimum 

circuits. For these applications current-mode techniques are used to design and is currently 

the subject of intense research activities since offering advantages in terms of power, 

efficiency, chip area and simplicity.  

The applications are found in particular areas as fuzzy or artificial neural networks, analog 

signal processing areas, communications, instrumentation, etc.  

 

1.3 Key Contributions 

The work in the thesis can be summarized as follows. 

1. Designing and simulation of proposed WTA/LTA circuit that finds maximum and 

minimum values simultaneously from given input currents. 

2. Using   high swing cascoded current mirror high precision has been achieved. 

3. Half wave rectifier, full wave rectifier and modulus circuit are also investigated.  

In this dissertation, a low voltage with high precision Winners takes all/ Loser takes all  

circuit is proposed which computes the maximum and minimum value from given current 

inputs. High swing cascoded current mirror has be used as the major component which not 
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only helps in reduction of error to improve precision but also contributes to in decreasing 

supply voltage requirement. 

Applications of WTA/LTA circuit have also been achieved by exploiting its basic 

capability to find maximum and minimum. The wave rectifier has been verified by 

applying one input current in form of sinusoidal current and other as dc current. Output 

obtained from maximum and minimum output are half wave rectified. While in full wave 

rectifier both the input currents are applied in form of sinusoidal but in out of phase. The 

output is obtained from maximum output. Modulus circuit is crucial function used in   

The circuit inherits advantages such as low supply voltage requirement, high precision and 

low error.   

 

1.4 Organization of thesis 

The organization of this dissertation is as follows: 

CHAPTER 1: This chapter includes introduction, motivation for the proposed circuit, key 

contributions and the organization of the thesis.  

CHAPTER 2: This chapter addresses the literature survey of the WTA/LTA circuits. 

CHAPTER 3: This chapter presents operation of proposed WTA/LTA circuit and its 

applications such as half wave rectifier, full wave rectifier and modulus circuit. 

CHAPTER 4: In this chapter simulation results have been given to ensure the effectiveness 

of the proposed circuits. Various parameters of the proposed circuits have been compared 

and presented with the similar circuits available in literature. 

CHAPTER 5: This chapter concludes the thesis and suggests the future scope of the work.     
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CHAPTER  

WTA AND LTA CIRCUITS 

 

2.1 Introduction 

  The idea of winners takes all is taken from a living being’s natural behavior, a 

person responds to that part of the body where the stimuli applied is maximum. This  idea 

has been formulated in circuitry form, where a bunch of inputs are applied to circuit and 

only one input signal with strongest magnitude is allowed to propagate at output. In similar 

manner where out of several neurons only one neuron with maximum signal strength 

reaches human brain and gets response instantly. This method is realized by Winner takes 

all circuit (WTA). Whereas, the circuits that are designed by subtracting inputs from an 

altered reference to accomplish the required calculation to get minimum value.  This 

primary computational move to perform these determination operations is executed by 

looser takes all (LTA) circuit. 

 

The winner takes all (WTA) and loser takes all (LTA) circuits are used to generate 

computational functions for nonlinear circuits. Also, these circuits play a significant role 

in neural networks [13], fuzzy logic blocks [13, 25], signal processing applications [3, 9], 

rectification systems [5, 20] etc. In literature, several authors have reported various 

WTA/LTA circuits using voltage and current mode approaches [1-6, 7-18]. The voltage 

mode WTA / LTA circuit was introduced by Anderson et al. in 1992 [1]. The circuit 

includes a number of adaptable current mirrors with floating node, which is controlling 

node of the WTA circuit. The circuit has poor resolution and complex circuitry. Opris [2] 

proposed a multiple-input maximum/minimum circuit that has improved resolution and 

reduced corner errors than the circuit suggested in [1]. Minimum circuits with better 

resolution have presented in [3-4], in which each source follower is replaced by a flipped 
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voltage follower cell. Promme et al. [5] presented a CMOS based voltage-mode multiple-

inputs WTA (WTA) maximum and minimum circuits with improved performance. A 

differential pair with improved cascode current mirror is used to choose the desired input. 

Voltage-mode maximum-minimum circuit presented by Soleimani et al. [6] that operates 

with high precision at high frequencies. 

Current mode WTA/LTA circuit was introduced by Lazzaro et al. in 1989 [7], 

which formed foundation stone for current mode WTA/LTA circuits. Serrano et al. [8] 

have presented a WTA circuit with improved precision. Demosthenous et al. [9] have 

suggested a WTA circuit with improved operating speed and resolution by using 

alternatively NMOS and PMOS. 

 

Lazzaro et al.’s [1] current mode WTA/LTA circuit is shown in Figure 2.1, which 

still holds relevance even after two decades. Many circuits based on this Lazzaro’s circuit 

were proposed later on with improvements. It choose the strongest of the input currents 

applied and the output is sensed at the common node, but the main disadvantage of the 

circuit is poor resolution. 

 

Figure 2.1 Lazzaro’s current mode WTA [1] 

 
 

There are several applications of WTA/LTA circuit such as star tracking 

system[10], neuro fuzzy controller[11] and mixed signal CMOS fuzzy logic controller [12] 
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h.The speed and resolution of WTA circuit suggested in [13] have been improved using 

inhibitory and local excitatory feedback based on input current average computation. 

Alikhani et. al. [14] have proposed WTA/ LTA circuit that can find minimum and 

maximum simultaneously for two inputs with good precision and accuracy. Abdulla et al. 

[15] suggested a multi-input fuzzy minimum and maximum circuit based of Wilson current 

mirror with improved characteristics of speed, accuracy and simplicity of design. 

In this thesis, a novel current mode WTA/LTA circuit with high precision and high 

resolution is proposed. The half wave-rectifier, full wave rectifier and modulus circuit 

based on proposed WTA/LTA circuit are also presented. 

2.2 Characteristics of WTA/LTA circuits 

The basic design parameters that distinguish different WTA/LTA circuits are as follows: 

 Resolution: The resolution of the  WTA circuit is the minimum difference between two 

inputs that the circuit can resolve and sustain it over entire dynamic range for the same 

result. 

 Speed: The speed of the device depends upon the response time of the circuit. 

 Compactness : Compactness is highly desirable so that that design takes least amount 

of space and is insensitive to spatial distribution. 

 Supply voltage requirement: It depends upon the biasing of the circuit required to 

operate the transistors in particular region of operation. 

 Power dissipation: It relies on several factors among them some are transistor count, 

input/output impedance of the circuit, supply voltage and frequency of input applied.   

 

 WTA/LTA circuits are also differentiated based on their type of input supplied and output    

obtained. These are as follow 

• Current mode WTA/LTA circuits 

• Voltage mode WTA/LTA circuits 
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    When the inputs are applied in form of current and output is also obtained in 

form of current then this type of circuits are known as current mode WTA/LTA circuits. 

On the other hand when the voltage inputs are delivered then this type of circuit are called 

as voltage mode WTA/LTA circuits. 

 

There are many areas that require WTA/LTA circuit’s operation such as in image 

processing[12] where there is need of spatial image processing, spotting most shining or 

high contrast objects from the picture these circuits can be employed along with transducers 

and sensors. Even in video processing areas these circuits are used to find part of video 

highest or lowest resolution. In neural networks to find and address the neuron with 

strongest and weakest signal strength these circuits are applied. In communication systems 

where demodulation is done to extract the signal from carrier signal these circuits can be 

used. In computations circuits to calculate modulus, difference, maximum and minimum 

at every instant of time these circuits are used. 
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CHAPTER  

LITERATURE REVIEW 

 

Various authors have reported maximum/minimum or WTA/LTA circuits [2-19]. A brief 

review based on their papers is as follows: 

 

Lazzaro et al. [1]   introduced basic WTA circuit to operate in weak-inversion as well as in 

strong inversion mode. It choose the maximum of the currents injected to its inputs. The 

output was sensed at the common node, which lumped interconnection parasitic. The 

complexity of system increased due to device mismatch resolution degraded. Another 

important design trade off was deceasing mismatch effect with increase in transistor size in 

the expense of silicon area.    

 

Anderson et al. [2] suggested winner takes all consist of number of conventional current 

mirrors, each having with a floating node for flow of current and controlling the potential 

at field effect transistor. This is first voltage based WTA circuit. This circuit is basic circuit 

that uses properties of current mirrors to replicate the inputs and find maximum. Resolution 

of the circuit is not good enough but design is simple. Supply voltage requirement is high. 

 

U. Cilingiroglu et al. [2] have suggested architecture of Loser Takes All Circuit, which is 

a charge domain application. This design is generalized version of a two input charge 

sensing latched refresh amplifier used in DRAMs. This design has good resolution with   

certain drawbacks of the circuit that the area requirement increased with square of the 

inputs applied and the circuit is unable to be parallelized by a simple inter connection. 

 

Teresa Serrano et al. [8] presented a current mode based WTA circuit. The operation 

circuit depend on current transfer, comparison and replicating by current mirrors. It had 
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improved resolution than circuits discussed before and has n number of inputs without 

degrading precision unlike the earlier circuits. But delay and complexity of the circuit 

increases at greater rate when input current are increased.   

 

Baturone et al. [3] proposed a circuit based on WTA (winner-take-all) circuits with 

interconnection of the simple two transistors. The design to convert a WTA into a current-

mode max operator circuit only needs a simple transistor in saturation to recover maximum 

current from this shared voltage. The circuit is simpler than that reported [1] in achieving 

same precision. In addition, since only the winner cell is conducting, the power dissipation 

is less. The structure is connection of Wilson current mirrors which share their output diode 

connected transistor. 

                

Opris [2] has proposed a multiple-input maximum/minimum circuit technique, which 

reduces the errors associated with previous analog circuit implementations [1] by 

combining a common-source voltage-mode configuration with a current-mode “winner 

takes all” circuit.. The architecture minimizes the “corner errors” by combining a voltage-

mode common-source configuration with a current-mode circuit. The main advantages of 

this approach are the linear complexity with the number of inputs and the use of local 

feedback loops that improve the circuit’s functionality at high frequencies. Two 

complementary half circuits are used to achieve simple architecture. 

 

Carvajal et al. [3] have presented a voltage-mode maximum circuit that have a simple 

architecture with low supply voltage (1.5V). Unlike conventional winner-take-all [1] or 

source follower [2] based schemes, the  circuits are characterized by reduced voltage swing 

at all internal nodes and by a very low output impedance, which enables them to provide 

high-speed and high-precision operation. All follower transistors share a common output 

node and a common bias source. Their complexity grows linearly with the number of inputs. 

     

The proposed technique has advantages as following 

 (a) all internal nodes have small voltage swings . 
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(b) high speed operation. 

 

Giacomo Indiveri [6] suggested a current mode WTA circuit that is improved version of 

Lazzaro’s circuit [7], it exhibits local excitatory feedback and lateral excitatory coupling  

which has been applied to implement distributed hysteresis. These methods have been 

applied enhance the charaterstics like resolution , speed of the circuit and supply voltage. 

 

Angulo et al. [5 ] purposed a circuit that exhibits linear increase of complexity with the 

number of inputs at the rate of only three transistors per input. In the circuit, each input 

follower is enhanced by local shunt feedback to increase the gain and to reduce the output 

impedance. 

 

Siskos et al [12] presented a nonlinear filter that has its functionality based on current mode 

WTA circuit. The circuit is developed using  current comparator, feedback network. Earlier 

circuits could only find maxima or minima only but the suggested circuit can also compute 

median of the inputs. The processing rate, accuracy and speed of the circuit is quite good. 

The major limitation was large area requirement due to its complex functionality.               

 Prommee et al. [4] proposed configuration based on d a CMOS based near zero-offset 

multiple inputs maximum and minimum circuit. The analog signal building blocks 

including shunt-feedback buffer, voltage-subtraction circuits and current mirrors are 

deployed for obtained the good performances. This achieved circuit is a simply scheme 

and able to work with low power supplies. The input range is obtained around ± 600 mV 

within ±1.5 V power supplies. Near zero-offset and low output impedance are provided by 

proposed circuit. The delay of output is less than 5ns.  

The proposed configuration of CMOS-based multiple inputs max-circuit and min-circuit 

are based on Winners take it all [1] principle. Symmetry of inputs was realized and multiple 

inputs can be operated, but using too many transistors and complex structure [2]. The 

results of realization are compactness and the lowest output offset is adjustable.  
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The voltage follower’s characteristics including near zero-offset, low delay, low THD and 

wide bandwidth are obtained with a simple configuration. The low delay time is achieved 

around 5 ns. 

Peymanfar et al. [11] presented a new design based on a strategy in which analog 

advantages such as low die area, high speed and simplicity were added to the system, whose 

output is digital considering unchanged digital system properties. For implementing this 

idea, a new programmable Fuzzifier circuit based on mixed-signal input and generation of 

three different current membership functions including Gaussian, Trapezoidal and 

Triangular shapes have been proposed. To contribute antecedents in inference block, three 

new integrated circuits for implementing Max-Min operators are proposed. 

               

 Prommee et al. [10] purposed design of a voltage-modem multiple-inputs winner-take-all 

(WTA) maximum (max) and minimum (min) circuits. The proposed circuits are realized 

in a CMOS technology with low- component counts of transistors, which in turn provides 

low output impendence, fast response and simple structure.   

 

 Alikhani et al.  [13] have suggested a CMOS based current mode maxima /minima circuit 

based on Wilson current Mirror. The proposed circuit has lower number of transistors, can 

detect minimum and maximum of the input currents at the same time, shows high precision.  

 

The salient features of the proposed circuit are 

 Single circuit for maximum and minimum detection. 

 High speed 

 High precision 

 

Abdulla et al. [14] have proposed a simple current mode multiple input 

maximum/minimum circuit for fuzzy interface system. The circuit is based on Wilson 

current mirror taking analog design advantages such as low die area, high speed, and 

simplicity. Circuit is modular current-mode to obtain the minimum and maximum of N 

analog inputs. For implementing his idea, new current mode circuits are proposed which is 
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based on the Wilson current mirror. The proposed circuit has needs fewer transistors than 

the previous designs. More importantly, because the circuit has one stage structure, not 

only the problem of accumulation error solved but the speed of circuit operation has 

increased. The accuracy of circuit is mainly dominated by the input current mirror, 

moreover output current errors can be reduced by substituting the cascaded mirror for the 

basic current mirror 

The circuit has following features: 

  the number of transistors needed for n-input Minimum  circuit is only n(n+3) and n-

input maximum is only 3(n+1).  

  the dynamic range of the circuit is large. 

  speed of circuit is high. 

 

Rahman et al. [15] proposed a voltage based WTA circuit capable of distinguishing input 

voltages with good precision of  millivolts range. This precision is achieved by applying 

inhibitory along with local feedback approach. But the resolution of circuit decreases when 

the inputs are applied in layered form. Power consumption is low but circuit is complex. 

Use of various PMOS transistors increases the area requirement of the circuit. 

 

Dlugosz [27] presented  a current mode WTA circuit which has good resolution  by avoid 

replication of the applied analog signal between different layers unlike in other circuits that 

used techniques of common collector or binary tree approaches. The technique used is in-

between of the two approaches. The circuit has trade-off between minimum current input 

and capacitance of the circuit, as the delay increases with capacitance. As the input currents 

are increased the complexity of circuit increases with square of inputs applied.  

 

 Ghanavati [28] proposed different circuits for  current mode WTA and LTA circuit that 

operate at low supply voltage requirement. Furthermore, at high frequency they operate 

with good resolution. The limitation for this circuit is that different circuits are required for 

computation of maximum and minimum from the applied inputs.  
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CHAPTER  

PROPOSED WTA/ LTA CIRCUIT 

  

4.1 INTRODCTION 

Current mode WTA/LTA circuit was introduced by Lazzaro in 1989 [7], which formed 

foundation stone for current mode WTA/LTA circuits. It can choose the maximum of the 

input currents applied and the output is sensed at the common node, but the circuit has poor 

resolution and speed. Serrano et al. have presented a WTA circuit with improved precision 

based on circuit transformation, replication and comparison [8]. The problems of speed 

and resolution have been improved using inhibitory and local excitary feedback based on 

input current average computation [9] 

A  novel current mode WTA/LTA circuit with high precision and high resolution is 

presented. The block diagram representation is shown in Figure 4.1.The half wave-rectifier, 

full wave rectifier and modulus circuit based on proposed WTA/LTA circuit are also 

proposed. The thesis is organized as follows.  

 

Figure 4.1: Block diagram of WTA/LTA circuit 

 

 

4.2 Proposed WTA/LTA circuit 

The proposed WTA/LTA circuit is shown in Figure 4.2. The circuit is developed using 

high swing cascode current mirror [22] (HSCCM) which generates equal current in the 
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transistors under node X and Y.  As soon as magnitude of one of the input currents becomes 

higher, for example current from first input source is than second input current source, the 

gate potential of transistor M16 connected at node X becomes higher than transistor M17 

connected at node Y, this turns on 

 

Figure 4.2: Proposed WTA/LTA circuit 
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transistor M17, which is connected at lower gate potential because the drain terminals of 

both the transistors are shorted at node Z. The difference between two input currents I1 and 

I2 is reflected in transistors M8- M11 and M15. In other words, to obtain maximum of the 

two input currents, the absolute difference between two input currents (|I2 – I1|) is added to 

the minimum current value of them. Similarly, if input current at node Y is greater than 

input current at node X, then node voltage of Y increases in comparison with the node 

voltage of X. Therefore, transistor M17 turns off and transistor M16 is on. The difference of 

two input currents (I2 – I1) flows to the current mirror through transistor M17 will be added 

to the minimum of the input currents to obtain the maximum value of the two input 

currents. When both the input currents are equal then neither transistor M16 nor transistor 

M17 will turn on. Consequently maxima and minima output currents will be equal (i.e. Imin 

= Imax ). 

 

4.3 Circuit Analysis 

WTA / LTA circuit is composed of three basic components which are high swing cascode 

current mirror, substractor circuit and an additional active resistor. The nature of this circuit 

depends on these components. The active resistor is used to balance offset.  

 

Figure 4.3: Equivalent input impedance model of the proposed WTA/LTA circuit 
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4.3.1 Calculation of input and output impedance of proposed circuit 

Now the actual path travelled by the current when I1>I2 through transistor M16 and then to  

branch. The equivalent input impedance model of the proposed circuit is shown in Figure  

4.3. The total input impedance (Rin) and input impedance experienced at node X towards 

ground (Rin ’)  are given as 

Rin = 𝑅𝑖𝑛′||𝑅𝑠17         (1) 

The input impedance Rin’ experienced at node X towards ground is given as 

Rin’ = 
1

𝑔𝑚1
+

1

𝑔𝑚2
+

1

𝑔𝑚4
        (2)  

where gm1, gm2 and gm4 are transconductances of transistors M1 , M2 and M4 respectively. 

The drain to source impedance of transistor M17 is given as 

Rs7 = 
𝑟𝑜17+𝑅𝐷

1+𝑟𝑜17.𝑔𝑚17
          (3) 

where ro17 and gm17 are impedance and transconductance of transistor M17. 

 The impedance of the cascode of current mirror denoted as RD that evaluates the difference 

of input currents is written as  

RD = 
1

𝑔𝑚15
+

1

𝑔𝑚8
         (4) 

 where gm8 and gm15 transconductance of transistors M15 and M8 respectively 

Using eq. (3) and (4) the drain resistance Rs7 is modified as  

Rs7=
𝑟017.𝑔𝑚15.𝑔𝑚8+1

𝑔𝑚15.𝑔𝑚8(1+𝑟𝑜17𝑔𝑚17)
        (5) 

Also, using eqs. (1), (2) and (5), the total input impedance at the input terminal is expressed 

as 

Rin= 
(𝑟017.𝑔𝑚15.𝑔𝑚8+1)∗(𝑔𝑚1+𝑔𝑚2+𝑔𝑚4)

𝑔𝑚15𝑔𝑚8(1+𝑟𝑜17𝑔𝑚17)∗(𝑔𝑚1+𝑔𝑚2+𝑔𝑚4)+(𝑔𝑚1𝑔𝑚2𝑔𝑚4)∗(𝑟017.𝑔𝑚15.𝑔𝑚8+1)
   (6) 

Assuming gm4=gm5=gm7=gm2, and gm15=gm8 eq. (6)  reduces to 
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Rin=
(𝑟017.𝑔𝑚8^2+1)∗(𝑔𝑚1+𝑔𝑚2+𝑔𝑚4)

𝑔𝑚8^2(1+𝑟𝑜17𝑔𝑚17)∗(𝑔𝑚1+𝑔𝑚2+𝑔𝑚4)+(𝑔𝑚1𝑔𝑚2𝑔𝑚4)∗(𝑟017.𝑔𝑚15^2+1)
   (7) 

From eq. (7) it is observed that the total impedance depends on gm1, gm2 gm4, gm8 and ro17 

Similarly, when input current at node Y is greater than the input current at node X, the 

transistor M17 turns on and  the actual path travelled by maximum current and minimum 

currents is shown in Figure 3.      

 

Figure 4.4: Equivalent input impedance model of the proposed WTA/LTA circuit (If I2 >I1 ) 

The equivalent input impedance Rin  at node Y  is given as 

Rin=
(𝑟014.𝑔𝑚14𝑔𝑚5(𝑟016𝑔𝑚15𝑔𝑚8+𝑔𝑚15+𝑔𝑚8)

𝑔𝑚15𝑔𝑚8𝑟014𝑔𝑚14𝑔𝑚14𝑟05∗𝑟016(𝑔𝑚15+𝑔𝑚8))
                            (8) 

where  𝑟012, 𝑟014 and 𝑟16 are drain to source resistances of transistors M7, M10 and M12 

respectively. 

For the calculation of output impedance maximum output, the small signal model of the 

proposed WTA/LTA circuit is shown in Figure 4   
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Figure 4.5: Small signal model at maximum output 

The output impedance Rout is given as  

    Rout=(𝑟07𝑟𝑜12𝑔𝑚12)||(𝑟𝑜10𝑟𝑜9𝑔𝑚10)       (9) 

where 𝑟07, 𝑟10 and 𝑟12 are drain to  source  resistance of transistors M7, M10 and 

M12 respectively,  𝑔𝑚10 is transconductance of M10 and 𝑔𝑚12 is transconductance 

of M12. 

For the calculation of output impedance at minimum output small signal model of the 

proposed WTA/LTA circuit is shown in Figure 5.  

 

Figure 4.6: Small signal model at minimum port 
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The output impedance Rout is given as 

𝑉𝑥

𝐼𝑥
= 𝑟05 + 𝑟013 + 𝑟013. 𝑟05. 𝑔𝑚13         (10) 

In eq. (10), the value of 𝑟013. 𝑟05. 𝑔𝑚13 is chosen as 

  𝑟05. 𝑟013. 𝑔𝑚13 >>  𝑟05 + 𝑟𝑜13                     (11) 

Using eq.(10) and (11), eq.(10) reduces to 

RoutMin = 05. 𝑟013 . 𝑔𝑚13                         (12) 

where r6 is drain to source impedances of transistors M5 and 𝑟𝑜13 is drain to source 

impedances of transistors M13 and 𝑔𝑚13 is transconductance of M13. 

4.3.2 Analysis of dynamic range 

For the calculation of the dynamic range of the circuit we can neglect the body bias effect 

to reduce complexity of the circuit.  

For the MOSFET to be in saturation region of operation following conditions must be 

satisfied. 

    𝑉𝐷𝑆 ≥ 𝑉𝐺𝑆 − 𝑉𝑡ℎ and   𝑉𝑂𝑉> 0       (13) 

where 𝑉𝐷𝑆 is the drain to source voltage, 𝑉𝐺𝑆 is the gate to source voltage, 𝑉𝑡ℎ is 

the threshold voltage of the MOSFET and 𝑉𝑂𝑉 is the overdrive voltage(𝑉𝑂𝑉 =  𝑉𝐺𝑆 −𝑉𝑡ℎ)  

The voltage Vy at node Y is given as  

𝑉𝑌 ≥  𝑉𝑜𝑣5 + 𝑉𝑜𝑣14         (14) 

 where 𝑉𝑜𝑣5 and 𝑉𝑜𝑣14 are overdrive voltages of transistors M5 and 

M14 respectively. 

The voltage Vy can also be written as 

𝑉𝑌 ≥   𝐼𝐷/𝑔𝑚5 +    𝐼𝐷/𝑔𝑚14 (15) 
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 where ID is the minimum current flowing through node Y and 𝑔𝑚5  

and 𝑔𝑚14 are transconductances of transistors M5 and M14 respectively. 

The drain current ID is given as 

𝐼𝐷 ≤ 𝑉𝑌/(1 𝑔𝑚14⁄ +  1 𝑔𝑚5⁄ )        (16) 

Since, the transistors M5 and M14 are perfectly matched eq.(16) is modified as 

Consider transistors identical, eq  (20) reduces to  

𝐼𝐷 ≤ Vy.gm/2           (17) 

The voltage at Vx  at node X is given as 

VX ≥ 𝑉𝑔𝑠1 + 𝑉𝑡ℎ + 𝑉𝑜𝑣2  + 𝑉𝑜𝑣4      (18) 

where Vx is potential at node X, Vgs1 is the gate to source voltage of transisitor 

M1, 𝑉𝑜𝑣2  is overdrive voltage of  transistor of M2,  𝑉𝑜𝑣4 is overdrive voltage of  transistor 

M4  and Vth is threshold voltage.  

The voltage Vx can be written as 

VX ≥  
2ID

gm1
+ Vth + Vth +     2 ID/gm2  +   

2ID

gm4
     (19) 

where gm1, gm2 and gm3 are transconductances of transistor M1, M2  

and M4 respectively. 

After simplification eq. (23) reduces to 

ID ≤ (VX-2Vth) / 2( 1/gm1 + 1/gm2 + 1/gm4)      (20) 

For similar transistors gm1 = gm2 = gm4= gm eq.(20) is modified as 

ID ≤ (VX – 2Vth).gm/6          (21) 

To calculate the range of the difference of two input currents ∆I generated by transistors 

M16 and M17, it is considered as I1 > I2. The voltage VZ at node Z is given as 

Vz ≥ 𝑉𝑜𝑣8 + 𝑉𝑜𝑣15+Vth     (22) 
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     where 𝑉𝑜𝑣8 and 𝑉𝑜𝑣15 are overdrive voltages of transistors M8 and M15      

respectively. 

The voltage Vz can also be written as 

Vz ≥ 2∆I (
1

gm8
+

1

gm15
) + 𝑉𝑡ℎ    (23) 

From eq.(23) the difference of two input currents is given as 

∆I ≤ (Vz - Vth)/2 (
1

gm8
+

1

gm15
)    (24) 

The difference of the two input currents ∆I will pass either through M16 or M17 depending 

upon the magnitude of two currents, so one of the transistors goes to triode region while 

other in saturation region. Suppose I1 > I2 , then M16 goes to triode region and the drain to 

source voltage VYZ of M16 is given as 

VYZ  = VY – Vz ≤  VSDsat16    (25) 

Using eqs. (15), (19) and (25) the voltage VYZ is modified as 

VYZ = 2ID(1/gm5 +1/gm14 ) - 2∆I (
1

gm15
+

1

gm8
) - Vth    (26) 

Using eq.(26) in eq.(25), eq.(25) is modified as 

{ 2ID(1/gm5 +1/gm14) – 2∆I(
1

gm15
+

1

gm8
) - Vth} ≤  2∆I/gm16    (27) 

 Assuming gm5 = gm14 = gm15 = gm8 = gm  in eq. (27), the difference of two input 

currents ∆I is given as 

∆I ≥ ID - 2Vth.gm     (28)   

 

4. 4 Applications of WTA circuits  

 In this section, the applications of the proposed WTA/LTA circuit as half wave 

rectifier, full wave rectifier and modulus circuit are addressed There are several area where 
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this circuit can be employed. Some of the applications of the WTA/LTA circuit, have been 

proposed here in thesis .  

 

4.4.1 Half Wave rectifier  

  Figure 4.7 shows the block diagram representation of WTA/LTA circuit as half 

wave rectifier(HWR), in which one of input current is applied as a sinusoidal current and 

other is applied as a DC current. From the figure, it can be seen that the circuit finds the 

maximum value in the positive half cycle and minimum value in the negative half cycle, 

which proves the rectification behavior of the proposed WTA/LTA circuit. 

 

 

Figure 4.7: Proposed half wave rectifier based on WTA/LTA circuit 

 

4.4.2 Full Wave rectifier  

 Figure 4.8 shows the block diagram representation of WTA/LTA circuit as full 

wave rectifier(FWR), in which both of the applied input currents are sinusoidal waveforms 

of equal magnitude with phase difference of 180o. From the figure, it can be seen that the 

circuit finds the maximum value in the positive half cycle and minimum value in the 

negative half cycle, which proves the rectification behavior of the proposed WTA/LTA 

circuit. 

.  
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Figure 4.8: Proposed full wave rectifier based on WTA/LTA circuit  

 

4.4.3 Modulus Circuit  

The proposed WTA/LTA circuit can also be used to calculate the modulus of two 

input currents (i.e. | I1 –I2|) by connecting minimum output port to the ground as shown in 

Figure 4.9.  

 

Figure 4.9: Proposed modulus circuit based on WTA/LTA circuit 
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CHAPTER  

SIMULATIONS RESULTS  

 

5.1 INTRODUCTION  

 The proposed WTA/LTA circuit has been simulated in 0.18um CMOS technology 

with SPICE level53 (TSMC) parameters. The chapter is organized as follows. Section 5.2 

presents the simulation results of proposed high precision low-voltage WTA/LTA circuit. 

Section 5.3 includes the presents the simulated results applications of proposed WTA/LTA 

circuit, also it includes the table of comparison of proposed circuit with earlier proposed 

circuits and table of designing parameters of transistors used.   

 

5.2 SIMULATION RESULTS OF PROPOSED WTA/LTA CIRCUIT 

Figure 5.1 and 5.2 show the maxima output plots. For Figure 5.1, both the input 

currents are applied as sinusoidal waveforms of frequencies 50 kHz and 100 kHz  

Figure 5.1: Maximum output at 100 kHz and 50 kHz sinusoidal current inputs 
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and for Figure 5.2 both the input currents are applied as triangular waveforms of 

frequencies 33.33 kHz and 66.66 kHz. It is observed that in both figures the maxima output 

plot follows the input current having maximum value at every instant of time.  

 

 

Figure 5.2:  Maximum output of triangular wave at 66.66 kHz and 33.3 kHz 

Figure 5.3 shows the error plot for maximum output of proposed WTA/LTA circuit for 

sinusoidal current inputs of frequencies 50 kHz and 100 kHz. From the plot, it is observed 

that the maximum error is 0.047 uA 

 

Figure 5.3: Error plot for maximum output of proposed WTA/LTA circuit 
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Figures 5.4 and 5.5 shows the minima output plot for sinusoidal and triangular waveforms 

respectively. For the plot in Figure 5.4 the input currents are applied as sinusoidal 

waveform of frequencies 100 kHz and 50 KHz. And for Figure 5.5 the input currents are 

applied as sinusoidal waveforms of frequencies 33.33kHz and 66 kHz .it is observed that 

the minima plot follows the input having least value at given instance time. 

 

Figure 5. 4: Minimum output at 100 kHz and 50 kHz sinusoidal current inputs 
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Figure 5.5: Minimum output for triangular waveforms at frequency 33.33 kHz and 66.66 kHz 

 

Figure 5.6 shows the error plot for minimum output of proposed WTA/LTA circuit for 

sinusoidal current inputs of frequencies 50 kHz and 100 kHz. From the plot, it is observed 

that the maximum error is 0.12 uA. 

 

Figure 5.6: Error plot for minimum output of proposed WTA/LTA circuit 

 

5.3 Applications 

5.3.1 Half wave rectifier - Figures 5.7 and 5.8 show the rectified signals of the proposed 

WTA/LTA circuit as half wave rectifier. The rectified outputs of half wave rectifier are 

obtained by applying one of the input currents as DC of 10uA and another input current as 

sinusoidal waveform of 100 kHz.  

2.00E-08

2.50E-08

3.00E-08

3.50E-08

4.00E-08

4.50E-08

5.00E-08 Error Plot

Time(s)



28 

 
 

 

Figure 5.7  Rectified output of proposed WTA/LTA circuit as half wave rectifier (for positive cycle) 

 

Figure 5.8:  Rectified output of proposed WTA/LTA circuit as half wave rectifier (for negative cycle) 

 

5.3.2  Full Wave rectifier 

Figure 5.9 shows the rectified signal of the proposed WTA/LTA circuit as full wave 

rectifier. The rectified output of full wave rectifier is obtained by applying two input currents 

as sinusoidal waveforms of same frequencies of 100 kHz with phase difference of 180o.  
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Figure 5.9: Output of proposed full wave rectifier 

 

5.3.3 WTA/LTA as Modulus Circuit  

 The output is obtained by applying two different input sinusoidal waveforms of 

frequencies 50 kHz and 100 kHz shown in Figures 5.10 and 5.11 shows the output 

waveform of the modulus circuit at every instant of time when both the input currents are 

applied.  
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Figure 5.10 Input waveforms of proposed modulus circuit 

 

 

 

Figure 5.11: Output waveform of proposed modulus circuit 
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Table 5.1 shows comparison among different implementations presented earlier with the 

proposed WTA/LTA circuit on various parameters  

Table 5.1. Comparison of proposed WTA/LTA circuit with other WTA/LTA circuits reported in 

literature 

 

From the Table 5.1, it is observed that the proposed WTA/LTA circuit has highest precision 

amoung the circuits discussed and lower supply voltage requirement than the WTA/LTA 

circuits available in literature.  

 

Name of  

Author 

Technology Minimum 

Difference 

Voltage 

Supply 

Error 

percentage 

Operation 

Capability 

Lazzaro et al.[7] 2.0um 2uA 5 V 2% Maximum  

Opris [2] 2.0um N.A. 5 V N.A. Maximum  and  

Minimum 

Serrano  et al.[8] 2.0um N.A. 2.5 V 1.5% Maximum 

Demosthenous [16] 2.4um N.A. 5 V 1% Maximum 

Fish  et al. [9] 0.35um 60nA 3.3V 0.8% Maximum 

Mesgarzadeh [10] 0.35um 100nA 1.5V >1% Maximum and 

minimum 

Alikhani  et al. [13] 0.25um 600nA 2.5V 0.6% Maximum 

/Minimum 

Ghanavati  et al. [28] 0.35μm N.A. 1.5V N.A. Maximum and 

minimum 

Proposed circuit 0.18um 47nA 1.1V 

 

0.03% Maximum 

/Minimum 
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The dimensions of the proposed circuit are listed in Table 5.2. Proposed WTA/LTA Circuit 

is simulated using TSMC 0.18um CMOS technology. 

Table 5.2 Transistor sizing of proposed ciruit 

TRANSISTOR 

NAME 

WIDTH(um) LENGTH(um) 

M1 .80 2 

M2 10 .20 

M3 .75 .70 

M4,M5,M6,M7,M8,M9 .60 .60 

M10,M11,M12,M13,M14 .75 .70 

M15 4 .20 

M16, M17 .84 .60 
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CHAPTER  

 CONCLUSION AND FUTURE SCOPE 

 

 

6.1 Conclusion 

In this thesis the WTA/LTA circuit based on high swing cascade current and its 

applications have been proposed. The circuit has with several advantages of improved 

precision, low supply voltage requirement which makes it suitable for low voltage 

applications like neural network, signal processing, and communication systems, moreover 

error has been reduced to great extend 45nA. This circuit has been tested with various 

inputs at various frequencies and input current level. This circuit has been implemented on 

0.18um technology at TSPICE. The result obtained has been compared with previous 

implementations. 

 

6.2 Future Scope 

Some suggestion and ideas that can extend this work in future. 

 The circuit could be extended to multiple layered inputs by using Binary tree approach. 

  Furthermore, the local feedback can be used for improving the precision of circuit.  

  It is also highly desirable to avoid corner errors at high frequencies, an improvement in 

these errors could produce remarkable results.  
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APPENDIX A 

MODEL FILE USED FOR PMOS TRANSISTOR 

 

LEVEL= 53   TNOM    = 27             TOX     = 4.1E-9 

+XJ      = 1E-7           NCH     = 4.1589E17      VTH0    = -0.3948389 

+K1      = 0.5763529      K2      = 0.0289236      K3      = 0 

+K3B     = 13.8420955     W0      = 1E-6           NLX     = 1.337719E-7 

+DVT0W   = 0              DVT1W   = 0              DVT2W   = 0 

+DVT0    = 0.5281977      DVT1    = 0.2185978      DVT2    = 0.1 

+U0      = 109.9762536    UA      = 1.325075E-9    UB      = 1.577494E-21 

+UC      = -1E-10         VSAT    = 1.910164E5     A0      = 1.7233027 

+AGS     = 0.3631032      B0      = 2.336565E-7    B1      = 5.517259E-7 

+KETA    = 0.0217218      A1      = 0.3935816      A2      = 0.401311 

+RDSW    = 252.7123939    PRWG    = 0.5            PRWB    = 0.0158894 

+WR      = 1              WINT    = 0              LINT    = 2.718137E-8 

+XL      = 0              XW      = -1E-8          DWG     = -4.363993E-8 

+DWB     = 8.876273E-10   VOFF    = -0.0942201     NFACTOR = 2 

+CIT     = 0              CDSC    = 2.4E-4         CDSCD   = 0 

+CDSCB   = 0              ETA0    = 0.2091053      ETAB    = -0.1097233 

+DSUB    = 1.2513945      PCLM    = 2.1999615      PDIBLC1 = 1.238047E-3 

+PDIBLC2 = 0.0402861      PDIBLCB = -1E-3          DROUT   = 0 

+PSCBE1  = 1.034924E10    PSCBE2  = 2.991339E-9    PVAG    = 15 

+DELTA   = 0.01           RSH     = 7.5            MOBMOD  = 1 

+PRT     = 0              UTE     = -1.5           KT1     = -0.11 

+KT1L    = 0              KT2     = 0.022          UA1     = 4.31E-9 

+UB1     = -7.61E-18      UC1     = -5.6E-11       AT      = 3.3E4 

+WL      = 0              WLN     = 1              WW      = 0 

+WWN     = 1              WWL     = 0              LL      = 0 

+LLN     = 1              LW      = 0              LWN     = 1 
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+LWL     = 0              CAPMOD  = 2              XPART   = 0.5 

+CGDO    = 6.28E-10       CGSO    = 6.28E-10       CGBO    = 1E-12 

+CJ      = 1.160855E-3    PB      = 0.8484374      MJ      = 0.4079216 

+CJSW    = 2.306564E-10   PBSW    = 0.842712       MJSW    = 0.3673317 

+CJSWG   = 4.22E-10       PBSWG   = 0.842712       MJSWG   = 0.3673317 

+CF      = 0              PVTH0   = 2.619929E-3    PRDSW   = 1.0634509 

+PK2     = 1.940657E-3    WKETA   = 0.0355444      LKETA   = -3.037019E-3 

+PU0     = -1.0227548     PUA     = -4.36707E-11   PUB     = 1E-21 

+PVSAT   = -50            PETA0   = 1E-4           PKETA   = -5.16 

 

MODEL PARAMETERS USED FOR NMOS TRANSISTOR 

LEVEL= 53  TNOM    = 27             TOX     = 4.1E-9 

+XJ      = 1E-7           NCH     = 2.3549E17      VTH0    = 0.3725327 

+K1      = 0.5933684      K2      = 2.050755E-3    K3      = 1E-3 

+K3B     = 4.5116437      W0      = 1E-7           NLX     = 1.870758E-7 

+DVT0W   = 0              DVT1W   = 0              DVT2W   = 0 

+DVT0    = 1.3621338      DVT1    = 0.3845146      DVT2    = 0.0577255 

+U0      = 259.5304169    UA      = -1.413292E-9   UB      = 2.229959E-18 

+UC      = 4.525942E-11   VSAT    = 9.411671E4     A0      = 1.7572867 

+AGS     = 0.3740333      B0      = -7.087476E-9   B1      = -1E-7 

+KETA    = -4.331915E-3   A1      = 0              A2      = 1 

+RDSW    = 111.886044     PRWG    = 0.5            PRWB    = -0.2 

+WR      = 1              WINT    = 0              LINT    = 1.701524E-8 

+XL      = 0              XW      = -1E-8          DWG     = -1.365589E-8 

+DWB     = 1.045599E-8    VOFF    = -0.0927546     NFACTOR = 2.4494296 

+CIT     = 0              CDSC    = 2.4E-4         CDSCD   = 0 

+CDSCB   = 0              ETA0    = 3.175457E-3    ETAB    = 3.494694E-5 

+DSUB    = 0.0175288      PCLM    = 0.7273497      PDIBLC1 = 0.1886574 

+PDIBLC2 = 2.617136E-3    PDIBLCB = -0.1           DROUT   = 0.7779462 
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+PSCBE1  = 3.488238E10    PSCBE2  = 6.841553E-10   PVAG    = 0.0162206 

+DELTA   = 0.01           RSH     = 6.5            MOBMOD  = 1 

+PRT     = 0              UTE     = -1.5           KT1     = -0.11 

+KT1L    = 0              KT2     = 0.022          UA1     = 4.31E-9 

+UB1     = -7.61E-18      UC1     = -5.6E-11       AT      = 3.3E4 

+WL      = 0              WLN     = 1              WW      = 0 

+WWN     = 1              WWL     = 0              LL      = 0 

+LLN     = 1              LW      = 0              LWN     = 1 

+LWL     = 0              CAPMOD  = 2              XPART   = 0.5 

+CGDO    = 8.53E-10       CGSO    = 8.53E-10       CGBO    = 1E-12 

+CJ      = 9.513993E-4    PB      = 0.8            MJ      = 0.3773625 

+CJSW    = 2.600853E-10   PBSW    = 0.8157101      MJSW    = 0.1004233 

+CJSWG   = 3.3E-10        PBSWG   = 0.8157101      MJSWG   = 0.1004233 

+CF      = 0              PVTH0   = -8.863347E-4   PRDSW   = -3.6877287 

+PK2     = 3.730349E-4    WKETA   = 6.284186E-3    LKETA   = -0.0106193 

+PU0     = 16.6114107     PUA     = 6.572846E-11   PUB     = 0 

+PVSAT   = 1.112243E3     PETA0   = 1.002968E-4    PKETA   = -2.906037E-3     
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