Design of Current Sources

1 Introduction

Current sources have two main applications in analogue design:

· Biasing

· Active loads

By definition, a current source will supply a constant current irrespective of the magnitude and frequency of the applied voltage.

A BJT is itself a voltage controlled current source. Practical current sources have a number of limitations, some of which are shown in Figure 2, above.

1. Static errors - the current produced may not be as desired.

2. Dynamic errors - the current may vary as the applied voltage changes. Note in Figure 2 how IC changes as a function of VCE because of the Early effect.

3. Voltage compliance limit - in Figure 2, it is clear that the correct current will not be maintained for low values of VCE.

4. High Frequency errors - current sources are active circuits with internal feedback paths and their performance will degrade at 'high' frequencies. This aspect of performance can only be determined by simulation.

2 A Simple Two-Transistor Current Source

The following diagram (see also Figure 4.1 from Gray and Meyer) represents one of the simplest possible current sources and is also known as a 'current mirror' because the current into Q1 is (hopefully) mirrored to become the output of Q2.


Figure 4: A Simple Two-Transistor Current Source

Note: Because the output current flows into Q2, rather than out of it, this circuit is strictly a current sink and not a source; but the term 'current source' is normally used nonetheless. It should also be pointed out that the output current can easily be scaled up by, for example, doubling the area of Q2. The output current would then be very approximately twice IREF.
There is a considerable static error because IOUT does not match IREF. The collector of Q1 is tied to its base so the collector voltage will be around 0.7V. If the collector of Q2 is held at the same voltage then (assuming perfect matching) the two collector currents are identical. Unfortunately IC(Q1) is not IREF but (IREF - 2IB). If BF is as low as 100, this can lead to a 2% static error.

Dynamic errors can be even more significant due to the Early effect described above. Early voltage varies depending on the technology used but, as an example, 20V Early voltage will result in a 5% change in IOUT for a 1V change in the applied output voltage.

The final low frequency consideration is that the current source will only work with a voltage that is below the breakdown voltage. Again this is technology dependent. Neither can the current source operate with 0V on its output. A practical minimum is between 100mV and 200mV but this is as good as you can get with a BJT.

More complex current source designs are aimed at improving either static and/or dynamic accuracy but this is often at the cost of providing a much worse minimum output voltage. Additional diodes are often involved which will raise the minimum voltage typically to 800mV.

3 Enhanced Current Sources

The following current sources aim to tackle the problems of errors due to finite beta and low output resistance.

Simple Current Source with Current Gain (see G&M Figure 4.4)
The base current error inherent in the operation of the simple mirror is solved by an additional transistor that supplies the base currents to Q1 and Q2.

Cascode Current Source
Output resistance can be increased greatly by placing a 'cascode' transistor in series with the output of Q2.
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Figure 5: Cascode Current Source
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Figure 6: Wilson Current Source (also see G&M Figure 4.13)

The story goes that Barrie Gilbert had an informal contest with one George Wilson to see who could come up with the most useful three-transistor current source. George Wilson won and gave his name to this elegant and very effective design. 'As if by magic' the base current errors associated with the two-transistor source are almost completely cancelled out and the additional transistor has the very desirable effect of greatly increasing dynamic output resistance. IOUT is almost exactly equal to IREF but it is not possible to adjust the design to make IOUT a multiple of IREF. The minimum output compliance voltage is approximately 800mV.

Hand calculation of this circuit is surprisingly difficult but if you assume the result (IOUT = IREF) you should be able to see how the base current errors of the two-transistor mirror are cancelled.

Emitter Degeneration
This technique addresses the output resistance problem by placing 'feedback' resistors in series with the emitters.
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Figure 7: Emitter Degeneration

Simply put, the argument runs that if Q2's collector current should rise, the resistor voltage, which is Q2's emitter voltage, will rise and tend to turn Q2 off again. From a qualitative viewpoint this is all very well but the obvious question is, "Just how effective is this idea?"

It turns out that Q2 now operates with an apparently greatly improved Early voltage:

VAF(effective) = VAF(1+VRE/VT)

Another advantage of this technique is that the current mirror ratio depends not just on transistor matching but also on the matching of the two RE resistors. The overall matching obtained is usually better than you would get from two transistors alone.

This current mirror only works well for that narrow range of currents which derives the correct voltage across the REresistors. At low currents, RE will have no effect; at higher currents, the minimum output compliance voltage will be raised unacceptably.

The Widlar Current Source
In this current source, attributed to the late Bob Widlar, the emitter degeneration resistor, RE is only applied to Q2. This has the effect of turning off Q2 relative to Q1. The current source is commonly used to generate low currents.

D VBE = VRE = VTln(IC1/IC2) = IC2 x RE
Knowing the desired values of IC1 and IC2, RE can be easily calculated.
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Figure 8: The Widlar Current Source
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