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Important performance parameters for an op amp

Gain: needs to be large enough to suppress the closed-loop nonlinearity

Small-signal bandwidth: is usually defined as the achievable max. closed-loop bandwidth with a closed–loop gain larger than unity, therefore, usually taken as the “unity-gain frequency” fu of the open-loop op amp. (When 3dB frequency f3dB and open-loop gain Av are given, fu can be calculated as fu=|Av|f3dB , assuming a single-pole open-loop frequency response)

Large-signal bandwidth: is usually much narrower wrt small-signal badwidth, due mainly to large-signal non-linearity (e.g. slew rate limitation due to output current saturation)

Output swing: is becoming more important as the supply voltages a getting lower (using fully-differential op amps is helpful)

Linearity: is important when the op amp is used as an open-loop amplifier (e.g. instrumentation amplifier) , nevertheless it can be kept high enough when the op amp is in closed-loop configuration, provided that the open-loop gain is large enough for the whole input range

Noise and offset: determines the minimum signal level that can be processed with reasonably high quality

Supply rejection: is very important in mixed-signal ICs (to suppress supply noise)

We can use one-stage or multi-stage op amps.

One-stage op amps cannot supply a large enough open-loop gain but are advantageous wrt multi-stage op amps in stability point of view (usually they don’t need compensation)
Multi-stage op amps helps increasing the open-loop gain but each stage usually brings one additional pole, thus causing stability problems when used in closed-loop configuration. Compensation is a must and becomes very complex if the number of cascaded gain stages exceeds 2. Therefore, multi-stage op amps are usually two-stage op amps, as long as the load is high-impedance (e.g. a purely capacitive load – very typical in CMOS ICs). If the load is low-impedance (e.g. resistive loads lower than kΩs), an additional low-Rout stage (e.g. source follower) is required. 
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One-stage op amps
The differential gain stage is the most known one-stage op amp. The single-ended and fully-differential versions both achieve a voltage gain of gmN(roN||roP) , which cannot exceed 50 with typical bias currents and short channel devices of today’s CMOS technologies. The single-ended version is more disadvantageous wrt the fully-differential version, due to its mirror pole and narrower output swing.
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Cascoding in the differential gain stage (telescopic op amp) boosts the gain but the output swing is seriously restricted. Note also that, input CM level range can no longer be close to one of the supplies. Furthermore, when in unity-gain configuration (output connected to the inverting input), keeping all MOSFETs in saturation requires careful design and if succeeded, the voltage swing is very narrow.

The folded cascode configuration – although consuming much power - is a good solution to achieve a large gain together with a sufficiently wide output swing. Also, input CM levels close to one of the supplies (VSS for the circuit on the right) are achievable. 

Since Gm ≈ gm1 and Rout ≈ [(gm7+gmb7)ro7ro9] || [(gm3+gmb3)ro3(ro1||ro5)] , we can conclude with |Av| ≈ gm1 { [(gm7+gmb7)ro7ro9] || [(gm3+gmb3)ro3(ro1||ro5)] }.
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The non-dominant pole coming from the “folding node” (sources of M3 and M4) may shift to low frequencies since CDB5 and CGD5 contribute a lot to the node capacitance Ctot , because M5 (and M6)  should be wide to accommodate a large d.c. current (larger than ISS/2 to supply a sufficient current for M3)  with a low overdrive.

Two-stage op amps 
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By using two-stage op amps, we overcome the trade-off between the gain and the output swing (e.g. cascoding in a one-stage amp. to increase the gain in turn degrades the output swing). The first stage is not expected to supply a very wide output swing and the second stage is not expected to supply a very large gain.
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An example is given in the figure on the right, for which voltage gain is

   Av = gm1( ro1||ro3) gm5(ro5||ro7)

(body effect on M1 and M2 is ignored) 
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We can use a cascode configuration for the first stage, since output swing requirements for the first stage is relaxed (See the circuit below). 

Using more stages in cascade brings additional poles and thus makes the compensation process very difficult, therefore a stable operation for feedback configuration is hard to achieve. Therefore, usage of more than 2 gain stages is usually avoided in op amp design.

Gain boosting (regulated cascode) technique helps increasing Rout of a gain stage without using additional cascode devices and with very little effect on frequency response (because the regulating – or auxiliary – amplifier processes only a small error component of the main signal) and thus the gain (GmRout) is boosted.
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In the figure on the right, (c) shows the regulated cascode technique conceptually, where, thanks to the active feedback performed by the auxiliary amplifier A1 , Rout takes the value Rout ≈ A1 gm2 ro2 ro1 .
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A practical implementation is given in (c) in the figure on the left, for which, assuming current sources I1 and I2 ideal, the gain is 

|Av|≈gm1(gm2 ro2 ro1)(gm3 ro3)

 Examples of boosting technique applied to the differential gain stage is given in the figures below. (The one on the left suffers from output swing limitations, whereas the one on the right utilizes a folded cascode auxiliary amp. to overcome such limitations)
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A comparison of the op amps analyzed so far is supplied in the table on the right.
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Slew Rate is a very important limitation to the large-signal speed, arising from the finite (limited) charge/discharge rate of the output node capacitance due to finite currents available.
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Below, slewing properties of a single-stage op amp is illustrated, where the MOSFETs in cut-off are drawn with a light colour. ( left: low-to-high transition,  right: high-to-low transition)
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Gain Swing Speed Dissipation
Telescopic Medium Medium Highest Low
Folded-Cascode  Medium Medium  High Medium
Two-Stage High Highest Low Medium
Gain-Boosted High Medium Medium High
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Common-mode feedback

Unlike single-ended op amps, for the fully-differential op amps the feedback (actually, the differential feedback) cannot help stabilizing the output CM voltage level. Therefore, CM stabilization must be achieved by using common-mode feedback (CMFB). (Each gain stage whose output CM level is not well-defined will need a separate CMFB circuit /!\ )
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It is important to make sure that the CMFB circuit does not degrade performance of the differential op amp. /!\
CM sensing techniques are numerous. The most common one is illustrated on the right. Note that for R1=R2 the mid-point of the resistors will be at ½(Vout1+Vout2) , i.e. at the Vout,CM . For zero differential output signal, resistors draw no current but for non-zero dif. Vout they do. /!\
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We can use source followers to overcome this drawback, as on the right. 

There is a VGS difference due to the voltage drop along the source followers, which must be taken into account during design. /!\
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R1 and R2 and/or I1 and I2 should be chosen large enough, since for large-signal operation the source followers may not be able to supply the required currents to the resistors. /!\ Unfortunately, the source followers limit the output swing of the main amplifier.
With another technique (shown on the right) the CM level is sensed via triode MOSFETs (M7 and M8) and the resistance between node P and the ground is controlled with CMFB, which will be shown shortly.  
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By combining the CM level sensing and CM feedback techniques we conclude with the CMFB structures, some of which are illustrated in the figures on the left and below.

Stability and Frequency Compensation
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Negative feedback is very useful but may suffer from instability (oscillation) if some precautions (e.g. compensation) are not taken.

For a negative feedback system (see figure on the right), assuming ß constant (and positive), we can write

 
Y(s)/X(s) = H(s)/[1+ßH(s)]

Such a circuit may start oscillation if ßH(s)=-1. In other words, it may oscillate at (=(1 if ßH(j(1)=-1.

This condition could also be expressed by the “Barkhausen’s Criteria” as

|ßH(j(1)| = 1    ,    L ßH(j(1) = -180°

This means that, if the total phase shift along the loop is 360° for (=(1, and the loop gain is unity (or greater), the noise of the circuit builds up due to the positive feedback; thus oscillation occurs.

We can prevent oscillation by guaranteeing  1°)  L ßH(j(1) does not reach -180° when |ßH(j()|=1  OR  2°) |ßH(j()|<1 when L ßH(j()=-180°.







