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Abstract A novel technique for designing analog CMOS
integrated filters is proposed. The technique uses digitally
controlled current amplifiers (DCCAs) to provide precise
frequency and/or gain characteristics that can be digitally
tuned over a wide range. This paper provides an overview
of the possibilities of using the DCCA as the core element
in programmable filters. In mixed analog/digital systems,
the digital tuning feature of the proposed approach allows
direct interfacing with the digital signal processing (DSP)
part. Basic building blocks such as digitally programmable
amplifiers, integrators, and simulated active inductors are
given. Systematic designs of second-order filters are pre-
sented. Fully differential architectures of the proposed
circuits are developed. Experimental results obtained from
0.5 um standard CMOS chips are provided.

Keywords CMOS mixed analog/digital systems -
Current-mode circuits - Active filters -
Variable gain amplifiers

1 Introduction

Active-RC filters based on the operational amplifier
(op-amp) exhibit high linearity. However, the constant
gain-bandwidth product of the op-amp limits their fre-
quency range and the lack of programmability restricts them
to discrete applications. Tuning properties are essential for
analog integrated circuit filtering techniques to compensate
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for process, component and temperature variations as
integrated RC time constants can vary by as much as 50%
[1]. Transconductance (gm) circuits are programmable and
can operate at high frequencies. However, their linearity
and tuning range are poor particularly at low supply levels
[2]. The MOSFET-C approach provides wide tuning range
[3] but it suffers from poor linearity and limited bandwidth.
In addition, linearization techniques of MOSFET-C and
gm-C circuits assume the classical MOS transfer charac-
teristics in saturation or triode region. In submicron
technologies, the second order effects such as short-channel
and mobility degradation become significantly important,
further degrading the linearity of these circuits. Switched
capacitor (SC) filters exhibit high linearity and accurate
frequency response; however, their frequency operation
range is limited since they need to operate at sampling
frequencies much greater than the signal bandwidths.

On the other hand, the current-mode approach of
designing analog integrated circuits shows promising
characteristics. This stems from its wide frequency oper-
ating range, high slew rate and simple circuitry [4, 5].
Recently, design of current and voltage-mode filters based
on current followers and/or voltage buffers (VBs) such as
[6-10] has been of growing interest due to their inherent
large bandwidth, high linearity, and low power consump-
tion. However, there are two major limitations associated
with this approach, which hinder its use in analog inte-
grated circuits. The first is the absence of the
programmability feature and the second is the lack of
providing fully differential structures with accurate com-
mon mode signal level control. In this work,
programmability is introduced through varying the gain of
the current amplifier and the extension to fully differential
architectures is developed. Thus, the proposed technique is
expected to become a fundamental analog filtering
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approach in future. This paves the way for the proposed
circuits to be used in high-performance analog and mixed-
signal ICs where fully differential signal paths are incor-
porated. Fully differential architectures are essential to
enhance the performance of mixed analog/digital systems
in terms of supply noise rejection, dynamic range and
harmonic distortion and to reduce the effect of coupling
between various blocks [11].

More recently, digitally programmable devices such as
those in [12—-14] have become attractive for mixed digital-
analog applications. Traditionally, resistor and/or capacitor
matrices can be used to provide tuning to analog circuits.
However, they require relatively large area which typically
limits the tuning accuracy to five bits or 3% of the nominal
values. The proposed technique uses digitally controlled
current amplifiers (DCCAs) which comprise the current
division network (CDN) [15] to provide digital tuning of
DCCA gains. The CDN is inherently linear (i.e. insensitive to
second order effects and valid in all MOS operating regions).
Moreover, the CDN can be digitally trimmed up to 10 bits
accuracy without component spreading [16]. The gains of the
DCCA is utilized to provide precise frequency and/or gain
characteristics that can be tuned over a wide range. Poly-
silicon resistors and capacitors are used to realize the filter
time constants, which results in highly linear filters. In mixed
analog/digital systems, the digital tuning feature of the pro-
posed approach allows direct interfacing with the digital
signal processing (DSP) part. DSP, available in most modern
systems, is utilized to adapt the filter parameters with mini-
mum additional hardware. The DSP is utilized to program
the filter to operate at different bandwidths and/or different
gain settings. A good example of the proposed technique is
the design of an analog baseband chain for multi-standard
wireless receivers [17]. In addition, digital automatic fre-
quency tuning scheme such as that described in [18] can be
employed to compensate for both components and temper-
ature variations. The DSP tuning scheme avoids the
feedthrough problems associated with the real time master-
slave tuning approach which limits system dynamic ranges.
A conceptual block diagram of digital automatic tuning is
depicted in Fig. 1. Digital tuning feature eliminates the use
of auxiliary digital to analog converters from the DSP to the
analog filters resulting in simplified, flexible and low power
system design solutions.

The following section discusses the design and imple-
mentation of the building blocks. Section 3 presents some
basic applications such as amplifiers, integrators, and
simulated active inductances. Several new digitally pro-
grammable filters are presented in Sect. 4 where a
systematic design procedure to convert well-known active-
RC circuits to their DCCA-RC counterparts is described.
The development of fully differential architectures of the
proposed approach is discussed in Sect. 5.
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2 Monolithic CMOS integration

A current follower (CF) is a two terminal device which
transfers current signal from a low impedance input ter-
minal to a high impedance output terminal. The DCCA is
basically a CF with programmable gain that can be con-
trolled digitally. The DCCA can be described by the
following matrix equation:

I 0 LoV,
)=l wlL) ®
where « represents the current gain of the DCCA and the
signs denote the positive (both currents are going in) and
negative (one current is going in and the other is out)
DCCA. The proposed DCCA with two outputs is shown in
Fig. 2. When the CDN is replaced by a short circuit, the
DCCA reduces to a unity gain CF. Its operation can be
explained as follows. Transistors M1 and M2 provide the
required virtual ground needed at the input port X. This is
achieved by forcing equal currents in both transistors.
Hence, their source potentials will be equal since they
share the same gate, provided they operate in saturation
region. Since the transconductance of a MOS transistor is
small compared to a bipolar transistor, an internal feedback
(M6) is incorporated to achieve low input impedance at the
X terminal. The feedback reduces the input impedance by
the amount of feedback yielding:
1

Iy &
ng(l + gm6(rd32//rd35))

(2)

where g,, and r, are the transconductance and the output
resistance of the MOSFET, respectively. Furthermore,
the feedback reduces the distortion but sacrifices some of
the bandwidth. The input current /,, which is forced by the
constant currents of M2 and M12 to flow into M6, is
conveyed to the output port Z, by current copying tran-
sistor M7. Cross-coupled current mirrors are used to
change the polarity of the current and pass it to port Z,.
The operation of the CDN is similar to that of the R-2R
ladder and was explained in [17]. The proper operation of
the CDN requires the input node to be current driven while
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Fig. 2 Compound digitally controlled current amplifier (DCCA): (a)
CMOS implementation (b) Symbol (¢) The current division network [16].

(virtual ground) e

the output node to be virtually grounded. In the proposed
DCCA, the CDN is driven by the drain current of M6 while
its outputs /, is connected to the virtual ground node X. The
current at terminal X (/) is provided by the output current
of the CDN (/,) while the negative feedback loop adjusts
the current amplifier output (I,) to be equal to the CDN
input (1;,). Therefore, the transfer current characteristic of
the DCCA becomes:

Iy = aly withoa = 1/Y d2" (3)
i=1

where d; is the ith digital bit and n is the size of control
word.

The input port virtual ground property of the DCCA
facilitates the addition of different signals. But low output
impedance VBs are needed to allow the distribution of
output signal to several subcircuits. Adoption of VBs along
with DCCAs simplifies the design of various signal pro-
cessing voltage and current-mode circuits. Folded-cascode
op-amps, which enjoy high speed, are used to implement

1zp (UA)

Fig. 3 Measured DC characteristics of the DCCA showing several
gain settings

the VBs. DCCAs using 6-bit CDNs and the VBs have been
fabricated in a 0.5 pm N-well CMOS process. The opera-
tion of the proposed DCCA and VB were experimentally
verified. Throughout the testing, the supply voltages were
set to +1.6 V and the currents of the DCCA and VB were
600 and 300 pA, respectively. Figure 3 shows the dc cur-
rent transfer characteristics of the DCCA under several
different gain settings. The measured —3 dB bandwidth is
more than 40 MHz for the different gain setting. Similarly,
the measured ac response of the VB shows a bandwidth
exceeding 40 MHz. Measurement results are limited by the
maximum frequency that can be measured using the
available network analyzer. However, post layout simula-
tion results show that the bandwidth of the DCCF is more
than 140 MHz. Also, the ac response of the VB shows a
bandwidth exceeding 90 MHz.

3 Basic functions

This section presents several basic analog building blocks
based on the proposed technique such as digitally pro-
grammable amplifiers, integrators, and active simulated
inductors. The four basic amplifier types are shown in
Fig. 4. These amplifiers exhibit wide bandwidths at dif-
ferent gain settings. The DCCA of Fig. 4(a) is itself a
digitally controlled current amplifier with gain of A; = «.
The voltage amplifier shown in Fig. 4(b) has a gain of A, =
aR,/R;. The gain of transconductance amplifier shown in
Fig. 4(c) is Gy = o/R while the gain of the transresistance
amplifier of Fig. 4(d) is given by Ry = aR.

Figure 5 shows ac responses of the voltage amplifier of
Fig. 4(b) with 0-to-6 dB gain varied in step of 1 dB. It can
be seen that the amplifier exhibits almost constant band-
width independent of the gain.
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Fig. 4 The four different types of amplifiers: (a) current (b) voltage
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Fig. 5 Measured ac characteristics of the voltage amplifier of
Fig. 4(b) showing several gain settings

Digitally programmable ideal and lossy integrators are
shown in Fig. 6. The transfer function of the ideal inte-
grator of Fig. 6(a) is given by:

Vo 1
Vi sCR/a “)

There are two realizations for the lossy integrator

Fig. 6(b, c¢) with the following transfer functions, respec-

Vo aRy/R, )
Vl 1+ SCRZ ’
Vo Ry /R,

Vi 1+4sCRy/a’ (6)

Although the first employs grounded resistors its time
constant is not programmable. On the other hand, the
second realization exhibits programmable time constant. A
weighted summer circuit utilizing the virtual ground
property of the DCCA is shown in Fig. 7. The output
voltage is expressed as:
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A digitally programmable negative impedance converter
(NIC) is shown in Fig. 8. It is straightforward to show that
the circuit input impedance is given by:

Z

Zi=— o (8)

When Z is a resistor (R), a negative resistor (—R/a) is
obtained. Actively simulated inductors can be used in
several applications such as active filters, oscillator designs
and cancellation of parasitic inductances. Various topolo-
gies of active inductors based on op-amps, nullors, current-
feedback amplifiers and current conveyors can be found in
the literature. However, such active-RC realizations rely on
the inaccurate RC time constant to determine the induc-
tance value. Using the proposed technique a digitally
programmable active inductor can be implemented. The
inductor is obtained from the basic circuit of Fig. 9(a)
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Fig. 8 Negative impedance converter (NIC)

consisting of a voltage mode integrator with infinite input
impedance followed by voltage to current converter with
its output fed-back to the input node. The proposed circuit
of the lossless inductor is shown in Fig. 9(b). It can be
shown that its input impedance is given by:

SC1R1R2
T 9)

Obviously, the circuit simulates a lossless inductor with
an inductance L = C R Ry/(a ;) Clearly, the inductance
can be tuned digitally via o; and/or a,. On the other hand, a
negative lossless inductor can be obtained easily by
changing the polarity of one of the DCCA. A lossy inductor
with series resistance is shown in Fig. 9(c). The impedance
of the circuit can be expressed as:

7 =

1=0 viC
converter

Fig. 9 Simulated inductors: (a) general circuit for lossless inductor
(b) lossless L (c) series L-R (d) parallel L-R

_ SC]R1R2 +&
o o

Z (10)
The circuit simulates a lossy inductor with L = C{R R,/
o which can be digitally programmed via o. Similarly, by
changing the polarity of the DCCA a negative inductor in
series with a negative resistor can be obtained. A parallel
lossy inductance circuit is shown in Fig. 9(d). Routine
analysis shows that the input impedance is given by:

SC1R1R2

Zi=Ri// -

(11)

4 Digitally programmable filters

Two systematic approaches of designing second-order
digitally programmable active filters based on the proposed
technique are presented. First, biquads filters obtained by
substituting the inductor L in a LCR resonator with a cir-
cuit with inductive input impedance are provided. Second,
filters obtained from their two-integrator loop active-RC
counterparts are considered.

4.1 Simulated active inductance based filters

Class of active filters can be obtained using active simu-
lated inductors. This approach has the advantage of
realizing inherently very low sensitivity high-order net-
works directly. Also, the theory and design of passive RLC
filter is well-developed with tables and design manuals that
can be utilized for direct synthesis. It will be demonstrated
that the proposed inductor of Fig. 9(b) exhibits several
attractive features when used in filter designs. First, it can
be used to provide both voltage and current-mode func-
tions. Second, when it is used to design a bandpass filter an
additional lowpass function is automatically provided. A
second-order voltage mode LCR bandpass filter is shown in
Fig. 10(a). It can be shown that by replacing the passive
inductor by the proposed simulated inductor, as shown in
Fig. 10(b), the circuit provides both bandpass and lowpass
responses given by:

Vep s/(CR)
Vi s2+5/(CR) + o0/ (CCiRiR,)’ (12
Vie o1/(CCiRRy) (13)

Vi  s2+5/(CR) + oy /(CC\RiRy) "

It is worth mentioning that usually the lowpass biquad
requires the simulation of a floating inductor, which is
more difficult to design. It can be shown that the pole
frequency (w,), bandwidth (»,/Q,), and the quality factor
(Q,) are given by: w, = 1/v/LC = \/a105/(CCiR\R>),
®,/Q, = 1/(CR) and Q, = R\/010,C/(C1R|R;). Clearly,
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Fig. 10 Voltage and current-
mode bandpass filter (a) LCR

circuit (b) simulated circuit Vi A/WT‘?VBP

(a)

center frequency can be tuned digitally using ¢y and/or o,
without disturbing the bandwidth. Moreover, current mode
bandpass and lowpass function can be realized using the
same circuit by introducing an additional output current
terminal to each of the DCCA and applying current input
signal instead of the input voltage. The current transfer
functions are given by:

IBP__ SOC]/(CR])
I, & +5/(CR)+oj00/(CCIRIR,)’ (14)
IL_p O(lOCQ/(CCIRRl) (15)

I; - 52 + S/(CR) + O(]OCQ/(CC]R]RQ)

Figure 11 shows the bandpass magnitude responses of
the voltage-mode filter while Fig. 12 shows the response of
the current-mode lowpass filter where the corner
frequencies are varied digitally by controlling both o,
and o5, simultaneously. The bandpass filter is tuned from
approximately 200 kHz to 600 kHz whereas the tuning
range of the lowpass filter corner frequency is from
500 kHz to 5 MHz.

A highpass biquad can be obtained using the passive
LCR circuit of Fig. 13(a). Using the proposed parallel L-R
inductor, the highpass filter of Fig. 13(b) is developed.
Also, the circuit provides an additional bandpass function.
The transfer functions are given by:

Var _ i (16)
Vi S2+S/(CR1) +O(10(2/(CC1R1R2)’
Ver sou /(CiRy) (17)
Vi S2+S/(CR|)+O(10(2/(CC]R]R2).
The filter parameters are given by:w, =
\/oclocz/(CClRle), wo/Qo = 1/(CR1) and Qo =
o10CR/(C1Ry). Clearly w,, can be tuned without

changing w,/Q, via programming &, and/or o,. However, the
highpass filter output is not associated with a low impedance.
Hence, an additional VB may be required to provide that
output. Figure 14 shows the response of the highpass filter.
The corner frequency is tuned from 20 kHz to 60 kHz. In
summary, it can be seen that inductance simulation based
circuits result in independent control of pole frequency
without disturbing the bandwidth. However, they cannot be
used in applications requiring the tuning of @,, without varying
Q,. The following subsection develops filters enjoying inde-
pendent control of w, without disturbing Q,,.
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Fig. 11 Measured bandpass response of the voltage-mode filter of
Fig. 10 showing w, tuning

10

gain, (dB)

frequency, (Hz)

Fig. 12 Measured lowpass response of the current-mode filter of
Fig. 10 showing w, tuning

4.2 Two-integrator loop based filters

Several well-developed active-RC circuits can be con-
verted easily to their DCCA-RC counterparts by using the
basic elements presented in Sect. 2. This results in the
development of filters exhibiting independent control of e,
without disturbing their Q,,. For example, the op-amp based
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Fig. 13 Highpass filter: (a) LCR circuit (b) simulated circuit
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Fig. 14 Measured response of the highpass filter of Fig. 17 showing
w, tuning

resonator filter shown in Fig. 15(a) consists of a lossy
integrator, a lossless integrator and an inverter connected in
a loop. Two corresponding DCCA-RC based circuits are
developed using the two different lossy integrators as
shown in Fig. 15(b, c¢). Note that the inverter function is
embedded in the second DCCA. The transfer function of
the bandpass and lowpass outputs of the circuit of
Fig. 15(b) are given by:

@: _ SO(]/(C1R4) (18)
\4 S2—|-S/(C]R1)—|—OC]O(2/(C1C2R2R3)’
Vip ar0n/(C1CoR2Rs)
—=-5 . (19)
Vi s +S/(C]R1)+0610(2/(C]C2R2R3)

The  filter = parameters are  expressed  as:

Wy = \/0!10(2/(C1C2R2R3), (Uo/Qo = 1/(C1R1) and
0, :Rl\/alazcl /(C2RyR3). Therefore, the corner fre-
quency cannot be controlled without disturbing quality
factor. On the other hand, the second filter of Fig. 15(c) has
the same transfer functions except the second term in the
denominator is multiplied by o; to become so/(CR;).
Therefore, the different filter parameters become: w, =

Vo102 /(CiCRoR;),  @,/Qp =1 /(CiR;) and  Q, =

Fig. 15 Resonator filter: (a) based on op-amps, (b) & (c) based on
the DCCA and VB

Ry G

vLp

Fig. 16 State variable filter (a) based on op-amps (b) based on the
DCCA and VB

Ry \/oczcl/(ochszR3). Hence, it can be seen that w, can
be varied digitally without changing Q, by tuning o; and
o, simultaneously.

The state-variable filter or the universal filter, which
provides highpass, bandpass, and lowpass functions, real-
ized by op-amps is shown in Fig. 16(a). It is composed of
two lossless integrators and a summer circuit. The DCCA-
RC based state variable is shown in Fig. 16(b). Note that
the function of the summer is implemented by exploiting
the virtual ground and the different current polarity of the
DCCA. The transfer functions of the filters are similar to
those of the original filter except with the replacement of
R, and R, by Ry/a; and R/, respectively. This yields the
following transfer functions:
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gain (dB)

frequency (Hz)

Fig. 17 Measured response of the lowpass filter of Fig. 16(b)

Var _ s (20)
Vi SZ—FSOC]/(C]R])—‘rO(]OCz/(C]CzR]Rz)’

Ver _ so1/(C1Ry) (21)
V; s2 + SOC]/(C]Rl) + 0(10(2/(C1C2R1R2) ’

@ _ alotz/(chleRz) (22)
Vi S2+S061/(C1R1)—‘rO(lOCz/(C]CQRle)'

Therefore, the parameter w,, and Q, are given by: w, =
v/ oo/ (CiCoR Ry) and Q, = /02 C1R /(01 C2R,). Clearly,
, can be tuned digitally without disturbing Q, by varying a4
and a,, simultaneously. Note that the DCCA-RC based filters
employed grounded capacitors, which is recommended by
integrated circuit technologies. The measured response of
lowpass filter with variable w, is shown in Fig. 17. The
corner frequency is tuned from 600 kHz to 5 MHz. The
notch and the allpass filters can be obtained by properly
adding the lowpass, bandpass and the highpass filters.

R L

Vip# X

DCCA  + Vop

CMFB

R |

Vin Xn L X
DCCA +

T

o

: Von

Fig. 18 CMOS realization of the fully differential DCCA-VB

5 Fully differential realizations

Fully differential operation is required by most of the modern
high-performance integrated circuits. This is attributed to the
facts that fully differential operation improves noise rejec-
tion, increases the dynamic range particularly at low supply
levels and minimizes harmonic distortions. However, a fully
differential topology requires the addition of common mode
feedback (CMFB) circuitry to control common-mode output
voltage and without it common-mode voltage is left to drift.
There are several approaches to develop the fully differential
architectures for the proposed circuits. One way is to develop
fully differential realizations for both the DCCA and VB,
which require modifications in their CMOS realizations.
This method would require a separate CMFB circuit for each
element. Alternatively, a single CMFB circuit can be
employed to establish the common-mode voltage of both the
DCCA and VB [17] and as shown in Fig. 18. This method is
straightforward, easier to develop, and avoids the use of
redundant CMFB circuits. Figure 19 shows the design of the
fully differential architecture of the DCCA-VB including the
CMFB circuit.

M4 M5
Mcs | M77 't M6 Mcd | Mc3
—=—Ew 22— Vop
Mty M2 Cem Rem
S R N
Izn J_ Izp
—> ><—
7n L P | oo 7 Vem | Mcl Mc2
Xp
dld2  dn Cen Rem
- I ICM
|| == | = Von
MI2 Mi13

Fig. 19 Architecture for fully differential realization of the proposed DCCA-VB
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Fig. 20 Die-photo showing differential DCCA-VB

Fig. 21 Measured DC characteristics of DCCA-VB: single-ended
and fully differential

Die photograph of the fully differential DCCA-VB
element is shown in Fig. 20. It occupies an area of
approximately 0.3x0.32 mm? in a standard 0.5 um N-well
CMOS technology. The inputs of the CMFB circuit are
coming from the low impedance outputs of the VBs. This
simplifies the design of the input stage of the CMFB circuit
to two resistors (R.,) and two capacitors (C.p,).

The operation of the CMFB circuit was explained in
[17]. The measured DC response of the fully differential
DCCA-VB with the X’s and Z’s terminals loaded with
1 kQ resistors is shown in Fig. 21 while the ac response is

i
10°
frequency (Hz)

Fig. 22 Measured ac characteristics of the fully differential DCCA-
VB

06 ! ! ! T ! T T

o
IS

I
|
|
H
|
|
1
H
1
1
|
|
H
|
H
v
:
|
H
i
:
H
H
1
|
|
|
1
1
.
I
H
H
|
|
1
H
|
H
1
1
i
H
|
1
|
H
.
v
1
1
|
1

02F------- [ —— [ S [ F Y . dececennn deeen -~
@
| R o I
o
o 1
g i
'
= '
= 02 R P S [ O I LS R
Q '
B :
c '
[
=
=

(=]
s
T
H
H
H
H
H
H
H
H
H
H
'
H
H
H
.
H
H
H
H
H
H
'
.
H
H
H
H
H
H
H
1
H
'
H
H
H
H
'
H
|
1
H
H
H
H
'
'
i
H
H
'
H
'
P
|
'
H
1
r H
1

o
[*2]
'
'
'
'
'
'
i
'
'
'
'
'
'
'
'
v
'
‘
'
‘
'
'
'
'
v
H
'
'
‘
'
'
'
'
.
v
'
'
'
‘
‘
'
.
v
'
'
'
'
'
.
'
'
'
'
'
'
'
.
v
'
‘
'
'
'
'

02 0.4 06 0.8 1 1.2 1.4 16
time (us)

Fig. 23 Measured transient characteristics of the fully differential
DCCA-VB

shown in Fig. 22. The transient response of a square-wave
input of 1 V,, and 1 MHz frequency is shown in Fig. 23.
The 1% settling time is approximately 40 ns. The measured
input referred noise of the fully differential DCCA-VB is
17.3 nV/v/Hz. The nonlinearity of the circuit was deter-
mined using the two tones intermodulation test. The
measured input third intercept point IIP3 is found to be
31.4 dBm.

Using this fully differential basic building block circuit,
fully differential architectures of the proposed circuits can
be implemented easily. For example, Fig. 24 shows the
fully differential version of the universal filter of
Fig. 16(b). The measured bandpass filter function is shown
in Fig. 25 where the center frequency is tuned from 48 kHz
to 500 kHz. The common mode rejection ratio (CMMR)
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[Vem

Fig. 24 Fully differential realization of the universal filter

gain (dB)

frequency (Hz)

Fig. 25 Measured response of the bandpass filter of Fig. 24 showing
center frequency tuning

and power supply rejection ratios (for both negative and
positive supplies) were measured to be better than 45 and
40 dB, respectively.

6 Conclusions

A digitally programmable approach of designing analog
and mixed signal CMOS integrated circuits is presented.
The proposed technique based on digitally controlled cur-
rent amplifier (DCCA) and unity gain voltage buffer
achieves wide frequency operating range. Employing poly-
silicon resistors and capacitors, it exhibits high linearity.
The DCCA is utilized to provide digital tuning of the
design parameters of the proposed circuits. Basic building
blocks such as amplifiers, integrators and inductors are
developed. Systematic approaches of designing voltage and
current-mode filters are described. Circuits based on the
proposed technique achieve wide tuning ranges with high
resolution without component spreading. The tuning reso-
lution depends on the size of the CDN. With the
experimental setup of 6-bit CDN, the gain and frequency
characteristics of filters can be adjusted with 1.5%
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accuracy. However, the resolution can be improved to
better than 0.1% when using 10-bit CDN. Fully differential
architecture of the proposed approach is developed. The
DCCA and VB were fabricated in a standard 0.5 pm
CMOS technology. All of the proposed techniques and
circuits are experimentally verified.

Non-ideal analysis studying the frequency limitations
can be performed to each circuit separately. In general,
however, it can be observed that, for all of the proposed
circuits, all internal nodes, except those of integrating
capacitors, are either at virtual ground or low impedance
(output terminal of VBs). Thus all parasitic poles and zeroes
are expected to be at very high frequencies. The relatively
low band response of the measured filter data is limited by
the breadboard implementation of the various filters, in the
presence of parasitic capacitances in the order of 20 pF. In
integrated circuits, parasitics are much smaller; hence,
operation with higher bandwidths can be demonstrated.
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