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The paper presents methodology for teaching SC circuitry by using appropriate practical experiments. To this aim analysis of different types of SC circuits and summarization of their basic principles and characteristics is carried out. To demonstrate the features of SC circuitry a group of circuits is selected. These circuits ensure profound presentation of the basic principles and specifics of SC circuitry. Demonstration of the basic principles through practical experiments is exceptionally suitable for education in electronics because it gives a real idea of the processes from time-domain viewpoint.

1. INTRODUCTION

Switched capacitor (SC) circuits are in the basis of the modern analog and mixed mode systems. They are used for construction of ASIC (Application Specific Integrated Circuits), FPAA (Field Programmable Analog Array), FPMA (Field Programmable Mixed Array), standart IC with PCA (Programmable Capacitor Array) or CAB (Configurable Analog Block). This imposes studying of the basic principles and specific features of SC circuitry for achieving effective design of new integrated circuits, as well as for correct usage of already known circuits [1, 2, 3].

The paper presents methodology for teaching SC circuitry by using appropriate practical experiments. 


To this aim analysis of different types of SC circuits, summarization and formulation of their basic principles of operation and characteristics is carried out. To demonstrate the features of SC circuitry, a group of minimal number of circuits is selected. These circuits ensure presentation in a convincing way of basic principles and specifics of SC circuitry, so that the attention to be concentrated on their features and differences with the classical analog blocks. 


The approach that demonstrates the basic principles through practical experiments is exceptionally suitable for education in electronics because it gives a real idea of the processes from time-domain viewpoint.

2. BASIC PRINCIPLES AND SPECIFICS OF SC CIRCUITRY


To specify the basic principles of SC circuitry, different functional block (inverting and non-inverting amplifiers, amplifiers with and without offset compensation, summing/subtracting amplifiers, inverting and non-inverting integrators, filters, generators etc.) were implemented and examined. To this aim standard integrated circuits and discrete components were used. As a result, the following basic principles of the SC circuitry were formulated:

1) The basic building components of SC circuits are capacitors, operational amplifiers and analog switches, controlled by two non-overlapping (t1 and t2) clock signals. The working principle of SC circuits is based on transfer and redistribution of charges.
2) The circuit operation is based on discrete-time signal processing. 
3) It is especially important to be mentioned that there are no resistors in these circuits. Resistor can be implemented by using capacitors and analog switches. In this case the value of equivalent resistor depends on the frequency of the clock generator that controls the switching process.
4) Resistors with “negative” resistance can be implemented by using this technique. 
5) Simple and elegant compensation of the asymmetries in the circuits can be realized.
6) Usually the output signal of the SC circuits is half-cycle (e.g. it is actual only during control signal t2), but an opportunity for full-cycle implementation is possible as well.  
7) Discrete-time signals can be transformed in continuous-time by using simple low-pass filter.
3. BASIC CIRCUIT FOR SC CIRCUITRY DEMONSTRATION

3.1. Inverting SC amplifier (half-cycle)

To demonstrate the first three basic principles of SC circuitry, it is appropriate inverting SC amplifier to be used. Figure 1a depicts this amplifier, Figure 1b – its continuous-time analogue, Figure 1c – equivalent circuit during first clock pulses t1, Figure 1d –equivalent circuit during clock pulses t2. 
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Figure 1 a. SC inverting amplifier.
Figure 1 b. Continuous-time inverting amplifier.

During t1, capacitor C1 charges to Uin:

U(C1)=Uin;       Q(C1)=C1.Uin;         U(C2)=Uout=0;        Q(C2)=0.

During t2, due to the virtual ground to the inverting input of operational amplifier, the charge of capacitor C1 transfers to C2:

Q(C2)=C2.U(C2)=Q(C1)=C1.Uin;       Uout= (U(C2)= ((C1/C2).Uin.

Hence, the circuit is an inverting amplifier with gain G = (C1/C2, which is confirmed by the time diagrams in Figure 1e.
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Figure 1c. Equivalent circuit during clock t1.
Figure 1d. Equivalent circuit during clock t2.
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Figure 1e. Input signal U(IN), U(C1), and output signal U(OUT).

Another configuration of SC inverting amplifier is shown on Figure 2a. Figure 2b depicts the input and output signals that are identical with the signals in Figure 1e. 
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Figure 2a. Another configuration of SC inverting amplifier.
Figure 2b. Input and output signals of SC inverting amplifier.

3.2. Inverting integrator

Figure 3a gives principle circuit of inverting SC integrator. Figure 3b shows continuous-time functional analog of the circuit. Time-diagrams that explain the circuit's operation are given in Figure 3c.

During t1, the capacitor C1 charges to Uin and during t2 - its charge transfers to C2. Then the output voltage changes with step (Uout, so  
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Figure 2a. Inverting SC integrator
Figure 2b. Continuous-time integrator
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Figure 2c. Diagrams of operation.

Consequently C1, together with the two analog switches, appears to be a functional analog of resistor, which value is 
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It is apparent that the time constant of SC integrator can be controlled through C1 and fc. If C1 or fc increases the equivalent resistance decreases. Hence the output voltage slope decreases too.

The SC integrator investigations convincingly confirmed the third principle of switched capacitor circuitry. 

3.3. Non-inverting SC amplifier

Figure 4a shows non-inverting SC amplifier. Figure 4b shows its input and output diagrams. Comparison of the circuits from Figure 2a and Figure 4a shows that they distinguish only by control clock signal in negative feedback. This experiment demonstrates that the sign of the transfer function can be changed by simple exchange of the control impulses t1 and t2. In this way "negative" resistance can be realized.
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Figure 4a Non-inverting amplifier
Figure 4b Diagrams of non-inverting amplifier

3.4. Amplifier with offset voltage compensation 

One of the main problems of the analog circuits is the compensation of offset voltage. This can be achieved very simply in SC circuitry. Figure 5a and Figure 5b show the circuit and time-diagrams of non-inverting SC amplifier with offset voltage compensation.
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Figure 5a. Non-inverting amplifier with offset voltage compensation.
Figure 5b. Time diagrams of non-inverting amplifier with offset voltage compensation.

During t1, capacitor C1 charges to Uin-Uoff and C2 charges to Uoff.

During t2, the charge of C1 transfers to C2 and forms the output voltage. Because of the preliminary charge of C1 and C2, the output voltage does not depend on Uoff.
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3.5. Inverting full-cycle amplifier 

In the already examined amplifying circuits, the output voltage is proportional to the input voltage only during one of the clocks (e.g. t2). During the other clock - Uout=0. In some practical cases this could be a disadvantage that can be easily overcome by using the circuit of non-inverting SC amplifier (Figure 6a). The time diagrams that explain its operation are given in Figure 6b.
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Figure 6a. Full-cycle amplifier.
Figure 6b. Time-diagrams of full-cycle amplifier.

3.6. Output filter
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Figure 6b shows that the output signal of full-cycle amplifier contains high harmonics that appear from the clock signals. To avoid this, a simple low-pass continuous-time filter can be used. Figure 7 presents second order Butterworth smoothing filter that is very appropriate for this purpose.

Figure 7.  Low-pass output filter.


4. Conclusion

The paper presents the results from development and investigation of methodology for teaching SC circuitry by using appropriate practical experiments. 

To this aim the basic principles of SC circuitry are studied and summarized. A group of functional blocks that demonstrate convincingly the formulated principles is defined. It includes half-cycle inverting amplifier, inverting integrator, non-inverting amplifier, amplifier with offset compensation, full-cycle amplifier and low-pass output filter. The circuits are prototyped and investigated. The analysis of the results proves that the basic principles of the SC circuitry can be demonstrated successfully by using them.

The presented approach is exceptionally suitable for education in electronics because it gives a real idea of the processes from time-domain viewpoint.
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� EMBED Equation.3  ���  			       (1).


Hence, the formula for the output voltage is: 


� EMBED Equation.3  ���            (2), 


where Tc is the period of the clock signal and � EMBED Equation.3  ���- the number of steps for time interval t.


For classic analog integrator, shown on Figure 2b, the formula is:


� EMBED Equation.3  ���                           (3).


Comparison of (2) and (3) shows that:


� EMBED Equation.3  ���	                                                 (4).
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