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Abstract

In this study, square-root-domain electronically tunable,
third order low-pass filter is proposed. First circuit is third-
order low-pass Butterworth filter and second circuit is third-
order low-pass Chebyshev filter. Additionally, the cut-off
frequency of the proposed filters can be electronically
tuned by changing external currents. Time and frequency
domain simulations are performed using PSPICE
program for third order filters to verify the theory and to
show the performance of them. For this purpose, the
filters are simulated by using TSMC 0.35 pm Level 3
CMOS process parameters.

1. Introduction

Square-root-domain circuits are a subclass of companding
circuits providing low power under low-voltage, having large
dynamic range, operating in high frequencies and electronically
tunability using DC current sources. Due to these properties,
companding circuits are compatible with CMOS very large scale
integration technology. Besides these properties, circuits are
implemented in this technology; design of companding circuits
has received great attention. Log-domain and square-root-
domain filter circuits are an application of companding method.
These circuits can be said that the most widely used translinear
circuits. Log-domain circuits are proposed by Adams [1] and
then they have been studied by Frey [2, 3]. Basic translinear
principle uses the exponential I-V characteristic of BJTs or
MOSFETs in weak inversion region [4, 5]. MOS translinear
principle (MTL) derived from bipolar translinear principle
(BTL) [4] by Seevinck [6] uses quadratic relationship between
voltage and current of MOS transistors in strong inversion and
saturation region. Starting from state-space equations, as well as
quadratic relationship between the voltage and current of the
MOS transistors, filters performed by using analog processing
circuit blocks such as square-root and squarer/divider circuit are
called square-root-domain filters [7-23].

Square-root-domain first-order filter circuits [14, 16, 18,
21], second order voltage-mode [11, 12, 13] or current-mode [9,
14, 22, 23] filter circuits and transconductance and
transresistance circuits [16, 17, 24] have been studied by various
researchers. However, as a result of the literature survey, it has
been seen that the studies on square-root-domain third-order
filter circuits was found to be minimal. Third-order filter circuits
obtained using OTA and OTRA are presented in [25-27]. A state
space Class AB synthesis method for the design of square-root-
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domain filter based on the MOSFET square law is proposed in
[28]. A third-order low-pass elliptic filter using a square-root-
domain differentiator is presented in [29]. A third-order elliptic
low-pass LC filter is proposed in [30]. A realization of third-
order active switched-capacitor filter is proposed in [31].

In this study, square-root-domain third order low-pass
Butterworth and Chebyshev filters have been designed using
state-space-synthesis ~ method  with  square-root  and
squarer/divider circuits, MOS current mirrors, DC current
sources, DC supply voltage, and grounded capacitors. State-
space synthesis method is a very useful and efficient approach
for the design of companding circuits [3]. It provides a general
solution for realizing circuit function. The key aspect of the use
of state-space methods in this study is that exactly relates
internally non-linear filters to equivalent linear systems. Cut-off
frequency of the proposed filters can be adjusted electronically
by changing the value of the DC current sources.

2. Square-Root-Domain Third-Order Filter Design

A general third-order circuit function is as shown in
Equation (1).
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Equation (1) can be transformed to the following state-
space equations.
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Here, x;, X, and x; represent the state variables. They are
gate-source voltages of MOS transistors. Hence, the following
transformations can be applied to the quantities in the equations
[18, 19].

i=Lw-r? | i-123 )

In Equation (5), I, represents drain current of MOS
transistors in saturation region, B=1(Co(W/L) stands for
transconductance, V; represents gate-source voltage and Vi,
represents the threshold voltage. V; voltages can be obtained as
shown in the following equation:

[21;
V; = 7’+V,,, L i=123

(6)



The relation given above can be organized to yield the nodal
equations below after they are applied to Equations (2), (3) and

4.
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In these equations, C is a capacitor value resembling a
multifunction factor. CV'l, CV2 and CV3 in Equations (7), (8)

and (9) can be accepted as time dependent currents that are
grounded via three capacitors.

The following equations Iy, I, and Iz can be defined for use
in Equations (7), (8) and (9).

Jior =<2 (10)
ﬁ
Ty =<2 an
VB
Jis = J-[ jw (12)
Equations (7), (8) and (9) can be arranged as follows:
‘/ Lol \/ loil3 +2\/101213 (13)
Vy=-2 O;IZ +2 1022[“ (14)
Cy =2, Lotll +2‘/@ (15)

If we accept the quality factor as Q=1 and divide both side
of the equations by 2. The state equations in Equations (13), (14)
and (15) can be written as below:

Cr =l 12[3 (16)
CcVy ‘/ (17)
CV3——1/ 1/ ol (18)

The following deﬁnltlon applles to Equations (16), (17) and

(18).
c=cC/2 (19)

Square-root-domain third order voltage-mode low-pass
Butterworth filter circuit is shown in Figure 1 has been
actualized using Equations (16), (17) and (18).

U, V4, V, and V;represent the input and output voltage of
the filter circuit, respectively. Additionally, using Equations (20)
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and (21), my; and my, pole frequency of the filter circuit can be
determined depending on the Iy, Ij,, B and C [9, 18].

i
oy = V0L (0)
@0 :VﬁIOZ 1)

C

Using Equations (2), (3) and (4), output variables of the
square-root-domain third-order low-pass filter circuit can be
determined depending on my;, Wy, and Q.
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In accordance with Equation (22), the output of the circuit as
shown in Figure 1 provides a third order inverting low-pass
filter transfer function.

s = 24)

Vag =N (25)
Consequently, using the output of the circuit shown in
Figure 1 for Q=1 and ®;=0g,=,, third-order Butterworth low-
pass filter voltage transfer functions accomplished as defined in
Equation (26).

3
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V= (26)
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If we accept the quality factor as Q#1 in Equations (13),
(14) and (15), square-root-domain third order low-pass
Chebyshev filter circuit can be performed as shown in Figure 2.
In accordance with Equation (22), the output of the circuit as
shown in Figure 2 provides a third order inverting low-pass
Chebyshey filter transfer function.

In case of Q#1 in Equation (22), the equation between Iy,
and Iy, given by Equation (27) must be satisfied.

Iy =10/0? 27)
With 1 dB passband ripple and wy=1rad/s cut-off frequency,
third order normalized low-pass Chebyshev filter’s mg;, mp, and
Q values given in Equation (22) are as shown below [32].
wo1 = 0,997 , Wy = 0,494 , Q= 2,018
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Fig. 1. Square-root-domain third order low-pass Butterworth filter circuit
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Fig. 2. Square-root-domain third order low-pass Chebyshev filter circuit

3. Simulation Results

TSMC 0.35 pm Level 3 CMOS transistor parameters [33]
have been used in PSPICE simulations of the designed square-
root-domain third order voltage-mode low-pass Butterworth and
Chebyshev filter. Transistor dimensions are chosen as
W/L=10 um/10 um for M;~M,, W/L=220 um/2 um for
M7~Mq,

The circuit supply voltage is selected to be Vpp=3 V. The
values of three capacitances of the circuit are chosen to be
C=20 pF. The simulations are performed to tune the cut-off
frequency by varying the values of the current sources. Varying
the values of the current sources from 12 pA to 402 pA, the cut-
off frequency of the filter is tuned from 157 kHz to 857 kHz. As
a result, the cut-off frequency of the filter can be adjusted in the
700 kHz frequency range. The gain response obtained for the
different values of the DC current sources of the third order low-
pass Butterworth filter circuit have been given in Figure 3.
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Fig. 3. Electronically tunable properties of
Butterworth filter

The phase response obtained for the different values of the

DC current sources of the third order low-pass Butterworth filter
circuit have been given in Figure 4.
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The time-domain response of the Butterworth filter is shown
in Figure 5. 0.25 V sine-wave input at a frequency of 850 kHz
was applied to the filter. The total harmonic distortion was
measured as 1.6%.
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Fig.5. Time domain response of the proposed Butterworth filter

The gain response obtained for the different values of the
DC current sources of the third order low-pass Chebysheyv filter
circuit have been given in Figure 6.

DC current source values are [z=4.65 UA and [,=2.79 UA,
I,=21.6 PA and 1,=98.7 pA for Ip;=12 pA, I,=88 pHA and
Ip;=402 pA, respectively. Also, the values of DC input current
of the block is connected to the Mj transistor are I;;=4.11 UA,
151=35.9 A and I;=195 UA, respectively.
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Fig.6. Electronically tunable properties of Chebyshev

filter

The gain response of Chebyshev filter obtained for 1;=88
LA with 1 dB passband ripple is shown as larger in Figure 7.
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Fig.7. Change of Chebyshev filter’s passband

The time-domain response of the Chebyshev filter is shown
in Figure 8. 0.2 V sine-wave input at a frequency of 820 kHz
was applied to the filter. The total harmonic distortion was
measured as 1.5%.
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Fig. 8. Time domain response of the proposed Chebyshev filter



4. Conclusion

Square-root-domain  third order voltage-mode low-pass

Butterworth and Chebyshev filter circuits are proposed in this

study. A systematic synthesis procedure to derive the filter

circuits is also given. These circuits consist of only MOS
transistors and grounded capacitors. Cut-off frequency of the
filter circuits can be adjusted electronically by changing the
value of the DC current sources. The most important feature of
the circuits is electronic tunability, that is, the gain and phase
response of the circuits can be controlled by DC current sources.

PSPICE simulations are provided to confirm the theoretical

analysis.

5. References

[1] Adams, R. W., “Filtering in the log-domain”, in 63"/* AES
Conf., New York, 1979, preprint 1470.

[2] Frey, D. R., “Log-domain filtering: An approach to current-
mode filtering”, IEE Proc. G, vol. 140, pp.406—416, 1993.

[3] Frey, D. R., “Exponential state-space filters: A generic
current mode design strategy”, I[EEE Trans. Circuits Syst. 1,
vol. 43, pp. 34-42, Jan. 1996.

[4] Gilbert, B., “Translinear circuits: A  proposed
classification”, Electronics Letters, vol. 11(1), pp. 14-16,
Jan. 1975.

[5] Ngarmnil, J., and Toumazou, C., “Micropower log-domain
active inductor”, Electronics Letters, vol. 32(11), pp. 953—
955, 1996.

[6] Seevinck, E., and Wiegerink, R. J., “Generalized translinear
circuit principle”, IEEE J. Solid-State Circuits, vol. 26(8),
pp. 1098-1102, 1991.

[7] Payne, A., and Toumazou, C., “Linear transfer function
synthesis using non-linear IC components” Proceedings
ISCAS'96, Atlanta, USA, I, pp. 53-56.

[8] Eskiyerli, M. H., Payne, A.J., and Toumazou, C., “State-
Space Synthesis of Integrators Based on The MOSFET
Square Law”, Electronics Letters, vol. 32, n. 6, 1996.

[9] Eskiyerli, M. H., and Payne, A. J., “Square Root Domain
filter design and performance”, Analog Integrated Circuits
Signal Processing, 22, pp. 231-243, 2000.

[10] Lopez-Martin, A. J., and Carlosena, A., “Systematic design
of companding systems by component substitution”,
Analog Integrated Circuits Signal Processing, 28, pp. 91—
106, 2001.

[11] Yu, GJ., Liu, B.D., Hsu, Y.C., and Huang, C.Y., “Design
of Square-Root Domain Filters”, Analog Integrated
Circuits and Signal Processing, 43, 49-59, 2005.

[12] Menekay, S., Tarcan, R.C., and Kuntman, H., “The Second-
order low-pass filter design with a novel higher precision
square-root circuit”, Istanbul Univ., J. Electr. Electron., 7,
1, 323-729, 2007.

[13] Eskiyerli, M. H., Payne,A.J., and Toumazou, C., “State-
Space Synthesis of Biquads Based on The MOSFET Square
Law”, Circuits and Systems, 1996. ISCAS '96, vol. 1.pp.
321-324, Atlanta, GA, USA, 12-15 May 1996.

[14] Kumar, J. V., and Rao, K. R., “A Low-Voltage Low Power
CMOS Companding Filter”, Proceedings of the 16th
International Conference on VLSI Design (VLSI’03) 1063—
9667/03, 2003.

[15] Mulder, 1., “Static and dynamic translinear circuits”, Delft
University Press, Netherlands, 1998.

[16] Lopez-Martin,A. J., and Carlosena, A., “Very low voltage
CMOS companding filters based on the MOS translinear
principle”, Mixed-Signal-Design, 2001, SSMSD, Southwest
Symposium on, pp. 105-109.

920

[17] Ragheb, T. S. A., and Soliman, A. M., “New Square-Root
Domain Oscillators”, Analog Integrated Circuits and
Signal  Processing, 47, 165-168, 2006, DOI:
10.1007/s10470-006-3866-9

[18] Lopez-Martin, A. J., and Carlosena, A., “1.5 V CMOS
companding filter”, Electronics Letters, Vol.: 38, Issue: 22,
pp.: 1346-1348, 2002.

[19] Mulder, J., Serdijn, W. A., Van Der Woerd, A. C., and Van
Roermund, A. H. M., “A 3.3 Volt Current-Controlled V-
Domain Oscillator”, Analog Integrated Circuits and Signal
Processing, 16, 17-28, 1998.

[20] Menekay, S., Tarcan, R. C., and Kuntman, H., “Novel high-
precision current-mode-circuits based on the MOS-
translinear principle” Int. J. Electron. Commun. (AEU)
DOI:10.1016/j.aeue.2008.08.010, 2008.

[21] Keserlioglu, M. S., and Kircay, A., “The design of current-
mode electronically tunable first-order square-root domain
filters using state-space synthesis method”, International
Review on Modelling and Simulations, Vol.2, N.2, pp.124-
128, April 2009.

[22] Kircay, A., and Keserlioglu, M. S., “Novel Current-Mode
Second-Order Square-Root-Domain Highpass and Allpass
Filter”, 6th Int. Conf. on Elecrical and Electronics
Engineering, 5-8 November 2009, Bursa, Tiirkiye

[23] Kircay, A., Keserlioglu, M. S., and Cam, U., “Current-
Mode Square-Root-Domain Notch Filter” Europen
Conference on Circuit Theory and Design 2009, Antalya,
August 23-27, 2009

[24] Keserlioglu, M. S., “Square-Root-Domain First Order
Transadmittance and Transimpedance Type Filter Design”
ELECO 2010, Elektrik-Elektronik-Bilgisayar Miihendisligi
Sempozyum ve Fuari, Bursa, Turkey, 2—5 December 2010.

[25] Ismail S. H., Soliman E. A., and Mahmoud S. A.,
“Cascaded Third-order Tunable Low-Pass Filter using Low
Voltage Low Power OTA”, International Symposium on
Integrated Circuits, 978-1-61284-865-5, 2011.

[26] Ghosh M., Paul S. K., Ranjan R. K., and Ranjan A,
“Third Order Universal Filter Using Single Operational

Transresistance ~ Amplifier”,  Hindawi  Publishing
Corporation Journal of Engineering, Article ID 317296, 6
pages, 2013.

[27] Sun Y., Jefferies B., and Teng J., “Universal third-order
OTA-C Filters”, Int. J. Electronics, vol. 85, no. 5, 597-
609, 1998.

[28] Surav Yilmaz S., and Tola A. T., “A systematic class AB
state space synthesis method based on MOSFET square
law and translinear square-root cells”, Int. J. Circ. Theor.
Appl., DOL: 10.1002/cta.2054, 2015.

[29] Fouad K.O.M., and Soliman A.M., “Square root domain
differentiator”, IEE Proc.-Circuits Devices Syst., Vol.
152, No. 6, December 2005.

[30] Psychalinos C., “Square-Root Domain Operational
Simulation of LC Ladder Elliptic Filters”, Circuits Systems
Signal Processing, vol. 26, no. 2, pp. 263-280, 2007.

[31] Shindel G. N., Bhagat S. R., * Tunable Bandwidth Third
Order Switched-Capacitor with Multiple Feedbacks Filter
for Different Center Frequencies”, Science Research
Engineering, 2, 179-183, 2010.

[32] Kendall, S., “Analog Filters” 2 ed., Kluwer Academic

Publishers, 2002.

[33] Minaei, S., “Dual-Input Current-Mode Integrator and
Differentiator Using Single DVCC and Grounded Passive
Elements” IEEE MELECON 2004, May 12-15, Dubrovnik,
Croatia.



