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Comparative characteristics of current sources and mirrors

Transistor current sources

Figure 1: An ideal current source, I, driving a resistor, R, and creating a voltage V
A current source is an electrical or electronic device that delivers or absorbs electric current. A current source is the dual of a voltage source. The term constant-current sink is sometimes used for sources fed from a negative voltage supply. Figure 1 shows a schematic for an ideal current source driving a resistor load.

Ideal current sources
In circuit theory, an ideal current source is a circuit element where the current through it is independent of the voltage across it. It is a mathematical model, which real devices can only approach in performance. If the current through an ideal current source can be specified independently of any other variable in a circuit, it is called an independent current source. Conversely, if the current through an ideal current source is determined by some other voltage or current in a circuit, it is called a dependent or controlled current source. Symbols for these sources are shown in Figure 2.
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Figure 2: Source symbols

An independent current source with zero current is identical to an ideal open circuit. For this reason, the internal resistance of an ideal current source is infinite. The voltage across an ideal current source is completely determined by the circuit it is connected to. When connected to a short circuit, there is zero voltage and thus zero power delivered. When connected to a load resistance, the voltage across the source approaches infinity as the load resistance approaches infinity (an open circuit). Thus, an ideal current source could supply unlimited power forever and so would represent an unlimited source of energy. Connecting an ideal open circuit to an ideal non-zero current source is not valid in circuit analysis as the circuit equation would be paradoxical, e.g., 5 = 0.

No real current source is ideal (no unlimited energy sources exist) and all have a finite internal resistance (none can supply unlimited voltage). However, the internal resistance of a physical current source is effectively modeled in circuit analysis by combining a non-zero resistance in parallel with an ideal current source (the Norton equivalent circuit).

Physical current sources
Resistor current source
The simplest current source consists of a voltage source in series with a resistor. The current available from such a source is given by the ratio of the voltage across the voltage source to the resistance of the resistor. For a nearly ideal current source, the value of this resistor should be very large but this implies that, for a specified current, the voltage source must be very large. Thus, efficiency is low (due to power loss in the resistor) and it is usually impractical to construct a 'good' current source this way. Nonetheless, it is often the case that such a circuit will provide adequate performance when the specified current and load resistance are small. For example, a 5V voltage source in series with a 4.7k ohms resistor will provide an approximately constant current of 1mA (±5%) to a load resistance in the range of 50 to 450 ohms.

Active current sources
Active current sources have many important applications in electronic circuits. Current sources (current-stable resistors) are often used in place of ohmic resistors in analog integrated circuits to generate a current without causing attenuation at a point in the signal path to which the current source is attached. The collector of a bipolar transistor, the drain of a field effect transistor, or the plate of a vacuum tube naturally behave as current sources (or sinks) when properly connected to an external source of energy (such as a power supply) because the output impedance of these devices is naturally high when used in the current source configuration.

JFET and N-FET current source
A JFET can be made to act as a current source by tying its gate to its source. The current then flowing is the IDSS of the FET. These can be purchased with this connection already made and in this case the devices are called current regulator diodes or constant current diodes or current limiting diodes (CLD). An enhancement mode N channel MOSFET can be used in the circuits listed below.

Transistor current sources

Simple transistor current source




Figure 3: Typical constant current source (CCS)

Figure 3 shows a typical constant current source (CCS). DZ1 is a zener diode which, when reverse biased (as shown in the circuit) has a constant voltage drop across it irrespective of the current flowing through it. Thus, as long as the zener current (IZ) is above a certain level (called holding current), the voltage across the zener diode (VZ) will be constant. Resistor R1 supplies the zener current and the base current (IB) of NPN transistor (Q1). The constant zener voltage is applied across the base of Q1 and emitter resistor R2. The operation of the circuit is as follows:

Voltage across R2 (VR2) is given by VZ - VBE, where VBE is the base-emitter drop of Q1. The emitter current of Q1 which is also the current through R2 is given by
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Since VZ is constant and VBE is also (approximately) constant for a given temperature, it follows that VR2 is constant and hence IE is also constant. Due to transistor action, emitter current IE is very nearly equal to the collector current IC of the transistor (which in turn, is the current through the load). Thus, the load current is constant (neglecting the output resistance of the transistor due to the Early effect) and the circuit operates as a constant current source. As long as the temperature remains constant (or doesn't vary much), the load current will be independent of the supply voltage, R1 and the transistor's gain. R2 allows the load current to be set at any desirable value and is calculated by
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, since VBE is typically 0.65 V for a silicon device.[1]
(IR2 is also the emitter current and is assumed to be the same as the collector or required load current, provided hFE is sufficiently large). Resistance R1 at resistor R1 is calculated as
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  where, K = 1.2 to 2 (so that R1 is low enough to ensure adequate IB), [image: image7.png]Ip=
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and hFE(min) is the lowest acceptable current gain for the particular transistor type being used.

A more common current source in integrated circuits is the current mirror.
Simple transistor current source with diode compensation




Figure 4: Typical constant current source (CCS) with diode compensation

Temperature changes will change the output current delivered by the circuit of Figure 3 because VBE is sensitive to temperature. Temperature dependence can be compensated using the circuit of Figure 4 that includes a standard diode D (of the same semiconductor material as the transistor) in series with the Zener diode as shown in the image on the left. The diode drop (VD) tracks the VBE changes due to temperature and thus significantly counteracts temperature dependence of the CCS.

Resistance R2 is now calculated as
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Since VD = VBE = 0.65 V,[2]
Therefore, [image: image10.png]R,
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(In practice VD is never exactly equal to VBE and hence it only suppresses the change in VBE rather than nulling it out.)

and R1 is calculated as
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(the compensating diode's forward voltage drop VD appears in the equation and is typically 0.65 V for silicon devices.[3])

This method is most effective for Zener diodes rated at 5.6 V or more. For breakdown diodes of less than 5.6 V, the compensating diode is usually not required because the breakdown mechanism is not as temperature dependent as it is in breakdown diodes above this voltage.

Simple transistor current source with LED




Figure 5: Typical constant current source (CCS) using LED instead of zener

Another method is to replace the Zener diode with a light-emitting diode LED1 as shown in Figure 5. The LED voltage drop (VD) is now used to derive the constant voltage and also has the additional advantage of tracking (compensating) VBE changes due to temperature. R2 is calculated as
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and R1 as
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, where ID is the LED current.

Feedback

Operational amplifier current source





Figure 6: Typical op-amp current source. The transistor is not needed if the required current doesn't exceed the sourcing ability of the op-amp. The current will be the zener voltage divided by the sense resistor.

Another common method is to use feedback to set the current and remove the dependence on the Vbe of the transistor. Figure 6 shows a very common approach using an op amp with the non-inverting input connected to a voltage source (such as the Zener in an above example) and the inverting input connected to the same node as the resistor and emitter of the transistor. This way the generated voltage is across the resistor, rather than both the resistor and transistor. (For details, see the article on the ideal op amp - the nullor.) The article on current mirror discusses another example of these so-called gain-boosted current mirrors.

Other practical sources
In the case of operational amplifier circuits sometimes it is desired to inject a precisely known current to the inverting input (as an offset of signal input for instance) and a resistor connected between the source voltage and the inverting input will approximate an ideal current source with value V/R.

Inductor type current source




Figure 7: Constant current source using the LM317 voltage regulator

Amongst other applications, the circuit of Figure 7 using the LM317 voltage regulator is used to present a source of constant current in Class E (switching) electronic amplifiers.

High voltage current sources
A Van de Graaff generator behaves as a current source because of its very high output voltage coupled with its very high output resistance and so it supplies the same few microamperes at any output voltage up to hundreds of thousands of volts (or even tens of megavolts) for large laboratory versions.

Current and voltage source comparison
Most sources of electrical energy (mains electricity, a battery, ...) are best modeled as voltage sources. Such sources provide constant voltage, which means that as long as the amount of current drawn from the source is within the source's capabilities, its output voltage stays constant. An ideal voltage source provides no energy when it is loaded by an open circuit (i.e. an infinite impedance), but approaches infinite power and current when the load resistance approaches zero (a short circuit). Such a theoretical device would have a zero ohm output impedance in series with the source. A real-world voltage source has a very low, but non-zero output impedance: often much less than 1 ohm.

Conversely, a current source provides a constant current, as long as the load connected to the source terminals has sufficiently low impedance. An ideal current source would provide no energy to a short circuit and approach infinite energy and voltage as the load resistance approaches infinity (an open circuit). An ideal current source has an infinite output impedance in parallel with the source. A real-world current source has a very high, but finite output impedance. In the case of transistor current sources, impedances of a few megohms (at DC) are typical.

An ideal current source cannot be connected to an ideal open circuit because this would create the paradox of running a constant, non-zero current (from the current source) through an element with a defined zero current (the open circuit). Nor can an ideal voltage source be connected to an ideal short circuit (R=0), since this would result a similar paradox of finite non zero voltage across an element with defined zero voltage (the short circuit).

Because no ideal sources of either variety exist (all real-world examples have finite and non-zero source impedance), any current source can be considered as a voltage source with the same source impedance and vice versa. These concepts are dealt with by Norton's and Thévenin's theorems.

Transistor current mirrors
A current mirror is a circuit designed to copy a current through one active device by controlling the current in another active device of a circuit, keeping the output current constant regardless of loading. The current being 'copied' can be, and sometimes is, a varying signal current. Conceptually, an ideal current mirror is simply an ideal current amplifier. The current mirror is used to provide bias currents and active loads to circuits.
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Mirror characteristics
There are three main specifications that characterize a current mirror. The first is the current level it produces. The second is its AC output resistance, which determines how much the output current varies with the voltage applied to the mirror. The third specification is the minimum voltage drop across the mirror necessary to make it work properly. This minimum voltage is dictated by the need to keep the output transistor of the mirror in active mode. The range of voltages where the mirror works is called the compliance range and the voltage marking the boundary between good and bad behavior is called the compliance voltage. There are also a number of secondary performance issues with mirrors, for example, temperature stability.

Practical approximations
For small-signal analysis the current mirror can be approximated by its equivalent Norton impedance .

In large-signal hand analysis, a current mirror usually is approximated simply by an ideal current source. However, an ideal current source is unrealistic in several respects:

· it has infinite AC impedance, while a practical mirror has finite impedance 

· it provides the same current regardless of voltage, that is, there are no compliance range requirements 

· it has no frequency limitations, while a real mirror has limitations due to the parasitic capacitances of the transistors 

· the ideal source has no sensitivity to real-world effects like noise, power-supply voltage variations and component tolerances. 

Circuit realizations of current mirrors




Figure 1: A current mirror implemented with n-p-n bipolar transistors using a resistor to set the reference current IREF; VCC = supply voltage

Basic bipolar transistor mirror
The simplest bipolar current mirror consists of two transistors connected as shown in Figure 1. Transistor Q1 is connected to ground, so its collector-base voltage is zero. Consequently, the voltage drop across Q1 is VBE, that is, this voltage is set by the diode law and Q1 is said to be diode connected. (See also Ebers-Moll model.) It is important to have Q1 in the circuit instead of a simple diode, because Q1 sets VBE for the transistor Q2. If Q1 and Q2 are matched, that is, have substantially the same device properties, and if the mirror output voltage is chosen so the collector-base voltage of Q2 also is zero, then the VBE-value set by Q1 results in an emitter current in the matched Q2 that is the same as the emitter current in Q1. Because Q1 and Q2 are matched, their β0-values also agree, making the mirror output current the same as the collector current of Q1. The current delivered by the mirror for arbitrary collector-base reverse bias VCB of the output transistor is given by (see bipolar transistor):
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, 

where VT = thermal voltage, IS = reverse saturation current, or scale current; VA = Early voltage. This current is related to the reference current IREF when the output transistor VCB = 0 V by:
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as found using Kirchhoff's current law at the collector node of Q1. The reference current supplies the collector current to Q1 and the base currents to both transistors — when both transistors have zero base-collector bias, the two base currents are equal. Parameter β0 is the transistor β-value for VCB = 0 V.

Output resistance
If VCB is greater than zero in output transistor Q2, the collector current in Q2 will be somewhat larger than for Q1 due to the Early effect. In other words, the mirror has a finite output (or Norton) resistance given by the rO of the output transistor, namely (see Early effect):
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, 

where VA = Early voltage and VCB = collector-to-base bias.

Compliance voltage
To keep the output transistor active, VCB ≥ 0 V. That means the lowest output voltage that results in correct mirror behavior, the compliance voltage, is VOUT = VCV = VBE under bias conditions with the output transistor at the output current level IC and with VCB = 0 V or, inverting the I-V relation above:
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where VT = thermal voltage and IS = reverse saturation current (scale current).

Extensions and complications
When Q2 has VCB > 0 V, the transistors no longer are matched. In particular, their β-values differ due to the Early effect, with
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where VA is the Early voltage and β0 = transistor β for VCB = 0 V. Besides the difference due to the Early effect, the transistor β-values will differ because the β0-values depend on current, and the two transistors now carry different currents (see Gummel-Poon model).

Further, Q2 may get substantially hotter than Q1 due to the associated higher power dissipation. To maintain matching, the temperature of the transistors must be nearly the same. In integrated circuits and transistor arrays where both transistors are on the same die, this is easy to achieve. But if the two transistors are widely separated, the precision of the current mirror is compromised.

Additional matched transistors can be connected to the same base and will supply the same collector current. In other words, the right half of the circuit can be duplicated several times with various resistor values replacing R2 on each. Note, however, that each additional right-half transistor "steals" a bit of collector current from Q1 due to the non-zero base currents of the right-half transistors. This will result in a small reduction in the programmed current.

An example of a mirror with emitter degeneration to increase mirror resistance is found in two-port networks.

For the simple mirror shown in the diagram, typical values of β will yield a current match of 1% or better.

Basic MOSFET current mirror
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Figure 2: An n-channel MOSFET current mirror with a resistor to set the reference current IREF; VDD is the supply voltage

The basic current mirror can also be implemented using MOSFET transistors, as shown in Figure 2. Transistor M1 is operating in the saturation or active mode, and so is M2. In this setup, the output current IOUT is directly related to IREF, as discussed next.

The drain current of a MOSFET ID is a function of both the gate-source voltage and the drain-to-gate voltage of the MOSFET given by ID = f (VGS, VDG), a relationship derived from the functionality of the MOSFET device. In the case of transistor M1 of the mirror, ID = IREF. Reference current IREF is a known current, and can be provided by a resistor as shown, or by a "threshold-referenced" or "self-biased" current source to ensure that it is constant, independent of voltage supply variations.[1]
Using VDG=0 for transistor M1, the drain current in M1 is ID = f (VGS,VDG=0), so we find: f (VGS, 0) = IREF, implicitly determining the value of VGS. Thus IREF sets the value of VGS. The circuit in the diagram forces the same VGS to apply to transistor M2. If M2 also is biased with zero VDG and provided transistors M1 and M2 have good matching of their properties, such as channel length, width, threshold voltage etc., the relationship IOUT = f (VGS,VDG=0 ) applies, thus setting IOUT = IREF; that is, the output current is the same as the reference current when VDG=0 for the output transistor, and both transistors are matched.

The drain-to-source voltage can be expressed as VDS=VDG +VGS. With this substitution, the Shichman-Hodges model provides an approximate form for function f (VGS,VDG):[2]
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where, Kp is a technology related constant associated with the transistor, W/L is the width to length ratio of the transistor, VGS is the gate-source voltage, Vth is the threshold voltage, λ is the channel length modulation constant, and VDS is the drain source voltage.

Output resistance
Because of channel-length modulation, the mirror has a finite output (or Norton) resistance given by the ro of the output transistor, namely (see channel length modulation):
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, 

where λ = channel-length modulation parameter and VDS = drain-to-source bias.

Compliance voltage
To keep the output transistor resistance high, VDG ≥ 0 V [nb 1]. See Baker. [3] That means the lowest output voltage that results in correct mirror behavior, the compliance voltage, is VOUT = VCV = VGS for the output transistor at the output current level with VDG = 0 V, or using the inverse of the f-function, f −1:
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. 

For Shichman-Hodges model, f -1 is approximately a square-root function.

Extensions and reservations
A useful feature of this mirror is the linear dependence of f upon device width W, a proportionality approximately satisfied even for models more accurate than the Shichman-Hodges model. Thus, by adjusting the ratio of widths of the two transistors, multiples of the reference current can be generated.

It must be recognized that the Shichman-Hodges model[4] is accurate only for rather dated technology, although it often is used simply for convenience even today. Any quantitative design based upon new technology uses computer models for the devices that account for the changed current-voltage characteristics. Among the differences that must be accounted for in an accurate design is the failure of the square law in Vgs for voltage dependence and the very poor modeling of Vds drain voltage dependence provided by λVds. Another failure of the equations that proves very significant is the inaccurate dependence upon the channel length L. A significant source of L-dependence stems from λ, as noted by Gray and Meyer, who also note that λ usually must be taken from experimental data.[5]
Feedback assisted current mirror
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Figure 3: Gain-boosted current mirror with op amp feedback to increase output resistance
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Figure 4: MOSFET version of wide-swing current mirror; M1 and M2 are in active mode, while M3 and M4 are in Ohmic mode and act like resistors

Figure 3 shows a mirror using negative feedback to increase output resistance. Because of the op amp, these circuits are sometimes called gain-boosted current mirrors. Because they have relatively low compliance voltages, they also are called wide-swing current mirrors. A variety of circuits based upon this idea are in use,[6]

 HYPERLINK "http://en.wikipedia.org/wiki/Current_mirror" \l "cite_note-Ivanov-7#cite_note-Ivanov-7" [7]

 HYPERLINK "http://en.wikipedia.org/wiki/Current_mirror" \l "cite_note-Sansen-8#cite_note-Sansen-8" [8] particularly for MOSFET mirrors because MOSFETs have rather low intrinsic output resistance values. A MOSFET version of Figure 3 is shown in Figure 4 where MOSFETs M3 and M4 operate in Ohmic mode to play the same role as emitter resistors RE in Figure 3, and MOSFETs M1 and M2 operate in active mode in the same roles as mirror transistors Q1 and Q2 in Figure 3. An explanation follows of how the circuit in Figure 3 works.

The operational amplifier is fed the difference in voltages V1 - V2 at the top of the two emitter-leg resistors of value RE. This difference is amplified by the op amp and fed to the base of output transistor Q2. If the collector base reverse bias on Q2 is increased by increasing the applied voltage VA, the current in Q2 increases, increasing V2 and decreasing the difference V1 - V2 entering the op amp. Consequently, the base voltage of Q2 is decreased, and VBE of Q2 decreases, counteracting the increase in output current.

If the op amp gain Av is large, only a very small difference V1 - V2 is sufficient to generate the needed base voltage VB for Q2, namely
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Consequently, the currents in the two leg resistors are held nearly the same, and the output current of the mirror is very nearly the same as the collector current IC1 in Q1, which in turn is set by the reference current as
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where β1 for transistor Q1 and β2 for Q2 differ due to the Early effect if the reverse bias across the collector-base of Q2 is non-zero.
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Figure 5: Small-signal circuit to determine output resistance of mirror; transistor Q2 is replaced with its hybrid-pi model; a test current IX at the output generates a voltage VX, and the output resistance is Rout = VX / IX.

Output resistance
An idealized treatment of output resistance is given in the footnote.[nb 2] A small-signal analysis for an op amp with finite gain Av but otherwise ideal is based upon Figure 5 (β, rO and rπ refer to Q2). To arrive at Figure 5, notice that the positive input of the op amp in Figure 3 is at AC ground, so the voltage input to the op amp is simply the AC emitter voltage Ve applied to its negative input, resulting in a voltage output of −Av Ve. Using Ohm's law across the input resistance rπ determines the small-signal base current Ib as:
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Combining this result with Ohm's law for RE, Ve can be eliminated, to find:[nb 3]
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Kirchhoff's voltage law from the test source IX to the ground of RE provides:
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Substituting for Ib and collecting terms the output resistance Rout is found to be:
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For a large gain Av >> rπ / RE the maximum output resistance obtained with this circuit is
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a substantial improvement over the basic mirror where Rout = rO.
The small-signal analysis of the MOSFET circuit of Figure 4 is obtained from the bipolar analysis by setting β = gm rπ in the formula for Rout and then letting rπ → ∞. The result is
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This time, RE is the resistance of the source-leg MOSFETs M3, M4. Unlike Figure 3, however, as Av is increased (holding RE fixed in value), Rout continues to increase, and does not approach a limiting value at large Av.

Compliance voltage
For Figure 3, a large op amp gain achieves the maximum Rout with only a small RE. A low value for RE means V2 also is small, allowing a low compliance voltage for this mirror, only a voltage V2 larger than the compliance voltage of the simple bipolar mirror. For this reason this type of mirror also is called a wide-swing current mirror, because it allows the output voltage to swing low compared to other types of mirror that achieve a large Rout only at the expense of large compliance voltages.

With the MOSFET circuit of Figure 4, like the circuit in Figure 3, the larger the op amp gain Av, the smaller RE can be made at a given Rout, and the lower the compliance voltage of the mirror.

Other current mirrors
There are many sophisticated current mirrors that have higher output resistances than the basic mirror (more closely approach an ideal mirror with current output independent of output voltage) and produce currents less sensitive to temperature and device parameter variations and to circuit voltage fluctuations. These multi-transistor mirror circuits are used both with bipolar and MOS transistors. These circuits include:

· the Widlar current source 

· the Wilson current source 

· the cascoded current sources 

Notes
1. Keeping the output resistance high means more than keeping the MOSFET in active mode, because the output resistance of real MOSFETs only begins to increase on entry into the active region, then rising to become close to maximum value only when VDG ≥ 0 V. 

2. An idealized version of the argument in the text, valid for infinite op amp gain, is as follows. If the op amp is replaced by a nullor, voltage V2 = V1, so the currents in the leg resistors are held at the same value. That means the emitter currents of the transistors are the same. If the VCB of Q2 increases, so does the output transistor β because of the Early effect: β = β0 ( 1 + VCB / VA ). Consequently the base current to Q2 given by IB = IE / (β + 1) decreases and the output current Iout = IE / (1 + 1 / β) increases slightly because β increases slightly. Doing the math, 
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where the transistor output resistance is given by rO = ( VA + VCB ) / Iout. That is, the ideal mirror resistance for the circuit using an ideal op amp nullor is Rout = ( β + 1 ) rO, in agreement with the value given later in the text when the gain → ∞. 

3. Notice that as Av → ∞, Ve → 0 and Ib → IX. 

Wilson current mirror

A Wilson current mirror or Wilson current source is a circuit configuration designed to provide a constant current source or sink. The circuit is shown in the image. It is named after George Wilson, an integrated circuit design engineer working for Tektronix.[1] Rumour has it that Wilson came up with this configuration after being challenged to come up with a useful new circuit that used three active devices.[citation needed]
Circuit Analysis




Wilson current source

Assumptions:

1. All transistors have the same current gain β. 

2. Q1 and Q2 are matched, so their collector currents are equal. 

Therefore, IC1 = IC2 (= IC) and IB1 = IB2 (= IB) ... (1)

Base current of Q3 is given by,
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... (2)

and emitter current by,
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... (3)

From the schematic, it is evident that IE3 = IC2 + IB1 + IB2 ... (4)

substituting for IC2, IB1 and IB2 from (1) in (4),

IE3 = IC + 2.IB ... (5)

so,
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... (6)

substituting for IE3 from (3),
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rearranging,
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... (7)

Current through R1 is given by,

IR1 = IC1 + IB3 ... (8)

But, IC1 = IC2 = IC
Substituting for IC from (7) in (8) and since [image: image49.png]


we get,
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... (9)

Therefore, [image: image51.png]


... (10)

And finally,
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... (11)

From the above equation we can see that if [image: image53.png]2
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And the output current (assuming the base-emitter voltage of all transistors to be 0.7 V) is calculated as,
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Note that the output current is equal to the input current IR1 which in turn is dependent on VCC and R1. If VCC is not stable, the output current will not be stable. Thus the circuit does not act as a constant current source.
In order for it to work as a constant current source, R1 must be replaced with a constant current source.

Advantages over other configurations
This circuit has the advantage of virtually eliminating the base current mis-match of the conventional current mirror thereby ensuring that the output current IC3 is almost equal to the reference or input current IR1. It also has a very high output impedance.

Further improvement




Improved Wilson current mirror

Adding a fourth transistor to the Wilson current mirror (as shown in the diagram to the right) improves its linearity at higher current levels. It accomplishes this by equalizing the collector voltages of Q1 and Q2 at 1 Vbe. This leaves the finite beta and voltage differences of each of Q1 and Q2 as the remaining unbalancing influences in the mirror.[2]
Feedback is also used in the two-transistor current mirror with emitter degeneration. Feedback is a basic feature in some current mirrors using multiple transistors, such as the Widlar current source and the Wilson current source.

Comparative characteristics of current sources and mirrors

There are many useful circuit elements: current sources and current mirrors are two of them. Sources and mirrors are so closely related that it is sometimes difficult to differentiate between them. So what? - labeling things is a function of language not of electronics!
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Circuit 1

This is about the simplest current source possible. It is essentially an emitter follower where the transistor's Vbe is used to define the current through R2. If R2 is chosen so that the current through it is much more than the transistor's base current, then ib can be ignored and the current through R3 (the load) is Vb/R2.

The same circuit is also used as a Vbe multiplier - when R3 is connected B-C of the transistor. As iR2 = iR3 the voltage between c-e is the transistor is Vbe x (R2+R3) / R2

Circuit 2

This is a very standard current source. Vin causes a current to flow through R1 into the diode. So a voltage is developed across the diode. This voltage is also present across the base-emitter junction of the transistor, so a current must flow in the transistor. The magnitude of the transistor current depends on the voltage developed across the diode and this is a function of its geometry. So the ratio of input to output current is not easy to calculate. However it will be pretty consistent with identical diodes and transistors because modern production causes very little spread in device parameters. The base-emitter junction of a transistor behaves just like a diode.

Circuit 3

Instead of a diode, you can use an LED. An LED (depending on color, intensity etc) drops about 2v so you can calculate the output current as shown.

Circuit 4

This is a commonly used source: Vin drives current through R1 into the base of the second transistor, so current flows into the transistor's collector, through it and out of its emitter. This current must flow through R2. If the current gets too high, the first transistor turns on and robs the second transistor of base current, so its collector current can never exceed the value shown. This is an excellent way of either making a current source or of limiting the available current to a defined maximum value.

Circuit 5

This is a true current mirror: feed a current (i1) into the first transistor (usually by driving it via a resistor from a suitable voltage) and a 'mirror' current (i2) flows in the second transistor. Provided the two transistors are matched and of high gain, input and mirror current will match quite closely. In fact, with modern transistors, if you use a -C gain rating (450-900) matching of any two transistors is probably adequate for all usual needs.

Look at the equivalent circuit of virtually any analogue IC and you will notice this type of current source/mirror (it may be used for either) but it works just as well with discrete transistors.

One source of errors is if the voltage across the output transistor is high enough to cause the transistor to heat: the mirror's performance fails because the two transistors are now no longer well matched!

This circuit can also be used with resistors in both emitters - in this case the mirror ratio will depend on the ratio of these resistors. An example of this.
Circuit 6

This is for the purists: circuit 4 gives an error due to the base bias current. Here is the commonest way of reducing this error. It gives significantly improved performance.

Circuit 7

This is another way of reducing the error but this circuit is not quite so commonly known. If you calculate the formulae using practical transistors (beta = 500 or so) both 5 and 6 give very close matching - but 6 is slightly better. An example of this.
However there is a problem which sometimes occurs on current mirrors: if the output current is flowing from a significantly high voltage (Vc), then there may be enough power (Vc x i²) in the output transistor of Figure 5 to cause the transistor to get warm: heating destroys the balance between the two transistors and so destroys the mirror's accuracy. In circuit 6 any heating is in the third transistor (at the top) and it is not part of the mirror so the mirror ratio is not affected by heating in this transistor. See 'Useful facts' below.

Circuit 8

Just to prove that I can use ICs, here is a current source (or a voltage to current converter) using an IC. You can use a single transistor (the PNP one) but the transistor's base current slightly alters the ratio. You can of course use an FET (zero gate current) but these are relatively expensive. Here is a complimentary long tailed pair biased to cancel out base current errors. Very good - provided you have a suitable bias point for Vb!

Circuit 9

One of the problems with circuits 2,3,4,5 and 6 is heating in the output transistor - a problem which was solved in circuit 7. Here's another way of avoiding heating causing an error - this circuit uses a cascode arrangement so that the current is defined in the bottom transistor, which has very little voltage across it. The top transistor has any high voltage across it, but heating in the top transistor doesn't affect the current, as it's the bottom transistor that is defining it.

Useful facts

There are two very useful figures that I remember about silicon diodes are to do with the change in voltage/current. If you increase the voltage across a diode by 60 millivolts, then the current through the diode increase by a factor of 10 - or vice versa. Try measuring the diode's drop when it has 100 microamps and 1 milliamp flowing: you will find the 60mV figure quite accurate.

The second figure is to do with the change in diode drop with temperature: increase the temperature by 1 degree K and the diode's voltage drops by 2 millivolts.

These figures hold for diodes and transistor base-emitter junctions.

Additional materials

The Early effect is the variation in the width of the base in a BJT due to a variation in the applied base-to-collector voltage, named after its discoverer James M. Early. A greater reverse bias across the collector–base junction, for example, increases the collector–base depletion width, decreasing the width of the charge neutral portion of the base.
A nullor is a theoretical two-port network composed of a nullator at its input and a norator at its output.[1] Nullors represent an ideal amplifier, having infinite current, voltage, transconductance and transimpedance gain.[2] Its transmission parameters are all zero, that is, its input-output behavior is summarized with the matrix:
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In negative feedback circuits, the circuit surrounding the nullor determines the nullor output in such a way as to force the nullor input to zero.

Inserting a nullor in a circuit schematic imposes mathematical constraints on how that circuit must behave, forcing the circuit itself to adopt whatever arrangements are needed to meet the conditions. For example, an ideal op amp can be modeled using a nullor,[3] and the textbook analysis of a feedback circuit using an ideal op amp uses the mathematical conditions imposed by the nullor to analyze the circuit surrounding the op amp.
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Figure 1: Operational-amplifier based current sink. Because the op amp is modeled as a nullor, op amp input variables are zero regardless of the values for its output variables.

Figure 1 shows a voltage-controlled current sink.[4] The sink is intended to draw the same current iOUT regardless of the applied voltage VCC at the output. The value of current drawn is to be set by the input voltage vIN. Here the sink is to be analyzed by idealizing the op amp as a nullor.

Using properties of the input nullator portion of the nullor, the input voltage across the op amp input terminals is zero. Consequently, the voltage across reference resistor RR is the applied voltage vIN, making the current in RR simply vIN / RR. Again using the nullator properties, the input current to the nullor is zero. Consequently, Kirchhoff's current law at the emitter provides an emitter current of vIN / RR. Using properties of the norator output portion of the nullor, the nullor provides whatever current is demanded of it, regardless of the voltage at its output. In this case, it provides the transistor base current iB. Thus, Kirchhoff's current law applied to the transistor as a whole provides the output current drawn through resistor RC as:
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where the base current of the bipolar transistor iB is normally negligible provided the transistor remains in active mode. That is, based upon the idealization of a nullor, the output current is controlled by the user-applied input voltage vIN and the designer's choice for the reference resistorRR.

The purpose of the transistor in the circuit is to reduce the portion of the current in RR supplied by the op amp. Without the transistor, the current through RC would be iOUT = ( VCC − vIN ) / RC, which interferes with the design goal of independence of iOUT from VCC. Another practical advantage of the transistor is that the op amp must deliver only the small transistor base current, which is unlikely to tax the op amp's current delivery capability. Of course, only real op amps are current-limited, not nullors.

The remaining variation of the current with the voltage VCC is due to the Early effect, which causes the β of the transistor to change with its collector-to-base voltage VCB according to the relation β = β0 ( 1 + VCB / VA ), where VA is the so-called Early voltage. Analysis based upon a nullor leads to the output resistance of this current sink as Rout = rO ( β + 1 ) + RC , where rO is the small-signal transistor output resistance given by rO = ( VA + VCB ) / iout. See current mirror for the analysis.

Use of the nullor idealization allows design of the circuitry around the op amp. The practical problem remains of designing an op amp that behaves like a nullor.

Triode mode or linear region (also known as the ohmic mode)
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