New Switched-Current Cells for Adaptive Filters

Alexandre S. de la Vegay, Antônio C. M. de Queirozz and Paulo S. R. Dinizz

Abstract— A family of continuous-time and switched-current (SI) four-quadrant current-multipliers are proposed, based on a current-gain cell linearly controlled by a current, as well as an SI version of that cell. The use of a subtractor is also proposed, which eliminates current offsets. Based on this property an offset-free four-quadrant multiplier-integrator cell is also presented. The new circuits are meant to implement adaptive filters.

I. Introduction

The least-mean-squares (LMS) algorithm is largely used in adaptive filtering due to its simplicity and convergence characteristics [1]. To implement these filters, blocks such as delays, adders, multipliers, integrators and variable gain cells are needed. Analog [2], [3], [4] and digital implementations are found in the literature, and, recently, a switched-capacitor adaptive filter [5] has been proposed. The switched-current (SI) technique [6], [7] has been used in a variety of designs and an SI current multiplier was proposed in [8]. Despite of that, no SI-based adaptive filter has been proposed. In order to investigate the feasibility of implementing an SI LMS-based adaptive filter, some cells are proposed in this work, which are made from two basic cells and have practically the same structure. Also, an offsetfree multiplier-integrator cell is found, what is an interesting result, since offset is a major concern in the implementation of adaptive filters [9]. The main points addressed in the paper are as follows. Section II presents a review of the previously proposed gain cell [10]. The multiplier equations that we propose, as well as an extension of the previous gain equations [10], are derived in Section III. In Section IV, a continuous-time four-quadrant current multiplier is advanced. Some SI cells are proposed in Section V. Finally, simulation results are presented in Section VI.

II. Previous current-gain cell

The current-gain cell first presented in [10] can be seen in Figs. 1 and 2. The A/S block implements an add-and-subtraction operation between the currents I_C and I_E by means of a sequence of biased current mirrors. The I-V block implements a linear resistor [11] and the V-I block is a simple transconductor (one transistor) using the quadratic law to generate the output current. Considering all transistors in saturation (K = μC_{ox}^W_L and i_D =^K_2 (v_{GS} � V_T )^2), the linear resistor (R) and the output current (I_O) are given by R = 1 2K_3(V_{DD} � V_{T3} ) (1) y Universidade Federal Fluminense - TET/UFF, Phone: (55) (21) 620-7070 / R-329, E-mail: delavega@telecom.uff.br

z Universidade Federal do Rio de Janeiro - PEE/COPPE - EE/UFRJ, PoBox 68504, 21.945-970 - Rio de Janeiro - RJ - Brazil, Phone: (55) (21) 260-5010 / R-253, E-mail: delavega@coe.ufrj.br, acmq@coe.ufrj.br, diniz@coe.ufrj.br

I_O = (I_1 � I_2) = 2K_1R(RI_C � V_T )I_E (2)

Equations (1) and (2) apply for symmetrical power supplies (V_{DD} = �V_{SS} ). For single power supply (V_{SS} = 0) the equations are

R^0 = 1 2K_3(^VDD_2 � V_{T3} ) (3)

I^0_O = (I^0_1 � I^0_2) = 2K_1R^0( V_{DD} 2 + R^0I_C � V_T )I_E (4)

where μ is the mobility of the carriers, C_{ox} is the gate capacitance per unit area, V_T is the threshold voltage, W and L are the channel width and length, respectively, and V_{DD} and V_{SS} are the power supplies.

III. Multiplier equations

A four-quadrant current-multiplier can be implemented using the same idea of the gain cell described above [10], as will be shown. The basic equations for the multiplier and the extension for the gain cell equations are first derived. Then, some design equations are obtained and are listed in the following.

A. Basic equations

The linear resistor can be powered by single or dual power supply. Under dual power supply, the control current I_C must be unipolar, while the input current I_E can be bipolar. Adding an additional bias current I_BC to the input current I_C , both input currents (I_C and I_E ) can be bipolar, and the multiplication is obtained by

i_{O12} = (i_1 � i_2) = 2K_1R[R(I_BC + i_C ) � V_T ]i_E = (2K_1R^2)i_C i_E + 2K_1R(RI_BC � V_T )i_E (5)

i_{O34} = (i_3 � i_4) = 2K_1R(RI_BC � V_T )i_E (6)

i_M = (i_{O12} � i_{O34} ) = (2K_1R^2)i_C i_E (7)

For a single power supply, equation (4) shows that the resistor itself can bias the transconductor, directly allowing bipolar input currents (i_C and i_E ). In this case, the equations are

i_{O12} = (i_1 � i_2) = 2K_1R^0(^VDD_2 + R^0i_C � V_T )i_E = (2K_1R^{02} )i_C i_E + 2K_1R^0(^VDD_2 � V_T )i_E (8)

i_{O34} = (i_3 � i_4) = 2K_1R^0( V_{DD} 2 � VT )iE (9)

i_M = (i_{O12} � i_{O34} ) = (2K_1R^{02} )i_C i_E (10)

An extension for equations (1)-(4) can be found by noting that the source terminals of the output transistors (M1 and M2) have not to be grounded, as in the gain cell of [10]. If they are tied to a �V_{SS} power supply instead, equations (5)-(10) will hold if V_T is changed to V^0_T = (�V_{SS} + V_T ). Here again the additional bias current (I_BC ) can be avoided. In any case, a second output current i_{O34} , that depends on i_E only, has to be generated and subtracted from the original output current i_{O12} in order to produce the multiplier output current i_M . The building blocks implementing the equations (5)-(10) are depicted in Fig. 3. Several implementations can be derived as described in the next sections.

B. Design equations

A further observation of equations (5)-(10) reveals that four currents (i_1, i_2, i_3, i_4) have to be generated and correctly added/subtracted in order to produce the output current (i_M = i_1 � i_2 � i_3 + i_4). Depending on the way those currents are combined, many implementations are possible. Equation (11) presents some examples.

(i_1 � i_2) � (i_3 � i_4) = (i_1 � i_2) + (i_4 � i_3) =

�(i2 � i1) � (i3 � i4) = �(i2 � i1) + (i4 � i3)_{(11)}

A total of 48 equations (24 for i_M and 24 for �i_M ) similar to those ones in equation (11) can be obtained. At the time this paper was written, several implementations were found by the authors but, due to the lack of space, only some of them will be covered in the next sections. Some others will be reported later.

IV. Continuous-time multiplier

As can be seen in Fig. 3, a continuous-time multiplier can be implemented by duplicating the gain cell of [10], applying to the second one only the current i_E (i_C = 0), and combining the four currents to obtain i_M . The output current i_M will suffer from mismatch effects, as in the gain cell of [10]. There, I_O presents gain error and offset due to mismatches in K_1, R, and V_T and nonlinearity distortion due to mismatches in K_1 and R. The way the four currents are combined can reduce the errors. In order to reduce both the area and the mismatches, a switched-current implementation can be used.

V. Switched-current cells

The needed blocks for the LMS-based adaptive filter can be implemented using SI technique [6]. Some implementations will be covered here. Some others will be reported later. The basic block for such a design is the SI secondgeneration memory cell [6], [7], illustrated in Fig. 4. It should be noted that in SI design copies and negative values of the currents are usually available. Two basic cells are first defined which will be used to derive the other ones. Different clock sequences can generate not only a negative output current but modify the function performed by the cells. Superscripts in the currents denote clock phases.

A. SI subtractor

Using the SI memory cell of Fig. 4 as a matched-inverter and accumulator, an SI subtractor can be implemented as proposed in Fig. 5.

B. Switched gain-cell and switched I-V-I converters

Switched versions for the gain cell of [10] and the I-V-I converter are proposed in Figs. 6 and 7.

C. SI gain cell

An SI version for the complete current-gain cell is proposed in Fig. 8. Since only one I-V-I converter is used, mismatches are avoided.

D. SI four-quadrant multipliers

Two SI four-quadrant multipliers are proposed in Fig. 9. The first one employs two I-V-I converters and a single SI subtractor. It reduces mismatches by using half of the converters of that one in Fig. 3. The second one requires a single I-V-I converter and two SI subtractors. By using only one converter, mismatch effects are eliminated. The subtractors remove any offset from the output current. This is an important result which will be used below.

E. SI difference integrator

From the series connection of two SI subtractors, a special SI integrator can be implemented, as illustrated in Fig. 10. Removing the passing switch, the resulting block will integrate the difference in the output current between the two phases. Assuming that a constant-offset current is present at the input for both phases, such a modified integrator will reject it. The same cell can be obtained from the usual SI integrator [6], by removing its input switch.

F. SI multiplier-integrator

Finally, SI multiplier-integrator cells can be implemented as in Fig. 11. These cells are very similar to the proposed SI multipliers of Fig. 9.

VI. Simulation results

The first multiplier of Fig. 9 and the first multiplierintegrator of Fig. 11 were simulated, as depicted in Fig. 12. The simulations were performed under V_{DD} = �V_{SS} = 3.5V , employing a clock sequence similar to the one in Fig. 4, at f_{ck} = 5kHz and V_{ck} = �3.5V . The switches are Ntype MOS transistors. The memory cells are of switched regulated cascode type (SRC), biased by cascode current mirrors, as illustrated in Fig. 13. Assuming saturation, a maximum input current of 50μA is allowed. As shown in Fig. 14, the I-V-I converter is tied to �V_{SS} and a negative I_BC is used to keep its output current within the dynamic range of the memory cell. The multiplier-integrator was driven by constant currents i_E = 2μA and i_C = 3μA. The result can be visualized in Fig. 15. The effects of charge injection in the SRC memory cell matched those ones found in [6] and are of the order of ΔI = 0.2μA. Better results can be achieved if other types of memory cell [6] and/or switching schemes to reduce charge injection and glitching [12] are used.

VII. Conclusion

Aiming an SI implementation for a LMS-based adaptive filter, some continuous-time and SI cells were derived from the current-controlled current-gain cell of [10]. By duplicating the mentioned cell, a continuous-time four-quadrant multiplier was advanced. In order to minimize both the area and the mismatches, an SI design was tried. An SI subtractor was proposed from the usual SI memory cell [6] and switched versions for both the gain cell and the I-V- I converter were proposed. Using only those two blocks, an SI version for the gain cell, a four-quadrant multiplier, a difference integrator and a four-quadrant multiplierintegrator were proposed. Only some examples from a variety of possible implementations were presented. It should be noted that all the circuits are made from the same basic cells, some of them present similar structures, and changes in the clock sequences modify the operation of some cells. Simulation results show that, for the SI cells, the primary error source is charge injection in the memory switches, as expected. A more accurate analysis of the mismatch effects is under preparation.

References

[1] P. S. R. Diniz. Practical Methods of Adaptive Filtering. COPPE / UFRJ, Rio de Janeiro, 1996.

[2] P. B. Denyer, C. F. N. Cowan, J. Mavor, C. B. Clayton, and J. L. Pennock. A monolithic adaptive filter. IEEE Journal of Solid-State Circuits, SC-18(3):291–296, june 1983.

[3] M. Padmanabhan. Feedback-Based Orthogonal Digital Filters, their Application in Signal Processing, and their VLSI Implementation. PhD thesis, University of California, Los Angeles, USA, 1992.

[4] H. Qiuting and Moschytz G. S. Analog multiplierless LMS adaptive FIR filter structures. IEEE Transactions on Circuits and Systems – II, 40(12):790–794, december 1993.

[5] U. Menzi and G. S. Moschytz. Adaptive switched-capacitor filters based on the LMS algorithm. IEEE Transactions on Circuits and Systems – I, 40(12):929–942, december 1993.

[6] N. C. Battersby. Switched-Current Techniques for Analogue Sampled-Data Signal Processing. PhD thesis, University of London, London, 1993.

[7] A. C. M. de Queiroz and P. M. Pinheiro. Bilinear switchedcurrent ladder filters using euler integrators. IEEE Transactions on Circuits and Systems – II, 43(1):66–70, january 1996.

[8] G. H. M. Joordens, J. A. Hegt, and D. M. W. Leenaerts. A high performance low voltage switched-current multiplier. ISCAS’95, 3:1856–1859, 1995.

[9] A. Shoval, D. A. Johns, and W. M. Snelgrove. Comparison of DC offset effects if four LMS adaptive algorithms. IEEE Transactions on Circuits and Systems – II, 42(3):176–185, march 1995.

[10] Z. Wang. Two CMOS large current-gain cells with linearly variable gain and constant bandwidth. IEEE Transactions on Circuits and Systems – I, 39(12):1021–1024, december 1992.

[11] K. Bult. Analog CMOS Square-Law Circuits. PhD thesis, University of Twente, Enschede, The Netherlands, 1988.

[12] M. Helfenstein and G. S. Moschytz. Clockfeedthrough compensation technique for switched-current circuits. IEEE Transactions on Circuits and Systems – II, 42(3):229–231, march 1995.

Fig. 1. Previous gain cell (schematics)

Fig. 2. Previous gain cell (circuit without the A/S block)

Fig. 3. Proposed continuous-time multiplier (schematics)

Fig. 4. SI memory cell

Fig. 5. Proposed SI subtractors

Fig. 6. Proposed switched gain cell

Fig. 7. Proposed switched I-V-I converters

Fig. 8. Proposed SI gain cell

Fig. 9. Proposed SI four-quadrant multipliers

Fig. 10. Proposed SI difference integrator

Fig. 11. Proposed SI multiplier-integrator cells

Fig. 12. Simulated SI multiplier and multiplier-integrator

Fig. 13. Simulated SRC memory cell

Fig. 14. Simulated I-V-I converter

Fig. 15. Simulation results (multiplier-integrator)