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Abstract: - First, second and higher order analog all-pass RC active filters, with constant group delay, in current mode, using modern and attractive current-differencing-input multiple-output transconductors (CDTA) are presented in this paper.
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1. Introduction

Continuous-time active filters operating in current mode (CM) [1] have received considerable attention and found many applications in audio, video and communication systems. It is due to the advantages over classical voltage mode. The CM circuits offer higher frequency performances and they can operate at lower DC supply with higher dynamic range. There is simpler implementation of the current operations: summation, distribution, integration and multi-output independent loading.
   New active devices and functional blocks can be ingeniously used in the CM. Especially the filters based on transconductors (OTA) have received particular interest, as an example is [2]. Several categories of the OTA’s can be identified there, namely with single output or with dual (balance) outputs. More possibility in filter design is yet given by OTA’s with multi outputs, what is used in this paper for a novel [3] current-differencing input transconductors (CDTA) in the multi-loop canonical structure (FLF) of the high-order all-pass filters, operating in current mode. Note that the all-pass filter is a special type of network, which magnitude response is constant, but phase is linearly frequency dependent and or group delay is constant in some frequency range. A lot of publications ware written about active all-pass filters in standard voltage mode (using opamps), but a few (e.g. [4]) about current all-pass filters, what is the reason of this paper. 
2. Multi-output CDTA
The current-differencing transconductor (CDTA) as a five-port (two balance outputs x) was firstly introduced in [3]. For our application is suitable to modify this block, putting there more current mirrors and output terminals (x), as shown in Fig. l. A difference of the input (p, n) currents is conveyed into the terminal (z)
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The current Iz flows trough an external load Zz. Then the Vz is converted by an internal transconductor and n current mirrors into a set of output currents ( Ix, flowing to (+) or from (-) output terminals (x).
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The input–output (x) characteristic of the entire CDTA is current gain Ki,(s) given by the product in eq. (2) of the external impedance ZZ and the transconductance g, which is an internal parameter of the CDTA.
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Fig. 1. Multi-output CDTA.

a) schematic symbol, b) behavioral model.
   From this point of view this block represents generalized difference-input multi-output current amplifier, with the current transfer function Ki(s), which is function of the frequency variable (s). This is a very suitable block for a synthesis of the circuits in the CM. A simple first level behavioral model of the ideal multi-output CDTA is shown in Fig. 1b.
3. Basic blocks with CDTA
Let us firstly propose needful basic functional blocks using the CDTA. Putting there, in Fig. 1, a grounded capacitor at the port (z), an ideal lossless current integrator is obtained (Fig. 2a), with multiple outputs, inverting or non-inverting too. Furthermore, there is possibility to sum or mainly to subtract some currents directly at the input of this block, because its transfer function is given by
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Note that a lossy integrator can be obtained putting at the port (z) a parallel connection RC.
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Fig. 2. Basic blocks with the CDTA.

a) multi-output lossless current integrator, 

b) multi-output current distributor.

   A current distributor, producing n current replicas of the input current, can be realized using the CDTA- as shown in Fig. 2b, putting at the port (z) a grounded resistor (ZZ = Rz), with the value Rz = g-1, where g is the transconductance of the CDTA. Note it is a current follower with more outputs (inverting and or non-inverting) and current-differencing input.
4. First-order all-pass filter
The first-order all-pass transfer function in the CM is generally defined as follows
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The transfer function (4) can be implemented by the circuits shown in Fig. 3. This simple first-order all-pass filter in Fig. 3a was firstly given in [4] and has following parameters. Namely the frequency responses
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and the group delay
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If 
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   A little complicated, but with all grounded passive elements and smaller influence of parasitic capacitances is the first-order all-pass filter with two CDTA shown in Fig. 3b. There the basic gain is also unity (k=1) and the characteristic angular frequency is now given by
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what gives a possibility to electronically control this filter by auxiliary DC current Iset, controlling the transconductance g2.
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Fig. 3. First-order all-pass filters with the CDTA’s.
5. Second-order all-pass filter
The second-order all-pass transfer function in the CM is generally defined as
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This formula (9) can be implemented cascading two first-order all-pass filters from Fig. 3, what is properly described in [4]. Furthermore lower sensitivities and smaller influence of parasitic capacitances can be obtained using non-cascade connection given in Fig. 4. There the coefficients of the polynomials (9) are simply given as
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 .            (10)
These equations (10) can be used for a filter design, what will be shown below.
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Fig. 4. Second-order all-pass filters with the CDTA’s.
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Fig. 5. Signal flow graph of the multi-loop structure
         FLF-OS for the n-order all-pass filter in the CM.
6. High-order all-pass filters
The current transfer function of any nth-order all-pass filter can be generally expressed as
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This transfer function can be ingeniously implemented by one of the state-variable multi-loop feedback structures, what is in the classical VM well known [2]. Suitable transformation and modification (for better circuit implementation) of several VM structures into the CM is given in [5]. One of them is the follow the leader feedback (FLF) with output summation (OS), for which the resulting signal flow graph is given Fig. 5. The circuit diagram of the n-order all-pass filter based on the signal flow graph from Fig. 5 is shown in Fig.6.
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Fig.6. Circuit diagram of the n-order all-pass filter based on the structure FLF-OS

7. Illustrative example
To illustrate the structure given in Fig. 6, the all-pass filter was designed with the following specification: the constant group delay (g = 600 ns in the pass-band with the cut-off frequency fc = 1 MHz, the filter operates in the CM and with the Bessel approximation.

   In the first step, the order of the filter is determined
n = 4 and these coefficients of the desired transfer function (11) are obtained, using the tool NAF:

a0 = 1.29715 E28,   a1 = 3.89065 E21,                     (12)

a2 = 5.00157 E14,   a3 = 3.33398 E7,   a4 = 1.

   The circuit diagram with the structure of Fig. 6 consists of four CDTA’s and four capacitors C1, C2, C3, C4 creating four current integrators and furthermore one current follower (CDTA-n+1=5). This circuit has been symbolically analyzed by computer tool SNAP, to obtain the current transfer function with the form of the formula (11) and following expressions for particular coefficients:
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   Substituting (12) to (13), the design equations are obtained. Then choosing the transconductances

g1 = g2 = g3 = g4 = g5 = g = 1 mS,                (14)

the resulting values of the capacitances are:

C1 =30 pF,  C2 = 67 pF, C3 = 129 pF, C4 = 300 pF.  (15)

[image: image23.emf]0

100

200

300

400

500

600

700

0,1 1 10 100

f [ MHz]

Tg [ns ]

Fig. 7. Group delay frequency characteristic 
of the 4-order all-pass filter based on the FLF-OS
8. Simulation result
To verify the functionality of the proposed all-pass filter, the PSpice simulation has been carried out, using an adequate ABM model of the ideal CDTA. The resulting group delay frequency characteristic is shown in Fig. 7. It is confirmed the symbolical analysis and theoretical assumptions. Additional studying of the parasitic influences and modelling of the real components will be done.
9. Conclusions

The paper introduced the first, second and higher order analog all-pass filters in the current mode, using new active blocks, namely the current-differencing input transconductors.

   To illustrate and confirm the given structures one all-pass filter was designed and simulated by PSpice. The CDTA enables an easy and direct implementation of the other types (LP, BP, HP) of the n-order filters operating in current mode. All mentioned filters are fittingly electronically controllable by the transconductances (g) and auxiliary DC currents.
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