Feedback

Descriptive feedback analysis

Feedback is a very common process everywhere in nature. In electronics, we can define it so: A part of output signal is used to influence the input. If the feedback is negative, it regulates a system.
Negative feedback is used from different reasons. It is used 1) to stabilize the operating point of an amplifier, 2) to make its DC point and gain independent of temperature and process-parameter variations (such as variations of threshold voltage). It is used 3) to improve linearity of an amplifier, 4) to increase its bandwidth, 5) to adjust its input and output impedance.

Frequency-dependent feedback (implemented with capacitors), is used to implement 6) inductance-like circuits using only capacitors, which is useful when we want to implement filters and oscillators.  
Exact feedback analysis

Let us derive the formula for the gain with feedback.
We assume a typical circuit that consists of an amplifier, passive circuits at the input and the output of the amplifier, and a feedback circuit (Transparency 31). We assume that the amplifier passes signals only in the direction from input to output. Further, we assume linearity of all circuits. The passive circuits contain only resistors, capacitors and inductances. 
In order to calculate node voltages and branch currents we, generally, need to solve an equation system. We will now solve a simple equation system for the case of the general circuit, and in this way derive the formula that can be used to calculate gain in case of any particular implementation. The advantage of the use of such a formula is that once we have it we do not need to solve equation systems every time we deal with another circuit. We will see that all the terms in the formula can be calculated in a simple way, only using equations for voltage- or current dividers. 
The first step in the analysis is to cut the circuit in a suitable point. We will do this directly in front of the amplifier’s input. (Important, in the case that amplifier has some input impedance; we will leave the impedance left from the cut. There is nothing after the cut except the input control voltage.) The amplifier input before (left from) the cut is denoted with xi, the amplifier input after (right from) the cut xi*. (Note that we cut both the wire leading to plus- and the wire leading to the minus input.) (I will use xi/o instead vi/o since the signals can be either currents or voltages) We now write two linear equations with, all together, four parameters, according to Transparency 31. The first equation gives the output signal xo as function of xs and xi*. The second equation gives xi as function of xs and xo. 
Let us explain this. Before we did the cut we had only one signal source in the system (xs) and all the signals in the circuit (among them xo and xi) were just functions of xs. After the cut, we have to attach a virtual signal-source to xi*. Since we now have two independent sources (xi* and xs); xo and xi are functions of both xi* and xs. We use now the principle of superposition. We switch off xi*, calculate response to xs, and then turn off xs and calculate response to xi*. The sum of two responses to each generator individually is the total response when both generators are on. 

One can use in the second equation xo instead xi* as independent signal, since xo depends only on xi* when we turn off xs.     

Finally, we add the equation xi = xi*. Our system with cut is now equivalent to the original system
Let us now take a look at the constants in equations
1) Feed-forward (sometimes called “dead system” gain): FF=xo/xs (for xi* = 0) – this constant (transfer function) describes the signal path from the signal input (xs) to the circuit’s output xo, under assumption that the amplifier is turned off by putting its input at zero (xi* = 0).
2) Amplifier gain: A = xo/xi* (for xs=0) – this transfer function describes the gain of the amplifier together with the attenuation that comes from both the passive network at its output and the feedback network. 

3) Gain in the input network: AIN = xi/xs (for xo = 0) – this transfer function describes the gain (actually attenuation) from the signal input to the amplifier’s input due to the passive input- and feedback networks. 
4) Feedback (I will call it Beta, not FB!): Beta=xi/xo (for xs = 0) – this transfer function describes the feedback from output to the amplifier’s input. 

Transparency 32 shows all the test circuits for the calculation of the constants.
As explained, we write the following system of equations:

Xo = FF xs + A xi*
Xi = AIN xs + Beta xo.
In the original system holds xi* = xi.
If we use this, and eliminate xi from the equations, we obtain:

Xo = FF xs + AIN A xs + A Beta xo

and
Xo = (FF + AIN A)xs/(1- Beta A).
Finally, the gain with feedback Afb, defined as xo/xs, is:

Afb = (FF + AIN A)/(1- Beta A). (1)

The product AIN A is called open loop gain and it describes the gain of the system without feedback. The product Beta A is the loop gain from xi* to xi. It is a very important parameter that determines the type of the feedback. Generally the feedback is defined as positive when the gain magnitude without feedback is higher than the gain magnitude with feedback. Otherwise, we have a negative feedback. In the case of resistive circuits with real-number transfer functions, a negative feedback implies Beta A < 0. 

Loop gain T = Beta A can be also calculated in one step using the test circuit shown in Transparency 32.

Equation (1) is often simplified by neglecting feed forward – FF = 0. Also, very often we can assume that the open loop gain A is very high, to that we can take it as infinite. In this case the gain with feedback is:

 Afb ~ - 1/Beta. (2)

Note that, in case of very high A, gain Afb depends only on the feedback transfer function Beta. We came to this conclusion in our descriptive analysis as well.

Let us now calculate the signal xi at the input of the amplifier. Following result can be easily obtained:
Xi = (AIN + FF Beta) xs/(1 - Beta A) (3)

If we assume an infinite amplifier gain A, we obtain xi = 0. (We also assume that factor in denominator 1 - Beta A is not zero. In order to assure this, feedback factor Beta should be real and negative.) Therefore in the case of a high-gain amplifier with negative and real number (resistive) feedback, the signal at the input of the amplifier is nearly zero. We say that the input of the amplifier is a virtual mass. Knowing this important effect of the negative feedback allows us to solve the feedback circuits in a very easy way. Note, although the input of the amplifier is (almost) zero, the output signal can be large. This is possible thanks to the high gain of the amplifier.
Formula for impedance with feedback
We will write the formula for impedance between two nodes in the circuit from T. 31 without detailed derivation. (The formula is usually used to calculate input and output impedance.) The derivation for the case of output resistance can be seen in Transparencies 33 – 39.

ZFB = Z0 (1-TSC)/(1-TOL) (4)
ZO is the impedance between two nodes when we turn off amplifier by shorting its input (xi* = 0). TSC is the loop gain from xi* to xi, under assumption that we short the nodes we calculate the impedance between. We call is short circuit loop gain. TOC is the loop gain from xi* to xi, under assumption that we do not short the nodes we calculate the impedance between. We call is open circuit loop gain. Transparency 40 shows the test circuits for the calculation of Z0, TSC and TOL, for the case Z is output resistance.
