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(We may not be experts on Band Gap References but,

 we know enough to be dangerous!!!)

Introduction:


A Band Gap Reference is a very useful circuit topology in integrated circuit design. The name of the circuit comes from the fact that the output voltage reflects the band gap energy of certain materials. In this project the output voltage to be obtained is 1.2V, referencing the band gap energy of silicon.

The purpose a band gap reference serves in an IC is to bias up the circuitry independent of the power supply and temperature. As seen on many data sheets there is a range of voltages you can use to power up the circuit. On the 741 data sheet the range for which VCC and VEE can be powered up is between +/-5V up to +/-15V. Without the band gap circuitry the operating points of the transistors could vary quite a bit. This result could force the transistors to go into saturation and other detrimental effects that could ruin the performance of the IC. With the band gap circuitry in place the transistors will operate in the same region regardless of the power supply levels.

Another thing that can be seen on many datasheets is a temperature range that the circuit can be operated in.  If the circuit has a wide temperature range, then most likely the circuit elements are biased up using a bandgap reference.  As will be shown, the bandgap reference designed in this project, the output voltage only changes by millivolts with a 100(C temperature range.  This is very good, and shows the usefulness of a bandgap reference.

Qualitative explanation of the Band Gap Reference:

In this project a band gap reference is to be designed with the following characteristics:

· Stable 1.2V output biased from 5V.
· Output impedance of less than 1 Ohm.
· Zero temperature coefficient at 300 K.
· Power supply rejection ratio better than 60 dB.
· Total power dissipation less than 10 mW.
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Schematic #1: Band Gap Reference Topology 
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Shown above is the entire band Gap Reference Circuit designed for this project. As stated in the introduction the function of this circuit is to provide a stable reference voltage of 1.2V and be power supply independent. The most interesting concept behind this circuit is the feedback loop in it. In order for proper operation of any circuit, the biasing must be done correctly in order to provide that each transistor is operating in its correct region. In the band gap reference the output voltage is used to bias the circuit. This is an odd event since to obtain an output voltage from any circuit the biasing must be done first. Tackling the explanation of the entire circuit would be very hard to grasp so to make the explanation of the circuit easier to understand each piece outlined above will be discussed before the entire explanation is done. 

Widlar Based Band Gap Reference:
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R3 will have to be made small so the current through Q2 is sufficient to keep a high beta.  R3 also forces Q2 to come out of saturation because of the logarithmic current relation of the Widlar configuration. Once the circuit has reached its stable operating point the current through Q1 and Q2 will be from the emitter of Q4 and the current through Q3 will be very close to the current from the current source. At this point the output voltage will be the sum of V2(one VBE) and the voltage drop across R2, which gives the proper output voltage. (Refer to the derivation of VOUT on page 4 to see how the component values of R2 and R3 come into play in obtaining the correct output voltage.)

In order to help kick start the circuit an augmented simple current source will be used as the startup circuitry and will be built in such a way that it will turn off after it is no longer needed when the circuit is on its way to the stable operating point.

Startup Circuitry:
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Current Source:
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Now that each pieces functionality has been described the entire explanation of the circuit can be done. Looking back at Schematic #1(pg2) we will look at the circuit at time = 0. It can be seen that VOUT is equal to V1 from the Widlar current source discussion and VOUT is also equal to VIN from the current source discussion. As time begins the startup circuitry will begin dumping current into the circuit until VOUT reaches a sufficient voltage to turn off the diode on the startup circuit. After the startup circuitry turns off VOUT continues to grow due to the emitter current of Q4. The emitter current from Q4 is due to the fact that Q3 is still off and all the current from the current source is being forced into the base of Q4 which in-turn becomes its emitter current. As VOUT continues to grow from this current, the circuit will reach its stable operating point when the voltage drop across R2(Fig.1pg3) is equal to a VBE and Q3(Fig.1pg3) can turn on. Once Q3 turns on the current through Q3 will be equal to the current supplied from the current source and the stable operating point is reached. At the operating point the output voltage will be equal to the sum of one VBE and a scaled VT factor. The VBE in the output voltage comes from the base emitter voltage of Q3 in Fig.1(pg3) and the scaled VT term comes from the following derivation from Fig.1.
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Using this derivation component values can be derived to obtain the desired output voltage. The component values of R2 and R3 will be discussed when the temperature coefficient problem is discussed, since these contribute highly to the issue.

Output Impedance discussion:

In order to obtain our output impedance less than one Ohm we needed to look at the circuit and find what components contributed the most to the output impedance.  From Fig.1(pg3) looking back into the circuit from the output, the output impedance would be a function one could write in terms of R1, R2, and the impedance looking into the emitter of Q4.  Since these are all in parallel, the smallest impedance of the three will set the output impedance.  The smallest impedance would be the impedance looking into the emitter of Q4 because the impedance would be 1/gm. One way to make this impedance smaller would be to use a Darlington pair configuration in place of Q4 by itself.  

Zero Temperature Coefficient Discussion:

The next item to look at is the Zero Temperature Coefficient. The concept is to build the circuit such that as the temperature is varied the output voltage remains relatively constant and the output plot of voltage vs. temperature will have a slope of zero at the desired temperature. Referring to the discussion in Page 317 of Analysis and Design of Analog Integrated Circuits Gray, Hurst, Lewis, and Meyer a derivation can be followed to give the necessary relations. VBE has a negative temperature coefficient (VBE lowers with an increase in temperature) and VT has a positive temperature coefficient. From this general concept and keeping the relations for VOUT in mind the component values of R1, R2, and R3 can be done. Using the relation:
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and taking the derivative with respect to temperature:
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and simplifying we get:
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where:
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and at the desired temperature we want:
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With K set at a constant value, and Q also set M is the controlling factor of the temperature coefficient. From the VOUT derivation it is R2 and R3, which set the zero temperature coefficient. 

Power Supply Rejection Discussion:

Referring to Schematic#1(pg2) the only place where the power supply comes in to play is in setting the current in the non-ideal current source.  This is because in the real world there is no such thing as an ideal current source.  There were two parts to making the power supply rejection very good.  First off, we biased the current source from the circuit output.  Second, we made the current sources as ideal as possible using cascoding and emitter degeneration in the current mirrors.  

From Fig.3(pg4) above Vin is equal to Vout of the circuit, so nominally 1.2V.  We didn’t use cascoding in the first stage of the current source because of the extra Vbe drops that would be needed to do that, limiting the current source bias voltage.  We did use emitter degeneration resistors though to up the output impedance of the current mirror, making it more of an ideal current source.

We did use cascoding in the second stage of the current mirror since the voltage on the top of the current source is 5V, giving us more voltage to play around with.  The reason we used cascading in the current 

mirror is because it generally gives a huge increase in the output impedance, and more power supply rejection. 

Derivation of Component Values:

To begin, using WN2 transistors in the circuit the optimal current that should be used to give the maximum ( is around 200(A. With this in mind R1 can be calculated using the following equation.
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With VOUT equal to 1.2V, IBIAS equal to 200(A results in R1 equal to 2k(.

Solving for the values of R2 and R3 is a bit more involved because these are the most important factors in placing the zero temperature coefficient at the correct temperature. Following the discussion from Fig.1(pg3) that dictated R2 must be larger then R1 a value of 15k( was chosen for R2. From the same discussion R3 had to be set relatively small so the voltage drop across it would be minimal and there would be roughly the same current in the emitter as collector of Q2. With this in mind R3 was set to 1k(. 

After the circuit was then built, the output voltage measured was a bit high at 1.4V. To lower the output voltage it was decided that lowering the current through R1 and R2 must be done. R1 was then placed at 4k(. Now that the output voltage was the correct value the temperature coefficient was measured. It turned out that the zero temperature coefficient was very high up near 60(C. As stated above R2 and R3 are the main factors in setting the zero temperature coefficient so they were varied by small amounts until the output voltage remained a constant 1.2Vand the zero temperature coefficient was around 27(C. The final values used for R2 and R3 were:

R2 = 17k( and R3 = 1.2k(.

Changing the calculated values of the resistors seemed like a bad idea because lowering the currents in the transistors might have lowered the ( and the transistors might not be operating in the correct regions. To make sure that the transistors were still operating in the correct regions the ( for each transistor was looked at. For all the npn’s the ( was around 100, and for the pnp’s the ( was around 21. These values for ( were promising and we then knew that the transistors were all operating in the correct regions.
Now that the component values used in the circuit have been discussed the output for each of the previous discussions can be addressed.

Discussion of Output Plots: 
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Fig.A - DC output of Band Gap Reference circuit.

 Fig.A is the DC output of the circuit as the power supply voltage is swept from 0 to 6V. When the output voltage grows beyond 0.8V the startup circuitry turns off and it is then that the current source takes over and begins to drive the circuit to its stable operating point. At 3.5V on the power supply the circuit has established desired output voltage of 1.2V. 

To check that the startup circuitry was working correctly, VCC was ramped from 0V to 5V in 10(s. Overlaying the ramped supply voltage with the current through Q7(Fig.2pg3) seen below in Fig.B it can be seen that Q7 begins to turn on and then shuts off as it was expected to do just about when the supply voltage reaches just about a VBE above ground. The output voltage of the circuit is also shown on Fig.B to show the transient response of the circuit during startup.
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Fig.B Check of startup circuitry.

To measure the output impedance of the circuit an ideal current source was connected to the output with AC = 1. (See Appendix Fig.A1 for circuit). An AC analysis was run and the output voltage was plotted shown below in Fig.C. 

[image: image22.jpg]5 956m
1
£
s
[ 128 1
req

#64 analyzed  2d5c (11714101 15:29.01) Ac





Fig.C -Output impedance plot

Looking at Fig.C, the output impedance of the circuit starts to increase with frequency. This is reasonable because at higher frequencies the transistors in the circuit begin to have a frequency response of their own which come into play and change the output impedance of the circuit.

To test for the temperature coefficient a transient analysis was run sweeping the temperature of the circuit from -20(C to 100(C and then the reduce function was used to simplify the output graph to give a plot for Temperature vs. Voltage for a particular time. This plot is shown below in Fig.D.
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Fig.D -Temperature Coefficient Plot

This plot shows how the output voltage varies with temperature. The point in the graph, which is of interest, is where the slope of the graph is equal to zero. Using the Dif command in ADS will give the value where the temperature coefficient is equal to zero. This plot is shown below in Fig.E.
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Fig.E -Derivative where Temp coeff = 0

From Fig.E the zero temperature occurs at 27.62(C, which translates, to 300.62(K. Looking at the temperature range in Fig.D the output voltage of the circuit remains very steady with only a 0.2mV swing over a 120( temperature. 

To measure the power supply rejection ratio, PSRR, VCC was set to DC = 5V and AC = 1. An AC analysis was run and the dB function was used to look at the output voltage. This gave a PSRR of a little over –63dB. Using the mag function in ADS produced the plot seen below in Fig.F.
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Fig.F -Power Supply Rejection Ratio Plot

In the project specification there was a test to perform applying a small transient signal to the DC input and see how the PSRR changed sweeping the DC voltage from 4V to 6V. the small transient signal applied was 0.1sin(2*pi*10k*time). From the output shown below in Fig.G the PSRR can be calculated for each input voltage.
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Fig.G – PSRR output sweeping the DC input voltage with small transient.

Zooming in on each waveform and using the following formula:
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The PSRR  can be calculated.

Table 1 shows the results of the calculated PSRR values for each input voltage.

	Input Voltage
	Input Ripple
	Output Ripple
	PSRR

	4V
	0.2V
	200(V
	-60dB

	5V
	0.2V
	141(V
	-63dB

	6V
	0.2V
	100(V
	-66dB


Table 1

The results from Table 1 show that as the magnitude of the supply voltage is increased the PSRR increases but from the AC analysis performed the PSRR decreases with frequency. 
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Fig.H - Power Dissipation plot.

As can be seen from the plot above, the power dissipation is only about 5.55 mW.  This is well below 

the required 10 mW of power dissipation.  

Current step on the output discussion:
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Fig.I - Current Step Plot in 1(s.

There is a stability issue with the bandgap reference with the way we have it setup.  We use a feedback loop from the output of the circuit to the controlling voltage on the current source that controls the output.  So we need to make sure that if we were to switch in a load on the circuit, causing a current step, that the output would remain stable.  From the plot above you can see that as the output current of the circuit changed from 1mA to 2mA the output changed only by 0.4 mV.  Also, with the change, the output stabilized itself after the current step finished. 

To check that the circuit could stabilize itself with a much quicker pulse, the current step set to ramp from 1mA to 2mA in 0.1ns. The output voltage stabilized even with the much quicker pulse.
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Fig.J - Current Step Plot in 0.1ns.
From the plot above with the current step ramping from 1mA to 2mA in 0.1ns did not affect the output voltage of the circuit. When the step is initiated the output voltage of the circuit falls to about 1.1V and then within 11ns the circuit has stabilized and returned to its correct output value of 1.2V. This confirmed our ideas that the circuit designed was done very well. If the output voltage of the circuit had become unstable and the output voltage very large, a simple diode ladder could have been used on the output, similar to the startup circuitry used in order to make sure the output voltage would never raise above two VBE’s above ground.

Conclusion:

In conclusion, we have shown the extreme usefulness of a bandgap reference.  With a zero temperature coefficient at room temperature, small changes in temperature around room temperature will not change the output voltage at all.   The circuit that was designed met all of the requirements, and then some.  Let us also bring to your attention one more time that we are not experts and bandgap reference design, but we do know enough to be dangerous.
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Appendix:


[image: image31.jpg]



FigA-1: Circuit for Measurement of output impedance.

Fig.1 Widlar current source





Fig.1 shown to the left is the heart of the Band Gap Reference. It is this piece which will give us an output voltage equal to 


VBE + M*VT where M is a scaling factor needed to reach our 1.2.V output. To begin lets say that V1 is equal to zero. Under this condition there will be no current flowing and the output voltage will be 0V. As V1 is increased current will not begin flowing through any of the transistors until V1 is roughly one VBE above ground in which case Q1 turns on. At this point the currents through Q1 and Q2 will be the same because the current is small. 


With R2 set much larger than R1, as V1 is increased the voltage drop across R2 is much larger and transistor Q2 saturates. As V1 is increased even further Q2 will eventually come out of saturation when V2 reaches one VBE above ground. At this time the current will begin flowing through Q3 from the current source, and the stable operating point of the circuit will be reached. In order for this circuit to reach its stable operating point the current in the emitter of Q2 will have to be almost equal to the current in the collector.
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The startup circuitry for the band gap reference is shown in Fig.2. The current generated from this simple current source can be calculated using the following equation:


�


Some of this current will begin to flow through Q7 and raise the voltage on its emitter until it reaches just above one VBE at which point Q7 will be reverse biased and will shut off since the collector of Q7 is at 2VBE above ground. This voltage on the emitter of Q7 translates to V1 from Fig.1. above. Next the current source will be discussed from Schematic #1(pg2) and then the entire functionality and how each piece relates to each other will be discussed.
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Shown in Fig.3 is the current source used in the band gap reference. The input current IIN can be described by the following equation:


�


The current flowing in the collector of Q8 = IIN will then be produced in the collector of Q9(which can be shown through a simple set of nodal equations). With the mirrored active load above Q9 the current through Q10 will be the same as Q9 and will then be mirrored in Q11 producing IOUT. 
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(Assuming IS1=IS2)























Q10























Q8





Q9





R2





Q11





Q4





Derivation of VOUT 
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