CHAPTER 1 
1.0 INTRODUCTION
Continuous down scaling of CMOS device dimensions and increasing demand of battery portable applications has resulted in reduction of supply voltages. The system accuracy is highly dependent on the accuracy of voltage established by the DC reference voltage. The supply voltage in conventional reference circuits cannot be lowered below 1.2 volts. In literature various design techniques have been presented to overcome these limitations. The accuracy of band gap reference voltage is crucial as it can severely limit the functionality of the system. Considerable work has been done to protect the reference voltage from variation in supply voltage and temperature
Voltage reference circuits are usually required in many analog, digital and mixed signal circuits such as oscillator, PLLs, Data convertors and flash memory. These voltage reference circuits should exhibit little dependence on supply and process parameter and a well defined dependence on temperature.
An Ideal Reference circuit, whose characteristics are shown in Fig. 1.1, is an independent voltage or current source which has a high degree of precision and stability.
·    Output voltage/current should be independent of power supply.
·    Output voltage/current should be independent of temperature.
·    Output voltage/current should be independent of processing variations. 
But real references exhibit little dependence on supply and process parameters and a well-defined dependence on temperature. For instance, the bias current of a differential pair must be generated according to a reference, for it affects the voltage gain and noise of the circuit. Also, in systems such as A/D and D/A converters, a reference is required to define the input and output full-scale range.
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Fig.1.1 Characteristics of Reference Circuit
Some of the desired characteristics of a voltage reference are:-	
a) Ability to be implemented in silicon.
b) Accuracy and stability over supply voltage & time.
c) Proper start-up value
d) Accurate over a wide range of temperature
1.1 Bandgap Reference Circuit

In bandgap references, the reference voltage is generated by adding a voltage having negative temperature co-efficient to a voltage having positive temperature co-efficient in order to cancel out its   temperature dependence. The main advantages of bandgap references concern their low supply voltage and low power dissipation. Also a surprising precision can be achieved with bandgap references. 
The bandgap voltage reference is required to exhibit both high power supply rejection and low temperature coefficient, and is probably the most popular high performance voltage reference used in integrated circuits today. However, IC design is now predominated by low power, low voltage objectives, making CMOS the technology of choice. Since the bandgap reference is bipolar in nature, solutions are required to create the reference with the use of a costly BiCMOS process.
Supply voltage is scaling down because of reducing oxide thickness and increasing demand for low-power portable equipment. Currently, 1.8-V power supplies are commonly used. The threshold voltage of MOS transistors, however, is not scaling down as much as the supply voltage. Therefore, this relatively high threshold calls for new techniques in the design of basic analog blocks. One key component for analog systems is the Bandgap voltage generator. Conventional structures allow us to achieve a reference voltage of about 1.2 V with minimum sensitivity to temperature variations. Of course, when the supply voltage goes down below 1.2 V, it is no longer possible to use the conventional structures, and designing the required operational amplifier also becomes quite difficult. 


1.2  Temperature -Independent Reference 
[image: ]Reference voltages or currents exhibit little dependence on temperature. If two components having opposite temperature coefficients (TCs) are added with proper weighting to get a zero TC.
						

			
			Fig.1.2 Temperature coefficient of bandgap reference

1.2.1 Negative –TC Voltage 

The base–emitter voltage of bipolar transistors or forward voltage of a pn junction diode exhibits negative TCs.
		                         , where  ………………….(1.2.1)
Saturation current is proportional to μkt,μ denotes mobility of minority carriers and ni is intrinsic minority carrier concentration of silicon.
The temperature dependence of these quantities is represented as , where, and 
				, 
where  is the Bandgap Energy of silicon.	Thus			
                                                 …………………………….…(1.2.2)

where b is a proportionality factor. From 1.2.1 we get VBE = VT ln (IC/IS).. In taking the derivative of VBE with respect to T, we must know the behavior of IC as a function of temperature. Assuming  IC  held constant
                                                 ………………….(1.2.3)
From (1.2.2), we have
 	… (1.2.4)
Therefore,

 		… (1.2.5)
From equations (1.2.3) and (1.2.5), we can write

 		… (1.2.6)
Equation (1.2.6) gives the temperature coefficient of the base-emitter voltage at a given temperature T, revealing dependence on the magnitude of VBE itself. With VBE  750mV and      T = 300K ,.

We note that the temperature coefficient of VBE itself depends on the temperature, creating error in constant reference generation if the positive-TC quantity exhibits a constant temperature coefficient.

1.2.2 Positive TC Voltage

Two bipolar transistors operate at unequal current densities, and then the difference between their base emitter voltages is proportional to absolute temperature. If two identical transistors (Is1=Is2) are biased at collector currents of nIo and Io and their base currents are negligible, then

				∆
                                                   = 
                                            	   =
Thus, differentiation exhibits positive temperature coefficients 
				
· [image: ]
				Fig.1.3: Positive voltage reference
       This TC is independent of the temperature or behavior of the collector currents.


1.2.3 Bandgap Reference

With the negative and positive TC obtained above a reference having a nominally zero
temperature coefficient. We write
			 + 
Where, VT ln n is the difference between the base emitter voltages of two bipolar
transistors operating at different current densities.   = -1.5 mV/oK, = +.087
mV/oK, from where we get  ln n =17.2

			 

In fig.1.5 opamp senses Vx and Vy driving R1 and R2 () such that positive and negative terminal assumes same voltage. The reference voltage is obtained at the output of the amplifier.
We have
			 ln n ,arriving at current equal to  ln n/.
So output voltage 

                                    
		           	       =  +……………………….(1.2.7)
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					Fig.1.4: Fundamental BGR circuit
For a zero TC, we have to design 
			
Reference voltage is given by 
				

Taking differential with respect to T,we get
				…………………………..(1.2.8)

Equating this to zero and substituting in equation(1.2.6) 
We get,
			 = ……………………………….(1.2.9)

			=

The term bandgap used is used because as T -> 0, , Where  Eg is bandgap voltage of silicon.


CHAPTER 2
LITERATURE REVIEW OF VOLTAGE REFERENCE CIRCUIT 

2.0 Introduction

This chapter intends to give a brief literature review of the work being carried out on voltage reference circuit for low voltage applications. The conventional BGR circuit, which is composed
of a CMOS op-amp, diodes, and resistors. It is essential that the BGR circuit be designed without bipolar transistors because most semiconductor memories are fabricated in the CMOS process. Reference voltage generators are used in DRAM’s, flash memories, and analog devices. The generators are required to be stabilized over process, voltage, and temperature variations and also to be implemented without modification of fabrication process. 

2.1 TECHNIQUES TO IMPLEMENT SUB 1V BANDGAP REFERENCE CIRCUITS  
The increased demand for portable devices and the technology scaling are driving down the supply voltages of digital circuits. A large number of applications contain some analog circuitry which is beneficial to integrate in the same die with the digital system in order to increase the integration level. A typical example of such an analog circuit is an analog-to-digital converter (ADC). The switched-op-amp (SO) technique, which is a low voltage modification to the well known switched-capacitor (SC) technique, has been successfully employed to realize ADCs operating on sub 1-volt supply voltages. Their usability, however, is limited by the fact that the Reference voltage has to be supplied externally. To fill this gap there is a need for a low-voltage on-chip circuit that can provide a stable reference voltage and drive it into a switched capacitor load. The best way to generate the voltage is to use a bandgap reference (BGR) circuit. Unfortunately, the most of the known CMOS realizations are not suitable for 1.0 V supply voltage.
To overcome these limitations of lowering reference voltage less than 1-V, several design techniques have been presented: 
1) Resistive Divider networks
2) Using different blocks
	A) trans-impedance amplifier
	B) Current Conveyor Implementation 
3) Dynamic Threshold MOS (DTMOS)
4) Body Driven Technique
5) Subthreshold Technique

2.1.1 Low Power CMOS Bandgap Reference Based on Resistive Subdivision 

The circuit shown in Fig2.12 is a bandgap reference circuit using CMOS topology .There is an additional resistor R5 at the output of BGR in parallel with components R6 and Q6. In order to achieve low voltage and low power operation all MOS transistors are designed to operate in weak inversion. Threshold voltage of PMOS and NMOS transistors are -0.65 and 0.5 only.  
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					Fig.2.1


2.1.2 Using Different Blocks
A) Sub 1V Bandgap Reference Using Transimpedance Amplifier
The basic principle of the Sub 1V bandgap reference is to remove the input differential stage of the op-amp and replace it using resistors, which are used to sense the voltage difference and obtain a PTAT current. This current is then added with a current proportional to VEB to generate the final Reference voltage. This technique is based on the use of a Transimpedance Amplifier (TIA). Fig. 2.2 shows the diagram of the sub 1V Bandgap Reference. 

[image: ]
Fig. 2.2 Sub 1V Bandgap Reference Circuit

The TIA is assumed to have a large Transimpedance gain and very low input impedance with a fixed potential equal to Vb at both inputs. Similar to the conventional Bandgap Reference, a PTAT voltage across the resistor R1 is generated by applying feedback, which makes nodes A and B have the same potential, VEB2. Since voltage across R1 is equal to VEB2-VEB1, I1 can be expressed as
                         … (2.1.1)
If we assume that R2A and R2B are matched and equal to R2, the current flow I2 through these two resistors is equal to (VEB2-Vb)/R2. Since ID3 is equal to ID1, which is equal to I1+I2, Vref can be written as		
… (2.1.2)
If I3 is neglected, equation (2.1.2) is shows the output of the conventional bandgap reference. If the Vb term is neglected, VREF is in first order, independent of temperature by selecting an appropriate ratio between R1 and R2. Furthermore, the value of VREF can be freely changed from the conventional value of 1.25 V (within ground and VDD - VDSsat3) by choosing different values of R1, R2 and R3. 

To eliminate the Vb term in equation (2.1.2), I3 is introduced as shown in Fig. 2.2. Node C is a low-impedance node. The impedance is approximately equal to 1/gm4gm6rds8 and the voltage at this node is equal to Vbn - VTN6. If Vb is equal to this voltage, then the current flows through R4, and hence, the value of I3 will be equal to Vb=R2. After adding the value of I3, the Vb term in (2.1.2) will be cancelled out. To ensure Vb equal to Vbn-VTN6, the input stage of the TIA can be realized based on the same structure as the one that produces I3.

The difference in input currents is first converted into voltages at nodes X and Y. Two intermediate gain stages are then followed to ensure that the overall Transimpedance gain is sufficiently large. The design of the two intermediate gain stages is similar to the design of a common source amplifier. Since the quiescent voltages at both nodes X and Y are the same, the biasing current for the nMOS current mirror in the first intermediate gain stage is generated through the pMOS connected to node X such that the biasing currents for both pMOS’s in this stage can be set correctly. Similar technique is also used in the second intermediate gain stage. The output stage is a common source amplifier with resistor load. Using this type of load, the minimum output voltage can swing close to ground in order to produce a low enough voltage for driving the PMOS’s (M1, M2 and M3 in Fig. 2.2). Compensation capacitors C1 and C2 are added to ensure the stability of the circuit after feedback is applied. The minimum supply voltage of the Bandgap Reference can be found to be equal to max {VSDsat2} + max {VEB2}, |VTP| + VDSsat + VSDsat. The first term is the theoretical limit of the Sub 1V bandgap reference, and the second term is the minimum supply voltage of the TIA. 
        To analyze the stability of the bandgap reference, one can view the TIA with the two input resistors as an op-amp with finite input impedance to ground. The input impedance can then be thought as resistor lads connected to M1 and M2 shown in Fig. 2.2. The equivalent circuit is shown in Fig. 2.3, with the nodes “In” and “Out” connected together. The amplifier A can now be considered as an op-amp with infinite input impedance. Since the positive input of A is connected to VEB2, which can be considered as an ac ground, the stability is therefore mainly determined by the phase margin measured between In and Out. Based on the locations of the poles of the op-amp (TIA with input resistors) and the poles due to M1, Q1, Cp, R1, and R2, one can analyze the stability of the proposed bandgap reference. 
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Fig. 2.3 Equivalent circuit of the Sub 1V Bandgap Reference.

Similar to conventional bandgap references, the input offset current of the TIA due to mismatches between R2A and R2B, and a slight difference in voltage between the two inputs of the TIA, will affect the accuracy of VREF and lead to a higher temperature coefficient. Intuitively, the combined non-idealities are equivalent to have an offset voltage Vos on the Op-amp A, shown in Fig. 2.3. Therefore, the reference output voltage can be derived as
   … (2.1.3)
To minimize the effect of this equivalent offset voltage Vos and to have a better cancellation on the Vb term in eq. (2.1.2, good matching among R2A, R2B, and R4 and among the nMOS cascode transistors connected to node C in Fig. 2.2 and the inputs of the TIA is required. In addition, good matching between M4 and M5, as well as M8 and M9 in Fig. 2.2, will also produce a better cancellation of the Vb term due to the reduction of offset current produced from this block. It is also conceivable that the effect of Vos on Vref can be further reduced by having a smaller R2/R1 ratio. The tradeoff is that a larger area for Q1 is required since the value of A1/A2 has to been increased to balance the reduction in the R2/R1 ratio.
2.1.3)  Body Driven Technique
The sub-1 b Bandgap voltage reference consists of three circuit blocks: a body-driven op-amp, a bandgap core, and a startup circuit. Fig. 2.4 shows the complete circuit diagram.
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Fig. 2.4 Sub-1V Bandgap Voltage Reference Circuit
The middle gap is primarily called as the “Bandgap Core” and provides the desired positive and the negative temperature coefficients through the PMOS diode elements. It also ratios the voltage across the diodes R1, R2, R3 and R4, so as to make the output voltage reference freely adjustable. The resistor R1 (R1A + R1B) is made equal to R2 (R2A + R2B) and the conditions R1A=R2A and R1B=R2B is also maintained, thereby forcing the potentials between R1A. R1B and R2A, R2B in the Op-amp to be equal. Since the transistors M1, M2, and M3 have the same size and their gates connected to a common node, the drain currents of these transistors are equal. Therefore, the output voltage reference is given by:

where Vf1  is the forward voltage of the diode and VT  is the thermal voltage. N is the number of parallel diodes. The ratio of R4 to R2 can he used to scale down the output voltage reference. The output comes out to be temperature independent because the current through R3 PTAT and through R2 is CTAT .So total drain current of M2 is   independent of temperature. This current is mirrored in M3 and constant voltage is obtained across R4.
THE DIODE MODEL

A main element in a Bandgap circuit core is the diode. But, the standard CMOS technologies do not have diode models in its library. So in this work a PMOS diode connected elements have been used [21]. The drain, gate, and source of the MOS tied together to form the Anode and the body of the PMOS forms the cathode. The following figure shows the PMOS diode used in the proposed design.
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Fig. 2.5 Implementing a Diode using a PMOS Transistor


 PMOS diode has same characteristics as normal diode.
· Exponential relationship of current to the voltage across holds.
· PMOS diode exhibits a negative temperature coefficient similar to regular diodes.
· The number of parallel components N affects the cut-in voltage

MS1 is a diode connected transistor. When the supply turned on and no current is going through the bandgap core transistors the gate of MS3 is pulled high and the drain of MS3 is pulled low as a consequence the gates of transistors M1-M3 are pulled low which injects current to the bandgap core.
Once the currents flow through the bandgap core the drain of M3 becomes high and this pulls the gate of MS2 high which pulls the gate of MS3 down leaving this transistor in cut off and eventually making the startup circuit idle.
Circuit Schematic
[image: ]          Fig. 2.6 Orcad Schematic for Body Driven Op-amp Bandgap Reference circuit
Output:
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Extended View
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The sub-1 V Body Driven bandgap voltage reference was laid out using 0.6 µm CMOS process and post schematic simulations were performed. Fig.2.6 shows the schematic of the sub-1 volt bandgap voltage reference. 
With a supply voltage of 1-V and the temperature range from -40 to 80 oC, the simulated output voltage of the bandgap voltage reference as a function of temperature is shown in Figure 2.6. The output in red color shows PTAT variations and the output in blue color shows CTAT voltage. The output voltage has a variation of ±20 mV from the mean output voltage of 745 mV. 

2.1.4 Dynamic Threshold MOS Transistor (DTMOS) 

To be able to operate bandgap references at supply voltages lower than the material bandgap, a straightforward solution is to make bandgap reference circuits with an output voltage lower than the silicon material bandgap [6]. If first-order temperature insensitivity is to be ensured, this implies that some type of diode must be used that either actually or apparently has a low material bandgap. Following are three ways to achieve this:
1) Introducing a low-bandgap material (e.g., germanium) to make the low-bandgap diodes in the bandgap reference circuit. This option is very expensive, is not available in a standard CMOS process.
2) Using a fraction of the voltages across the diodes instead of the total voltages, by resistive subdivision. By doing so, the bandgap as seen by the circuit is also only a fraction of the material bandgap.
3) Using the total voltage across the diodes but composing the electrical field across the junction from the externally applied voltage and an electrostatic field. In this way, the bandgap “seen” by the circuit equals the material bandgap lowered by the electrostatic field.
For the method to achieve a virtual low bandgap using resistive subdivision, one needs a number of resistors. For low-power applications, these resistors need to be high ohmic, which results in considerable area consumption. The second method for virtually lowering the material bandgap, using an electrostatic field, is used in this section. This method requires less area and consumes less power than the first one because no resistors have to be used, nor does power have to be spent in apparently lowering the bandgap. One way to implement this second method is by replacing the normal diodes by MOS	 diodes with an interconnected gate and body. This device is then a so-called dynamic threshold MOS transistor, or DTMOS diode. This is illustrated in Fig 2.7.



				[image: ]
				Fig.2.7 Cross section of a DTMOST


Operation of DTMOST
Body bias effect is normally studied in the reverse bias regime, where threshold voltage increases as body-to-source reverse bias is made larger [4, 5]. DTMOS operates in the exact opposite regime. Namely, the body-source junction is forward biased (at less than 0.6 V), forcing the threshold voltage to drop. 
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           Fig.2.8 Threshold Voltage of MOSFET as a Function of Body-Source Forward Bias


Fig. 2.8 illustrates this behavior for NMOSFET, where a separate terminal is used to control the body voltage. In this figure Vt0 denotes the threshold voltage with body bias set to zero.
 		... (2.1.5)
Here VFB is the flat band voltage, 2ΦB the inversion layer potential, εS is Si permittivity, q is the electron charge, Na is the channel doping, Cox is the gate oxide capacitance. Vt0 is given by

                                                   ... (2.1.6)
Where. The loci of DTMOS operation is shown by Vgs = Vbs line in Fig.2.8  Vtf   represents the point where the body (or gate) bias and the threshold voltage become identical. When Vgs is less than Vtf , DTMOS is in the sub threshold regime. Letting 
Vbs = Vt , we can determine Vtf by 
   … (2.1.7)
Thus, at Vgs = Vbs = Vtf, Vt is at a desirable and lower value than Vto. This lower threshold voltage does not come at the expense of higher off-state leakage current because at Vgs = Vbs = 0. DTMOS and the standard device have the same Vt. In fact, they are identical in all respects and consequently have the same leakage. 
The result for, e.g., a standard 0.35 µm CMOS process is that for the P-type DTMOS.
• The apparent bandgap of a P-DTMOS extrapolated to 0 ºK is about 0.6 V (1.2 V for bipolar transistors and diodes in silicon).
• The temperature gradient of at constant current is approximately 1 mV/ºK (for bipolar transistors and diodes this gradient is about -2 mV/ºK).
• The device is ideal exponential, i.e., it has a current– voltage relation conform.




Circuit Schematic:
			[image: ]
		Fig.2.9 Orcad Schematic for I-V characteristics curve for DTMOS Diode

OUTPUT:
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				Fig.2.10 I-V Characteristics of DTMOST

2.1.5 Sub-1V Bandgap Reference Circuit Using Subthreshold Current 

Here a small fraction of VBE is utilized to generate the reference voltage. The complete BGR circuit shown in Fig. 2.11 includes the start-up circuit using M8, M9 and C1, the subthreshold current generator composed of M1 to M4 and RS, and the BGR core circuit utilizing M5, Q1, Q2, R1 and R2.  [image: ]
						Fig. 2.11
[image: ]OUTPUT:
						Fig. 2.12
2.1.6 Subthreshold CMOS Voltage Reference Circuit with Channel-Length Modulation Compensation
The circuit in Fig.2.13 can be divided into three parts. The first part is made of transistors M1 to M5 and resistor. The second part includes M6 to M9 and resistor. The last part is composed of transistors M10, M11 and resistor to generate the reference voltage.
[image: ]
						Fig.2.13

The voltage reference circuits were designed to achieve smaller area without resistors [1], or low
power supply, such as 1 V [2], [3]. However, all of them require big-area diodes or parasitic bipolar junction transistors (BJTs) with turn-on voltage as high as 0.6 V at room temperature.









[image: ]


						Fig.2.14

2.2 Non-Linear Behavior

The main idea of the first-order compensated bandgap references is to cancel the   negative temperature dependency of the base emitter voltage of a bipolar transistor VBE by adding a voltage proportional to the thermal voltage VT[24][7]. However VT is a fully linear function of T; VBE is a complex function of T containing many higher order terms. Even in the optimally compensated case, the reference voltage VREF has some temperature drift terms [7]. An accurate evaluation of the temperature effects in IC- VBE characteristics is needed in the design of bandgap reference sources and temperature transducers implemented in bipolar technology. The bandgap voltage of silicon enters solely through a related quantity, the extrapolated bandgap voltage [O° K, usually denoted by VGo (or Vgo), which is defined. as the extrapolated bandgap energy to O°K divided by the electron charge. To see the reason for the inaccuracy in these analyses, one must consider the origin of VGO. The collector current of an. n-p-n transistor in the forward active region, neglecting the Early effect, is given by [17]:
                                                         ……………………………..(1)
where T is the absolute temperature, Ic the collector current, VBE the base-emitter voltage, q the electron charge, k the Boltzmann constant, and I(T) is given by 

					……………………………………………………….(2)
with A the base-emitter junction area, ni(T) the intrinsic carrier concentration, D(T) the  effective” minority carrier diffusion constant in the base, and JVB the Gummel number (total number of impurities per unit area in the base). For (T), the expression assumed in the above references (implicitly or explicitly) is of the form 
					
					exp………………………….(3)
where VG(T) is the bandgap voltage at temperature T; a plot of VG(T) is shown in Fig. 1. For many applications and in the usual operating ranges, this plot can be approximated by a straight lineand denoted by VG(T). If maximum accuracy is desired around a reference temperature. The approximating straight line should be taken tangent to the exact curve at T = Tr; therefore, VG(T) will be given by

					 Where  )at T=
					
1) VGOr is the extrapolated bandgap voltage to O°K; hence, the subscript O. Calling it the bandgap voltage or the bandgap voltage at O°K, as is sometimes done, can lead to confusion.
     2)	The value of VGor is not unique, but instead depends on the temperature Tr at which the  
	straight line is tangent to the exact curve; hence, the subscript r in VGor.  

Let us consider two temperatures: an arbitrary temperature T and a specified reference temperature Tr. Applying (1) for each temperature, one can derive the following equation:

				……………….(4)
This is the most general equation one can obtain before any approximations are made; it is accurate, to the extent that (1) is. Let us now use (2) in (4), with (T) as given by (4). In applying -these equations at T and Tr, we will make the common approximation that the quantity E in (4) is a constant (this will be discussed further in Section VII). Also, we will define an effective” mobility, (T) for minority carriers in the base, by 

					
Using the above approximation and definition, (8) can be written as follows:

		…..(5)

This equation is valid for any form of temperature dependence for (T). If (T) can be represented with sufficient accuracy by :

					
with C and n appropriate constants, then (5) can be written as


	..(6)
where =4 - n.



Let us assume that the collector current is proportional to some power of T i.e (T)=F

Using this in (6), we obtain a simplified expression for VBE (T):
	
	          
On the assumption that the output voltage is temperature independent at T = To, after a few calculations gives

	            
Writing T = To + ∆T, one finds as a good approximation [7], if ∆T/T0 <<1, that

	                
This means that the output voltage is theoretically a parabolic function of temperature.

where the temperature dependence is given as a function of a reference temperature (Tr ). Vgo is the bandgap voltage of silicon and is the temperature dependency parameter of silicon mobility. However, ultra high precision references need to compensate the nonlinear terms also. This has been accomplished by canceling the second order term of V, by adding a voltage, which is proportional to the square of the absolute temperature (PTAP2). Thus proper designing of PTAT, PTAT2 and CTAT (complimentary to absolute temperature) current gives a freedom to the designer for desired way of non-linear correction of the reference voltage. Such a mixed mode design topology has been investigated in this paper. 

2.2.1 Curvature-Compensation Technique

The simple Bandgap circuit in Fig. 2.16 compensates for the temperature dependences of the output voltage at the first order only. In fact, the VBE voltage of a BJT does not change linearly with the temperature but, according to the relationship [13] given by
                               … (2.1.1)
Where η depends on the bipolar structure and is around 4, while α equals 1 if the current in the BJT is PTAT and goes to 0 when the current is temperature independent. The simple bandgap architecture shown in Fig. 2.16 corrects the first term in eq. (2.1.1) only, thus leading to second-order temperature dependence.


[image: ]
 Fig. 2.15 Schematic of the circuit with curvature compensation

Various approaches to compensate for the nonlinear term have been proposed so far. One of the solutions proposed [23] can be simply implemented in our circuit. The basic idea is to correct the nonlinear term by a proper combination of the VBE across a junction with a temperature-independent current (α=0) and the across a junction with a PTAT current (α= 1). By inspection of the circuit in Fig. 2.16, we observe that the current in the bipolar transistors (Q1 and Q2) is PTAT (α=1), while the current in the p-channel MOS transistors is at first-order temperature independent. Therefore, if we mirror the current flowing in p-channel MOS transistors (with M12) and we inject it into a diode connected bipolar transistor (Q3), as shown in Fig. 2.16, across Q3 we produce a VBE with α ≈ 0. Using eq. (2.1.1), the VBE of bipolar transistors and can be expressed as

                  
                                 … (2.1.2)
            … (2.1.3)

The difference between VBE, Q3 (T’) and VBE, Q1, 2 (T) leads to a voltage proportional to the nonlinear term of eq. (2.1.1), given by
                                … (2.1.4)
Curvature compensation can now be achieved by subtracting from both I1 and I2 a current proportional to VNL. In the complete Bandgap circuit shown in Fig. 2.17, this is obtained by introducing resistors R4 and R5 (nominally equal), which drain from M1 and M2 the required current (INL), thus leading to 




The value of R4 and R5 which leads to the proper curvature correction, derived by comparing eq. (2.1.3) and eq. (2.1.5), is given by

                                                                  … (2.1.6)


 
Circuit Schematic:
[image: ]
				Fig.2.16 Conventional BGR Circuit
Output: [image: ]
						Fig.2.17
A conventional bandgap voltage reference was laid out using 0.6 µm CMOS process and post Schematic simulations were performed. Fig.2.7 shows the schematic of a conventional bandgap voltage reference. 

With a supply voltage of 1.5V and the temperature range from -40 to 80 oC, the simulated output voltage of the bandgap voltage reference as a function of temperature is shown in Fig. 2.8. The output voltage has a variation of ±8 mV from the mean output voltage of 506 mV.
2.2.2 Mixed Mode Topology 
This topology complements the basic current mode topology with a voltage mode current ladder. The voltage mode ladder offers the flexibility for individual compensation of the curvature   nature of the bandgap voltage. The mixed mode architecture implemented in the schematic is explained
Where,
• IINDP = First order compensated current (summation of positive TC of PTAT and negative TC of CTAT). 
• IPTAT = Current proportional to absolute temperature. 
• ICTAT = Current complementary to absolute temperature.
• IPTAT2 = Current proportional to the square of absolute temperature 
 			[image: ]
					Fig.2.18: Mixed-Mode Topology
Thus Vref = V1 + V2 + V3 ………………………………………………………….(2)
Where V1=IINDP (R1+R2+R3) models the first-order temperature compensation,V2 = IPTAT2 (R2+R3) cancels the second-order effects and V3 = ICTATR3 models the VBE of a PN junction. Since IINDP, IPTAT2 and ICTAT themselves contain a resistance in the denominator of their expressions, so the overall Vref contains ratios of resistance and thus using resistors of the same material in the design cancels the effect of temperature coefficients of the resistors. Thus for Vref to be second-order temperature independent, we must have     
					          

Equation (2) is a form of summation of three independent voltages generated by three independent currents with different TCs. Now, V3 = ICTATR3 = VBE R3 / Rctat and can be approximated as A - BT -CT2 where A, B, C are constants which can be derived from (1). 

Thus equation (2) becomes 
Vref = [A + IINDP (R1+R2+R3)] + [IPTAT 2(R2+R3) -CT2-BT] ..................................................(3)
IINDP has been designed independent of the second order correction while IPTAT2 has been designed to cancel second-order term CT2 in (3). However, the linear behavior of IPTAT2 tries to dominate at higher temperature which has been cancelled by the BT term in (3). 

2.2.3 Second-Order Sub-Bandgap Mixed-Mode Voltage Reference Circuit 

The complete schematic of the sub-bandgap voltage reference circuit is shown in Fig 2.20. The bandgap voltage of a PN junction is itself 1.2V. So designing a sub-bandgap reference circuit needs a mixed mode or current mode topology. Base Emitter voltage drop (VBE) is the most well characterized voltage available for designing accurate voltage reference with temperature   variations. A current having positive temperature coefficient (TC) and another complementary to it are passed through a resistor to generate a first-order temperature compensated sub-bandgap voltage and whose magnitude is proportional to the ratios of two resistors. The second order temperature compensation has been achieved using current generation that is proportional to square of the absolute temperature (IPTAT2).
[image: ]

					Fig.2.19
OUTPUT:[image: ]

					Fig.2.20
2.2.4 Precision Reference Voltage Source

A reference voltage source of 10 V consists of an integrated circuit, and thin-film resistors with a small relative temperature coefficient, an operational amplifier and a few resistors and capacitors are used[7]. One of the major sources of error is the voltage drift of the operational amplifier, at least if this is not a special one chosen for low drift. This voltage drift will cause a shift of the parabolic temperature curve. The influence of the voltage drift can be reduced by the insertion of more diode pairs and a low drift preamplifier, as was done in the practical solution (Fig.2.22), here 8 diode pairs and a preamplifier stage plus emitter followers were integrated. With a view to stability and speed of response to fast load variations, the preamplifier is bypassed with a  capacitor, and a second capacitor Cz equal to Cl is connected to ground.
[image: ]


					Fig.2.21



2.2.5 CMOS Bandgap Reference Circuit with Sub-1-V Operation

 The concept of the proposed BGR is that two currents, which are proportional to Vf and VT are generated by only one feedback loop [11]. Fig. 2.23 presents the BGR circuit. The PMOS transistors dimensions are the same and the resistance R1, R2 is the same.
A CMOS BGR, which can operate with sub-1-V supply, is generated by the sum of two currents with one feedback loop. Vref can be set at any level between 0 V and Vcc
[image: ]



					Fig. 2.22




2.2.6 Low Supply Voltage High PSRR Voltage Reference in CMOS Process

The core of the bandgap circuit is shown in Fig.2.24. The low temperature coefficient of the  bandgap voltage is obtained by addition of a negative temperature coefficient (TC) base emitter voltage of a bipolar transistor, with a positive TC voltage obtained from the difference of two base-emitter voltages biased at different current densities The supply independence as well as the temperature independence are achieved by a feedback mechanism. The core amplifier in has a single high gain stage which forms the dominant pole. Other parasitic poles are typically high enough in frequency such that even with no compensation, the circuit is stable with wide and width. The phase margin can be further improved by the addition of compensation capacitor C1 and resistor R3 (which can be a MOSFET resistor). The use of a simple amplifier structure allows the loop bandwidth to be high, resulting in a high PSRR over a wide frequency band. 


[image: ]
						Fig. 2.23

2.3 CONCLUSION 

An extensive literature review of industrial applications of voltage reference circuit is presented.  Using these ideas the current project is developed for low power consumption and operated at low supply voltage. The reference circuit should be in accordance with the new technological advancements. Operating condition can be easily configurable that makes the use of reference circuit to be used in wide range of applications.



 CHAPTER 3
3.0 BANDGAP REFERENCE CIRCUIT
This chapter describes the details description of the hardware devices used in the bandgap reference circuit (BGR) and implementation by 0.5µm process. The VGS difference between two MOSFETs operating in the weak-inversion region used to generate the voltage with positive temperature coefficient. The reference voltage is obtained by combining the weighted VGS difference with weak inversion VGS voltage and using current mode topology in which a current having complementary to absolute temperature used. These methods do not address second-order temperature compensation of threshold voltage and suffer from very high sensitivity to temperature. Second order temperature compensation has been obtained using current generation which is proportional to square of absolute temperature.

3.1 CMOS VOLTAGE REFERENCE CIRCUIT USING SUBTHRESHOLD CURRENT
The complete schematic of proposed reference circuit is shown in Fig.3.1. Transistor M1 and M2 are connected as a current mirror realizes the function of self-biasing.M1 and M2 are so designed that M4 and M5 operate in the weak inversion and the voltage across R1 is proportional to absolute temperature(PTAT). The resistor ratio R2/R1 is used to compensate for the variation of the gate-source voltage of M5 with respect to temperature.
However, ultra thin precision references need to compensate the nonlinear terms also. This is accomplished by canceling the second order term of VBE by adding a voltage which is proportional to square of absolute temperature. Thus proper designing of subthreshold voltage, ICTAT, IPTAT2 results reference voltage independent of temperature. 
3.1.1 Design of First Order Compensation
For a n-MOSFET operating in the weak-inversion region (VDS 3VT)[28], its drain current is given as
			
[image: ]
						Fig.3.1
Where , Vth is the threshold voltage, n is subthreshold slope factor, X is the thickness of the region in which ID flows, Dn is the diffusion current for electrons, Nq0 is the equilibrium concentration of electrons in substrate, VT is thermal voltage and C is constant[1][3].
The drain current of M4 and M5 can be expressed as
         	………………………………..(2)
				
Where Ki=i and K4=NK5.

Using equation (2) and assuming that ratio of K1 and K2 is unity which means that current goes through M4 and M5 is equal, we can write 
				………………………….……………(3)
From figure.1, two gate-source voltage are related by
				 ………………………….………………..(4)
Substituting equation (3) into equation (4) ,we obtain
				……………………….…………….(5)
Equation (5) shows that the drain current of M3 is PTAT.
The gate voltage Vs of M4 and M5 is given as:
				

For an n-MOSFET with PTAT drain current, we can obtain the expression of VGS from equation (1):
 				…………………….………………….(7)

Substituting equation (7) into equation (4), we obtain 

				…………….……………….(8)
The voltage Vs can be expressed as 
Substituting equations (5) and (8) into (6), the voltage Vs is given by

				
				    = 	
				    =

The size K3 of M4, the resistor ratio and the aspect ratio N of M4 and M5 can be designed to make the temperature coefficient of Vs equal to zero at the selected temperature. The final output voltage Vref expressed as

   					

IINDP is generated by proper addition of IPTAT and ICTAT current.
IINDP =IPTAT +ICTAT 
      				 =

For a first order reference,

				

3.1.2 Design of IPTAT2	

 We have to design the current which is proportional to the square of absolute temperature .The topology is shown in Fig3.2.The voltage loop is composed of transistor Q8,Q9,Q10,Q11 has emitter area N times that of Q8. 
   			 [image: ]                  
						Fig.3.2

Which can be approximated as 2	/K, where K is a constant.		
			


3.1.3 Startup Circuit  

The startup circuit is composed by three transistors including 3, M11, M12.transistor M3 and M12 form a CMOS inverter. If the circuit is in undesired zero-state, the gate-source voltage of M5 would be less than threshold voltage .As a result, M3 is turned off and M12 operates in the triode region, pulling the gate voltage of M4 up to Vdd. As a result M4 is turned on and pulls down the voltage of the gates of M1 and M2 to avoid the zero-current state.

 [image: ]
						Fig.3.3

When the circuit is in steady state, the voltage of Vs is designed to be high voltage for the inverter to turn on M3.The gate voltage of M12 pulls down and M12 goes low. The inverter output should falls low enough to turn M12 off in steady state and start-up circuit does not interferes with normal operation.


CHAPTER 4


 4.1 CMOS BANDGAP VOLTAGE REFERENCE CIRCUIT USING CURRENT CONVEYOR AND DTMOST


A conventional op-amp based bandgap voltage reference circuit generates the output of around 1.2 V which makes the circuit unable to work at lower supply voltages. The second-generation current conveyors (CCII) introduced by Sedra & Smith [26] have been found as very effective building block for analog applications[27]. The current conveyor is a grounded three-port network. Its terminal characteristics can be represented best by a Hybrid matrix giving the outputs of the three ports in terms of their corresponding inputs. For CCII this relationship [25] can be stated as



 CCII based circuits have advantage of larger signal bandwidth, greater linearity, capability of operating at lower supplies and low power consumption. Unlike the conventional Bandgap circuits, the proposed Bandgap circuit uses MOS transistors operating in subthreshold region instead of bipolar transistors to generate PTAT and IPTAT currents. The circuit [27] is capable of generating variable as well as multi Voltage References with low dependency on process, voltage and temperature. 




Bandgap Reference Circuit


[image: ]
                      Fig.4.1 Simple Bandgap Reference Circuit using Current Conveyor

Fig.4.1 shows CCII- based Bandgap circuit, which consists diode connected NMOS (Ma, Mb), resistors (R, R1, R2), and PMOS (Ml, M2).
The voltage at input Y of CCII- is given by
Vy = Vgs(Ma)
According to property of CCII, Vx=Vy. Hence Vx = Vgs(Ma). The current coming from the X terminal of CCII is given by:



 
[image: ]
  Fig.4.2 Low Voltage CMOS CCII-
Fig. 4.2 shows the circuit of a low voltage CCII- derived from CCII+ by adding a current mirror at the output 
 Also Iz = Ix (from property of CCII). Hence from circuit
Id(M1) =Id(M2)= Id(M3) = Iz = Ix 	……………………………… (4.3)
Applying KCL at Vy, we get

Now from eq.(4.2), we know Id(M1) = Ix. Hence from eqs (4.1) and (4.3)
Id(Ma) = Id(Mb)    	……………………………………… (4.5)
The output voltage Vbg is given by Vbg=Iz.R2. Substituting the value of Iz from eq. (4.2), we get

Also,			   
since Id(Ma)=Id(Mb) so if W/L of Mb is m times of Ma

then

which is the final expression for the bandgap voltage reference. From above expression, Vgs(Ma) is multiplied with R2/R hence could be scaled down with the resistor ratio and we can achieve a variable bandgap voltage independent of PVTs.


Design of ICTAT Current: 
                             [image: ]
					  Fig.4.3

Design of IPTAT2 Current:
				[image: ]
						Fig.4.4
We have to design the current which is proportional to the square of absolute temperature .The topology is shown in fig…The voltage loop is composed of transistor Q8,Q9,Q10,Q11 has emitter area N times that of Q8 .DTMOS transistors working as constant current source and M36 working as current mirror supplying current to reference circuit.

4.2 Schematic of reference circuit:
The complete schematic of proposed reference circuit is shown in fig24. CCII- based Bandgap circuit, which consists DTNMOST (M20, M21), resistors (R5, R9, R11), and DTPMOS (Ml6, M18). 


[image: ]

						Fig.4.5
 CHAPTER 5 
RESULT AND DISCUSSION
5.1 BGR USING SUBTHRESHOLD CURRENT
The circuit was designed in 0.5µ BiCMOS process The mean reference voltage obtained from simulation is 1.86V. This is done by proper design of subthreshold current in CMOS and ICTAT, IPTAT2.The temperature drops from 1.92V to 1.86V at 0°C.

[image: ]   
						Fig.5.1

5.2 BGR USING CURRENT CONVEYOR

The circuit was designed in 0.5µ BiCMOS process at VDD =1V.The mean reference voltage obtained from simulation is 262mV as shown in Fig. . The maximum variation with temperature range from -40 to 120 °C is 6 mV.

[image: ]
						Fig.5.2




CHAPTER 6
CONCLUTION  
A new approach for the design of bandgap voltage reference based on MOSFETs operating in the weak-inversion region, current conveyors and DTMOS has been presented. The proposed circuit uses MOS transistors and DTMOS transistors to generate IINDP .ICTAT and IPTAT2 are generated using separate BiCMOS process. The circuit is capable of being operated at lower supply voltage. The circuit is designed in 0.5µ BiCMOS technology with 1V power supply. The main feature of this design is the second-order temperature compensation technique obtaining precision performance; this circuit will find application in low voltage and ultra low power circuits.
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Appendix
 MODEL USED FOR 0.5µ TECHNOLOGY

.model PMOS5P0 PMOS (Level=1 VTO=-1 GAMMA=0.65 PHI=0.65 
+	LD=0.6E-06 WD=0 UO=250 LAMBDA=0.03 TOX=85E-9 PB=0.7 CJ=0.18E-3 
+	CJSW=0.6E-9 MJ=0.5 MJSW=0.5 CGDO=0.4E-9 JS=1E-6 CGBO=0.2E-9
+	CGSO=0.4E-9)
.model NMOS5P0 NMOS (Level=1 VTO=1 GAMMA=1.4 PHI=0.7 
+	LD=0.7E-06 WD=0 UO=750 LAMBDA=0.01 TOX=85E-9 PB=0.7 CJ=0.4E-3 
+	CJSW=0.8E-9 MJ=0.5 MJSW=0.5 CGDO=0.4E-9 JS=1E-6 CGBO=0.2E-9
+	CGSO=0.4E-9)
MODEL USED FOR 0.5 µ TECHNOLOGY

.model PMOS0P5 PMOS (Level=1 VTO=-0.47 GAMMA=0.41 PHI=0.8 
+	LD=0.09E-06 WD=0 UO=149 LAMBDA=0.2 TOX=8.9E-9 PB=0.54 CJ=0.86E-3 
+	CJSW=1E-14 MJ=0.19 MJSW=0.99 CGDO=0.56E-9 JS=5E-9 CGBO=5E-9
+	CGSO=0.56E-9)
.model NMOS0P5 NMOS (Level=1 VTO=0.67 GAMMA=0.62 PHI=0.8 
+	LD=0.09E-06 WD=0 UO=440 LAMBDA=0.2 TOX=8.9E-9 PB=0.8 CJ=0.88E-3 
+	CJSW=1.43E-12 MJ=0.37 MJSW=0.43 CGDO=0.366E-9 JS=5E-9 CGBO=5E-9
+	CGSO=0.366E-9)         
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