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Abstract. This paper presents a 6"-order tunable
Butterworth low-pass active filter with Digitally Controlled
Differential Difference Current Conveyor (DDCC). This
active filter is synthesized using the systematic method of
voltage-mode linear transformation (VMLT) which enables
the filter to use fewer active components, grounded
capacitors and grounded resistors to avoid the parasitical
effects. The bandwidth of the filter can be tuned by digital
switches to adjust the output current of the DDCC. The
specifications of the filter are based on 3G standard, and
the filter is controlled by 8-bit digital signals. The tunable
bandwidth of the filter is from 12 kHz to 2.6 MHz. The
filter chip layout is realized by TSMC 0.18 um CMOS
1P6M mixed-mode technology. The supply voltage is 1.8 V
and the power consumption is 3.6 mW.
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1. Introduction

In recent years, CMOS circuits have become the main
building blocks of VLSI circuits. In analog IC design,
active filters have been used for communication and RF
front-end processing such as channel selection filter [1], [2].

There are many methods to synthesize high-order
active filters [3], [4], [5]: Follow-the-leader feedback, cas-
cade synthesis, Bruton's transformation, active inductor
approach, Leapfrog, Linear transformation, etc. Because
the linear transformation method may be applied to prevent
monolithic integrated filters from the effect of unpredict-
able variations of process parameters, it is applied in this
study not only to simplify the design and to reduce the
number of components but also to use grounded capacitors
and resistors to avoid parasitical effects. The result is
a simple but effective design of a high-order active filter.

Section II discusses the basic theory of Voltage-Mode
Linear Transformation (VMLT), and digitally controlled
differential difference current conveyor (DDCC). The

design of an active filter and the implementation of the
proposed filter are given in Section III. The simulation
results are shown in Section IV, and the conclusions are
given in Section V.

2. The VMLT and the Digitally
Controlled DDCC

This section explains the concepts of the VMLT and
the digitally controlled DDCC.

2.1 The VMLT

A conventional cascaded two-port network is shown
in Fig. 1.
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Fig.1. A conventional two-port network.

The variables of input and output are in the forms of
voltage and current. The equation is shown in (1).
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where T; is the transfer matrix.

The variables can be changed into voltage variables
(X1, X2i, Y1i» Y2i) through the VMLT method by the transfer
matrices Sy; and Sy; as shown in (2) and (3).
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xji and yj; are voltage variables, oj and vy; are
dimensionless, and the unit of B; and J;;is mho; j =1, 2 and
i=1 ... n, where n is the order of the two-port network.
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(4) can be derived from (1)~(3):
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The y;’s can be represented by the x;’s. If the x’s
represent the inputs and the yj;’s represent the outputs,
anew cascaded two-port ladder prototype network can be

developed. Equations (5) and (6) are introduced to simply
the interconnection between the two-ports:
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These equations can be called the cross-cascaded
interconnection which means that the connection is cross-

cascaded between every two of the new two-port networks
as shown in Fig. 2.
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Fig. 2. The cross-cascaded two-port network after VMLT.

2.2 The Digitally Controlled DDCC

The symbol of the DDCC [6], [7], [8] is shown in
Fig. 3. The DDCC is an active component that has four
ports marked Y, Y,, X and Z. The DDCC is an active
component which is basically a second generation current
conveyor combined with a differential difference amplifier.
The small signal model of DDCC is shown in Fig. 4. There
are two types of DDCC. The relationships among the
variables are Iy; =1y, =0, Vx = Vy; - Vy» and I, =1Ix for
the positive type of DDCC as expressed by (7), or
IY] = Iyz = 0, VX = VYl - VYZ and IZ = -IX for the negative
type of DDCC,

VYl
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Vx Iz
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Fig. 3. Symbol of DDCC.
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Fig. 4. Ideal model of DDCC.
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Fig. 5. The schematic of the DDCC.

Transistors (DDCC)

Sizes (W/L), pm

MS5A, M5B, M5C, M5D 20/0.5
M1, M2, M3, M4 48/0.5
MIA, M2A, M3A, M4A 12/0.5
M6, M7 6/0.5

M8, M9 6.2/0.5,30.4/0.5

Resistor and Capacitor Value
Resistor (RC) 2kQ

Capacitor (CC) 0.25 pF

Tab. 1. The component parameters of the proposed DDCC.
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We use the DDCC configuration proposed in [9] and
add four current-shunt transistors M1A, M2A, M3A and
M4A at the input stage, as shown in Fig. 5. Such
arrangement can improve the input common mode range as
well as enhance the linearity of the DDCC. The component
parameters of the proposed DDCC are listed in Tab. 1.

Current division networks (CDNs) [10]-[14] are
added in order to widen the range of the output current I
of the proposed DDCC. The CDNs can modify the current
relationship from Iz = Ix to I; = alx for the positive type of
DDCC and I = -alx for the negative type of DDCC, where
the digital control factor o is the digital value corre-
sponding to the CDN binary switches with 0 <o = 1.
Thus a positive type digitally controlled DDCC can be
represented by (8),
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The block diagram of a 4-bit digitally controlled CDN
is shown in Fig. 6 which consists of 4 current division cells
(CDCs). According to the current division principle, each
CDC has one input current /;, and three output currents /,;,
1,5 and 1,;. Their relationships are expressed as follows:

Iin i
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where d; is the digital control bit of the /" CDC. As also
shown in Fig. 6, the two output currents /,; and /,, of the 4-
bit CDN are given by
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Hence the current gain of the 4-bit CDN is controlled
digitally.
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Fig. 6. The block diagram of a 4-bit digitally controlled CDN.

In this study, an 8-bit digitally controlled CDN is
divided into two such 4-bit CDNs, each capable of
mirroring and shunting the currents in the ratios 16:8:4:1,
which are determined by the W/L sizes of the MOS
transistors.

The schematic of the 8-bit digitally controlled CDN is
shown in Fig. 7. The currents from the previous stage are
mirrored by M13 and M18 which are controlled by the
most significant (MSB) 4 bits and the least significant
(LSB) 4 bits, respectively. As explained above, the currents
are divided in the ratio 16:1 determined by the W/L sizes
of M13 and M18, and each of M13 and M18 are connected
to 8 MOS transistors with appropriate W/L sizes to shunt

the current in the ratios 16:8:4:1. The two currents flow
through M22 and M16 respectively and finally merge as
the digitally controlled output current I;. The operations of
the NMOS network are complementary to those of the
PMOS network, and the two currents flow through M25
and M26 to merge as Iz. The component parameters of the
CDN are listed in Tab. 2.

Transistors (CDN) Sizes (W/L)um

M13a(b), M13c(d), M13e(f), M13g(h)  32/0.5, 16/0.5, 8/0.5, 4/0.5

M19a(b), M19c(d), M19e(f), M19g(h)  20.8/2, 10.4/2, 5.2/2, 2.6/2
M28a(b), M28c(d), M28e(f), M28g(h) 10.4/0.5, 5.2/0.5, 2.6/0.5, 1.3/0.5

M34a(b), M34c(d), M34e(f), M34g(h)  3.2/2.4, 1.6/2.4, 0.8/2.4, 0.4/2.4

Tab. 2. The component parameters of the CDN.

Finally, the DDCC and the CDN are combined to
form a digitally controlled 8-bit DDCC. The symbol of the
digitally controlled 8-bit DDCC is shown in Fig. 8, and the
full schematic is shown in Fig.9. In next section, we will
describe how VMLT is applied to the design of a high
order filter by the digitally controlled DDCC circuit.

3. The Design of an Active Filter

To demonstrate the effectiveness and the flexibility of
the proposed design, a 6™-order tunable Butterworth low-
pass active filter using digitally controlled DDCCs is
presented. The application of linear transformation and the
realization of the filter using digitally controlled DDCCs
are illustrated in this section.

The passive part of the filter is divided into three
different portions: input portion, output portion, and
middle portion. The middle portion is further divided into
L series with a; = 6; = 0 and C shunt with 8; =y, = 0 to
reduce the complexities of transformation matrices.
Furthermore, we can choose either a;; or y; = £1, and either
Bii or d; = *R to reduce the number of the digitally
controlled DDCCs.

Take the 6™-order Butterworth low-pass ladder filter
shown in Fig. 10 for example. The transformation matrix
of its input portion (the R-C shunt arm connected to the
voltage source) can be expressed as

[0‘21 :821:|:|:0 J—FR}
Y21 On 1 0

Its output variables x,; and y,; can be expressed as

(16)

(15)

+x, +E .

i =
Y1 TRC, +1

The transfer functions can be derived for the digitally
controlled DDCC circuits (DCDDCC-based circuits) and
are also shown in Tab. 3 by

+x,+E _ +x, +E
1+sR,C, sR“C“ :
a

Ty, =a (17)

1+
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Fig. 7. The schematic of the 8-bit digitally controlled CDN.

Digitally controlled DDCC
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Fig. 8. The symbol of the digitally controlled 8-bit DDCC.
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Fig. 9. The full schematic of the digitally controlled 8-bit DDCC.
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The transformation matrix of the L series arm of the
middle portion is

{0‘12 ﬂ12:| [0‘22 ﬁzz}:{il O}Fl 0}(18)
712 012|722 O 0 *R|| 0 =*=R

It can be shown that

X, £ X5
L (19)
R

Ty =2y, =

Its corresponding digitally controlled DDCC lossless
integrator circuit can also be listed in Tab. 3 with its
transfer function

Fx, tx, 1 Fx, £x,
N ERLEECT T TR, L @0)
o

The transformation matrix of the C shunt arm of the
middle portion is

{0‘12 ,312} {0‘22 ﬂzz}:{o iR}{O iR} a1
Yi2 OS2 |1 722 x| |£1 0 ||£1 O

It can be shown that

_Fx, EX,. (22)
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3
Its corresponding digitally controlled DDCC lossless

integrator circuit can also be listed in Tab. 3 with its
transfer function

X, X 1 Fx, X,
a

The transformation matrix of the output portion (the
R-L series arm) can be expressed as

{0‘12 ﬂlz}:{o iR} 24)
712 O 1 0
It can be shown that
X
+ Yis :Li16 :V() . (25)
6
s—>+1
R

Its corresponding digitally controlled DDCC lossless
integrator circuit can be presented in Tab. 3 with its transfer
function

+x R +x
i -—a 16 a ~ 16 _V 26
Vo=t R 11 1. CR T (26
a

In summary, we can divide the filter prototype into
six sections and choose appropriate transformation
matrices to obtain their x-y domain transfer functions.

Rs
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—L Ci —LC3 —LC
1 G ]

sl

Fig. 10. The 6"-order Butterworth low-pass ladder filter.
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Fig. 11. A digitally controlled DDCC-based 6"-order tunable
Butterworth low-pass active filter.

Then, we can cross-cascade their corresponding digitally
controlled DDCC circuits to construct the filter. A 6™-order
tunable Butterworth low-pass active filter using digitally
controlled DDCCs, grounded resistors and grounded
capacitors is presented as an example in this study. In this
ﬁlter, VDD =1.8 V, Ral :Rfl = 53 kQ, Ra2 =Rf2 =
53 kQ/a, Ry = Ry =73 kQ, R, = Ry =99 kQ,
Ca1 = Cy6 = 6pF, and Cp, = Cp3 = Cyy = C,5 = 12 pF [15],
[16]. Its configuration with six digitally controlled DDCCs
is shown in Fig. 11.
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CDN ?(;l)ait SW Bandwidth Outp(lit/ l)\f:))ltage T(;)]))
“1(111)1” 2.6 MHz 206 mV 1.09
0125'15;11 1.25 MHz 218 mV 0.74
00(]01.2151)1 ! 680 kHz 236 mV 0.69
0(()8111215;1 363 kHz 261 mV 1.58
Wi g | oasev | s
?8%2?1215; 93.2 kHz 235 mV 1.51
(%03?22215]) 48.4 kHz 265 mV 0.99

(g.%%(;%(gls) 25.4 kHz 302 mV 535

(oogggggggs) 12 kHz 326 mV 8.80

Tab. 4. The simulation results at an input voltage of

600 mV(Vpp).

Filter type Butterworth active low-pass filter
Order 6
Frequency Range 12 kHz ~ 2.6 MHz
Ripple 0dB
THD 1.09 % @ 2.6 MHz
Voltage Supply 1.8V
Power Consumption 3.6 mW
Chip Size 0.482x0.435 mm’ (without PAD)
Technology TSMC 0.18um 1P6M mixed-mode process

Tab. 5. The specifications of the proposed filter.

4. Simulation Results

The proposed filter is tuned by a 8-bit CDN switch
(the digital control factor o). Nine simulations with
different values of a are conducted at an input voltage of
600 mV (peak-to-peak), and the range of the tuned
frequencies is from 12 kHz to 2.6 MHz. The simulation
results are shown in Tab. 4 and the frequency responses are
shown in Fig. 12.

The filter is implemented in TSMC 0.18 pm 1P6M
process with supply voltage VDD = 1.8 V. The chip layout
is shown in Fig. 13, and the specifications of the filter are
shown in Tab. 5. The chip area without PAD is 0.482 x
0.435 mm”.

5. Conclusions

The design of a tunable differential difference current
conveyor (DDCC) active filter using voltage-mode linear
transformation (VMLT) method is presented. The
bandwidth of such a filter can be tuned by the a factor (the
digital value corresponding to the CDN binary switches) to
adjust the output current value of the DDCC. A 6™-order
tunable Butterworth low-pass active filter with digitally

. f \ \ — 1111 1111

o] _-6.02dB AR R AN

NA AN A

. N

1 000010000 /'\ \ \ \ \ \ \

AR AL
T NRRAVAR
A\ AR BN

. RAUANAN

WAL

o\ 7

-240 I \\\4

\Vi

12KHz+~2.62MHz ¥

Fig. 13. The chip layout of the proposed filter.

controlled DDCC is fabricated using 6 digitally controlled
DDCCs along with 6 grounded capacitors and 8 grounded
resistors. Its CDN circuits allows the bandwidth of the
filter to be tuned by adjusting the o factor. The proposed
filter has the following merits: easy and systematic design
procedures are available, all capacitors and resistors are
grounded, and the equations are simple. Furthermore, the
design and circuits can be extended and applied to other
applications.

Acknowledgements

The authors would like to thank National Science
Council (NSC) and Chip Implementation Center (CIC) of
Taiwan for the financial and technical support.

References

[1] ALZAHER, H. A., ELWAN, H. O., ISMAIL, M. A CMOS highly
linear channel-select filter for 3G multistandard integrated wireless
receivers. [EEE Transactions on Solid-State Circuits, 2002, vol. 37,
no. 1, p. 27 - 37.



RADIOENGINEERING, VOL. 22, NO. 2, JUNE 2013

517

(2]

[10]

[1

—

[12

—

[13

—

[14]

[15]

[16]

STEHR, U., HENKEL, F., DALLUGE, L., WALDOW, P. A fully
differential CMOS integrated 4™ order reconfigurable GM-C
lowpass filter for mobile communication. In Proceedings of the
10™ IEEE International Conference on Electronics, Circuits and
Systems. Sharjak (UAE), 2003, p. 144 - 147.

HWANG, Y. S., CHEN, J. J,, LAL J. H, SHEU, P. W. Fully
differential current-mode third-order Butterworth VHF Gm-C filter
in 0.18 um CMOS. [EE Proceedings Circuits, Devices and
Systems, 2006, vol. 153, no. 6, p. 552 - 558.

AL-HASHIMI, B. M., XIE, Y., ZWOLINSKI, M. Analysis of
mirror mismatch and clock-feedthrough in Bruton transformation
switched current wave filters. /EE Proceedings Circuits, Devices
and Systems, 2003, vol. 150, no. 1, p. 6 - 15.

ASRI, N. D. M., SOIN, N. Development of active inductor in
CMOS tunable RF bandpass filter. In Proceedings of the 2011
IEEE Regional Symposium on Micro and Nanoelectronics. Sabah
(Malaysia), 2011, p. 315 - 318.

MAHMOUD, S. A., HASHIESH, M. A., SOLIMAN, A. M. Low-
voltage digitally controlled fully differential current conveyor.
IEEE Transactions on Circuits and Systems I: Regular Papers,
2005, vol. 52, no. 10, p. 2055 - 2064.

IBRAHIM, M. A., MINAEI, S., YUCE, E., HERENCSAR, N.,
KOTON, J. Lossy/lossless floating/grounded inductance simu-
lation using one DDCC. Radioengineering, 2012, vol. 21, no. 1,
p.3-10.

KUMNGERN, M., TORTEANCHAI, U, DEJHAN, K. Voltage-
controlled floating resistor using DDCC. Radioengineering, 2011,
vol. 20, no. 1, p. 327 - 333.

IBRAHIM, M. A., KUNTMAN, H. High linearity CMOS
differential difference current conveyor (DDCC). In Proceedings
of the 14" International Conference on Microelectronics. Beirut
(Lebanon), 2002, p. 6 - 9.

EL-ADAWY, A. A. A,, SOLIMAN, A. M., ELWAN, H. O. Low
voltage digitally controlled CMOS current conveyor. AEU-
International Journal of Electronics and Communications, 2002,
vol. 56, no. 3, p. 137 - 144.

TANGSRIRAT, W., PRASERTSOM, D., SURAKAMPONTORN,
W. Low-voltage digitally controlled current differencing buffered
amplifier and its application. AEU - International Journal of
Electronics and Communications, 2009, vol. 63, no. 4, p. 249 -
258.

TANGSRIRAT, W., PUKKALANUN, T. Digitally programmable
current follower and its applications. AEU - International Journal
of Electronics and Communications, 2009, vol. 63, no. 5, p. 416 -
422.

BIOLEK, D., LAHIRI, A., JAIKLA, W., SIRIPRUCHYANUN,
M., BAJER, J. Realization of electronically tunable voltage-
mode/current-mode quadrature sinusoidal oscillator using ZC-CG-
CDBA. Microelectronics Journal, 2011, vol. 42, no. 10, p. 1116 -
1123.

TARIM, T., ISMAIL, M. Statistical design of a 10 bit current
division network. Analog Integrated Circuits and Signal
Processing, 2001, vol. 29, no. 3, p. 221 - 229.

SCHAUMANN, R., XIAO, H., MAC, V. V. Design of Analog
Filters. 2" ed. New York (USA): Oxford University Press, 2009.

CHANG, C. M,, LEE, C. N,, HOU, C. L., HORNG, J. W., TU,
C.K. High-order DDCC-based general mixed-mode universal
filter. IEE Proceedings Circuits, Devices and Systems, 2000,
vol. 153, no. 5, p. 511 - 516.

About Authors ...

Yuh-Shyan HWANG was born in Taipei, Taiwan, in
1966. He received the Ph.D. degree from the Department
of Electrical Engineering, National Taiwan University,
Taipei, in 1996. During 1991-1996 and 1996-2003, he
was a Lecturer with the Department of Electrical
Engineering, Lee-Ming Institute of Technology, New
Taipei City, Taiwan and an Associate Professor with the
Department of Electrical Engineering, Hwa Hsia Institute
of Technology, New Taipei City, Taiwan, respectively. In
2003, he joined the Department of Electronic Engineering
and the Graduate Institute of Computer and
Communication Engineering, National Taipei University of
Technology, Taipei, where he is currently a Full Professor
and the Chairman of the Department of Electronic
Engineering. He joined the Editorial Board of Active and
Passive Electronic Components in 2010. His current
research interests include analog integrated circuits, mixed-
signal integrated circuits, power electronic integrated
circuits, and current-mode analog signal processing.

An LIU was born in Taipei, Taiwan, R.O.C. in 1970. He
received his M.S. degree in electronic engineering from
National Taiwan University of Science and Technology
(NTUST), Taipei, Taiwan, R.O.C. in 1996. He is currently
working toward his Ph.D. degree in the Department of
Electronic Engineering and Institute of Computer and
Communication of National Taipei University of
Technology, Taiwan, R.O.C. He has been with St. John’s
University, New Taipei City, Taiwan since 1997, where he
is currently an instructor in the Department of Computer
Science and Information Engineering.

San-Fu WANG was born in Changhua, Taiwan, in 1976.
He received the M.S. and Ph.D. degrees from the
Department of Electronic Engineering, Institute of
Computer and Communication, National Taipei University
of Technology, Taiwan, in 2003 and 2010, respectively. He
is now an assistant professor in the Department of
Electronic Engineering, Ming Chi University of Techno-
logy, Taiwan. His research interests include network
communication systems and analog integrated circuits.

Ssu-Che YANG received the M.S. degree from the
Department of Electronic Engineering, Institute of Compu-
ter and Communication, National Taipei University of
Technology, Taiwan, in 2008. His research interests
include analog integrated circuits and signal processing.

Jiann-Jong CHEN was born in Keelong, Taiwan, in 1966.
He received the M.S. and Ph.D. degrees in electrical
engineering from National Taiwan University, Taipei,
R.O.C., in 1992 and 1995, respectively. From 1994 to
2004, he was on the faculty of Lunghwa University of
Science and Technology, Taiwan. Since August 2004, he
has been with the Department of Electronic Engineering,
National Taipei University of Technology, where he is now
a Professor. His research interests are in the area of mixed-
signal integrated circuits and systems for power
management.



