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Abstract


In this paper, section substitution method for active-RC filter synthesis is presented. The presented method is modular than the operational simulation method and can be used to design various types of ladder-based active-RC filters suitable for practical integrated circuit implementation. Several low-pass and band-pass filter design examples are given.
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1.
Introduction

Due to their low sensitivity to component variation, passive doubly-resistive-terminated ladder filters are usually used as prototypes for active filter realization. The most popular method for transforming the passive filter prototype into the active-RC filter, i.e. the op amp-RC and the MOSFET-C filters, is the operational simulation method [1]. Normally the operational simulation method begins with the identification of the signal flow graph (SFG) that corresponds to the operation of the passive filter prototype. Subsequently such an SFG is divided into several sections (usually the integration and summing blocks), which can be synthesized by the active-RC networks.  
It was demonstrated in [2] that it is possible to realize operational simulation-based active-RC filters by table-based substitution without having to deal with the SFG as an intermediate step. Nevertheless in certain cases, e.g. in the design of the active-RC elliptic low-pass and band-pass filters, the method in [2] requires the use of the active-RC network called the port reciprocator, which is susceptible to instability.  Subsequently, another structure of the elliptic low-pass active-RC filter that is more suitable for practical implementation was proposed in [3]. However the realization method presented in [3] is not as modular as the one in [2] as it requires several steps of SFG manipulation. 

In this paper, a table-based substitution method that can be used to synthesize various active-RC filters, including the elliptic low-pass and band-pass filters, suitable for practical implementation will be presented and several examples will be given. 
2.
SECTIONS SUBSTITUTION METHOD

Fig. 1(a) shows the passive doubly-resistive-terminated ladder network comprising the shunt arm impedances Z1, Z3, Z5, …. and the series arm admittance Y2, Y4, Y6, … By inspection, a set of equations that correspond to the relationship between voltages and currents in Fig. 1(a) can be expressed as
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The active circuit, which comprises transimpedance amplifiers and positive and negative resistors, that corresponds to the above equations, is illustrated in Fig. 1(b).  
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Fig. 1 (a) passive ladder network and its (b) active circuit counterpart
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Fig. 2 FD realization of the -1 voltage gain

It should be noted that in fully differential (FD) structure, the -1 voltage gain can be realized by cross-coupling the positive and negative signal wires as depicted in Fig. 2. Also it is clear from Fig. 3 that the FD series section composed of the cross-coupler network followed by a pair of impedances is equivalent to the FD series section composed of a pair of impedances followed by the a cross-coupler.
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Fig. 3 Equivalence in FD series section
Generally the shunt arm section and series arm section in the passive ladder filter are composed of the reactive elements such as the inductors and capacitors. 
Fig. 4(a) and (b) shows the op-amp based realization of the transimpedance amplifiers corresponding to the capacitive shunt arm section and inductive shunt arm section respectively. The transimpedance amplifier corresponding to the parallel LC shunt arm is shown in Fig. 4(c), which is combination of circuits in Fig. 4(a) and (b).
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Fig. 4 Examples of the basic LC shunt arm elements and their corresponding transimpedance amplifiers 
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Fig. 5 Examples of the basic LC series arm elements and their corresponding transimpedance amplifiers 

Similarly, Fig. 5(a) and (b) shows the op-amp based realization of the transimpedance amplifiers corresponding to the capacitive series arm section and inductive series arm section respectively. The transimpedance amplifier corresponding to the series LC series arm is shown in Fig. 5(c). It can be clearly observed that the transconductance amplifiers in Fig. 4(a) – (c) and those in Fig. 5(a) – (c) share the same topology.
Table 1 Section substitution for realizing active-RC filters from the passive ladder prototype  
	
	Passive network section
	Active-RC substitution
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By using Fig. 1 in combination with Fig. 5-6, it is possible to realize the active-RC filters by the method of section substitution, in which the shunt and series arm sections are simply replaced by their active-RC network counterparts (nodes b(x) and b(y) of the preceding section will be connected to nodes a(x) and a(y) of the subsequent section respectively), as summarized in Table 1.
3.
Examples of Section Substitution Method

In this section, several examples of the active-RC filters derived by the section substitution method will be given.

A. Low-pass Filter Realization
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Fig. 6 Passive to active-RC transformation of the all-pole lowpass filter
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Fig. 7 FD structure of the active-RC all-pole low-pass filter in Fig. 6
According to rows 1, 2 and 5 of Table 1, the passive all-pole low-pass (Butterworth/Chebyshev) filter can be straightforwardly transformed into the active-RC filter as demonstrated in Fig. 4. With the help of Fig. 2 and 3, FD realization of the active-RC filter in Fig. 6 is depicted in Fig. 7.
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Fig. 8 Passive to active-RC transformation of the lowpass filter with finite zero
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Fig. 9 Compact redrawing of the active filter in Fig. 8
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Fig. 10 FD structure of the active-RC filter with finite zero in Fig. 9
Likewise according to rows 1, 2 and 8 of Table 1, the passive low-pass filter with finite zero (Inverse Chebyshev / Elliptic) can be straightforwardly transformed into the active-RC filter as demonstrated in Fig. 8. According to the active filter in the lower part of Fig. 8, it can be observed that C1 and C2 are connected in parallel and thus the schematic of such a circuit can be compactly redrawn as shown in Fig. 9. FD realization of the active-RC filter in Fig. 9 is depicted in Fig. 10. It should be pointed out that the structure of the resulting filter is identical to that filter in [3].
B. Low-pass Filter Realization
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Fig. 11 Passive to active-RC transformation of the Butterworth/Chebyshev bandpass filter
According to rows 1, 4 and 7 of Table 1, the passive Butterworth / Chebyshev band-pass filter can be straightforwardly transformed into the active-RC filter as demonstrated in Fig. 11. The schematic of the active-RC circuit in lower part of Fig. 11 can be compactly redrawn as shown in Fig. 12. The FD realization of the active-RC filter in Fig. 12 is depicted in Fig. 13.
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Fig. 12 Redrawing of the active filter in Fig. 11
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Fig. 13 FD realization of the active-RC filter in Fig. 12
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Fig. 14 Passive to active-RC transformation of the Inverse Chebyshev / Elliptic bandpass filter
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Fig. 15 Compact redrawing of the active filter in Fig. 14
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Fig. 16 FD structure of the active-RC Inverse Chebyshev / Elliptic bandpass filter in Fig. 15 
Likewise according to rows 1, 4 and 9 of Table 1, the passive Inverse Chebyshev/Elliptic band-pass can be straightforwardly transformed into the active-RC filter as demonstrated in Fig. 14. According to the active filter in the lower part of Fig. 14, it can be observed that C1 and C2 are connected in parallel and thus the schematic of such a circuit can be compactly redrawn as shown in Fig. 15. FD realization of the active-RC filter in Fig. 15 is depicted in Fig. 16. It was demonstrated in [4] that the structure of the active-RC Elliptic band-pass filter shown in Fig. 16 is more suitable for practical integrated circuit implementation than the one proposed in [5]. It should be noted that unlike in the case of oscillators [6], noise performances of the proposed active-RC filters can be straightforwardly evaluated by small-signal analysis.
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