
Analog Integrated Circuits and Signal Processing, 45, 61–69, 2005
c© 2005 Springer Science + Business Media, Inc. Manufactured in The Netherlands.

Current-Division-Based Digital Frequency Tuning for Active RC Filters
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Abstract. This manuscript presents a novel digital frequency tuning technique for integrated active RC filters.
Unlike the traditional tuning approach of varying the values of the capacitors or resistors, the proposed technique
achieves the tuning by varying the currents that flow through the resistors or capacitors. In this manuscript, the
current varying is achieved by using a digital-controlled MOSFET-only current division network. This new tuning
technique features digital tuning, compact size, and wide tuning range as well as high linearity as demonstrated by
transistor-level circuit simulations.
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1. Introduction

The active RC filter provides highest linearity per-
formance compared with other types of integrated
continuous-time filters, such as MOSFET-C and gm-
C filters. A basic property of active RC filters is that
frequency tuning is required because their filter coef-
ficients are determined by the product of resistor and
capacitor values, which can vary as much as ±50% in
integrated circuits. The traditional tuning technique for
active RC filters is to use programmable capacitor (or
resistor) arrays [1–4]. Figure 1 shows a first order low-
pass active RC filter employing this tuning technique.

An alternative tuning approach is to control the cur-
rent ix that flows from the resistors (Fig. 1), such that
only a portion, say, α(0 < α ≤ 1), of ix is diverted to
the integrating capacitor C . The effect of this current
division is equivalent to the scaling of the capacitor C
by 1

α
. Therefore, tuning of the filter coefficients can

be accomplished. This concept was first applied in R-
MOSFET-C filter [5], where the above mentioned cur-
rent division is performed by a MOSFET differential
pair. In R-MOSFET-C filter, tuning is controlled by the
analog gate voltage across the MOSFET differential
pair.

In this manuscript, we propose to use a digitally pro-
grammable current division network (CDN) [6, 7] to

implement the above mentioned concept of current di-
vision and thus the frequency tuning of the active RC
filter. For automatic tuning, the method proposed in [3]
can be used.

Compared with the tuning approach in the R-
MOSFET-C filter, the proposed tuning method features
digital tuning. In this method, tuning is controlled by
a digital code, which can be stored in memory. There-
fore, the tuning process needs to be done only during the
power-up mode. Once the control code is obtained, the
tuning circuit can be turned off to save power. Another
advantage of the digital tuning is the higher immunity
of the tuning circuit to noises.

Compared with the traditional tuning approach of
using programmable capacitor/resistor arrays, the pro-
posed technique has the advantages of compact size
and wide tuning range. The latter property makes it
suitable in the baseband channel selection application
in multi-mode wireless receivers [8]. Meanwhile, the
proposed technique also retains the high linearity per-
formance of the active-RC filter. Furthermore, with a
properly designed CDN the proposed technique can be
used to reduce the chip area of filters with low charac-
teristic frequency, where large RC values are required
otherwise.

The remaining parts of this manuscript is arranged
as follows. Section 2 presents the principle of the
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Fig. 1. First order lowpass active RC filter with a programmable
capacitor array.

proposed tuning method, describes the current divi-
sion circuit, and discusses non-ideal characteristics.
Section 3 presents the transistor-level simulation re-
sults. Section 4 concludes the manuscript.

2. The Proposed Tuning Technique

We will start introducing the proposed tuning tech-
nique by using a first order filter as an example. A gen-
eral first-order continuous-time filter has the s-domain
transfer function H (s) in the following form:

H (s) = k1s + k0

s + ω0
. (1)

It can be of lowpass, highpass or allpass type depending
on the coefficients. Figure 2 shows a signal flow graph
(SFG) of this transfer function.

The active RC circuit of the general first order filter
employing the proposed tuning technique is depicted in
Fig. 3(a). A CDN is added in the circuit. It is connected
to all the resistors in one end, and to the virtual ground
of the op-amp in the other end. The CDN is used to
control the currents that flow from the resistors R1 and
R2 to the integrating capacitor CA. The CDN is digitally
programmable. The relation between its output current
(right hand side) and input current is described by the

Fig. 2. Signal flow graph of a general first order filter.

following expression:

Iout = α Iin, α =
n∑

i=1

bi 2
−i (2)

where bi is the i th digital bit and n is the length of the
control word.

Suppose the input resistance of the CDN is zero for
the moment. Under this assumption, the voltage drop
across the CDN is zero and node x of Fig. 3(a) behaves
like a virtual ground. We can thus obtain an SFG of the
circuit as shown in Fig. 3(b). The internal signal of the
SFG represents the current ic that flows to the capacitor
CA. By equating the SFGs of Figs. 3(b) and 2, we obtain
the correspondence between the filter coefficients and
component values as follows:

k0 = α

R1CA
, k1 = C1

CA
, and ω0 = α

R2CA
. (3)

From the above expressions, we observe that the char-
acteristic frequency ω0 of the filter depends on the value
of α. On the other hand, the passband gain (which
equals k1 in the highpass case and k0/ω0 in the lowpass
case) does not depend on the value of α. Therefore,
frequency tuning can be achieved without affecting the
passband gain by varying the value of α.

Since the maximum value of α is 1, ω0 can only be
tuned downward. Under the process variation, the min-
imum full-scale value of ω0 must not be less than the
desired value of ω0. For example, if the process has a
±50% variation and the desired value of ω0 is 2 MHz,
then the nominal full-scale value of ω0 must be at least
4 MHz. In other words, the RC values are designed ac-
cording to ω0 = 4 MHz. In contrast, in the traditional
tuning approach, the full-scale values of the capacitor
arrays must be designed according to the lower bound
of ω0, i.e., 1 MHz × (1–50%) = 1 MHz in this example.
A higher value of ω0 results in a smaller area. There-
fore, filters employing the proposed technique will be
more compact than those employing traditional tuning
technique. (Also, the CDN is very compact as it will
be explained in Section 2.1).

Besides the frequency tuning, the proposed tech-
nique has another application. For an RC filter that has
low characteristic frequency, large chip area is normally
required due to the large values of RC products. The
chip area can be reduced by the following approach.
First, the filter is designed with a higher characteristic
frequency to obtain smaller values of R and C. Then by
using a CDN with a fixed (if tuning is not necessary)
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Fig. 3. (a) Active RC circuit of the general first order filter with the proposed tuning technique. (b) Equivalent signal flow graph.

small value of α, the characteristic frequency can be
lowered to the desired range.

2.1. CDN Circuit and the Loading Effect

The most important circuit component for realizing the
proposed tuning concept is the current division net-
work. In this manuscript, we have chosen the one pro-
posed by Bull and Geelen [6] as depicted in Fig. 4. It is
an R-2R like MOSFET-only ladder. All the transistors
in the circuit are identical. The current flowing from the
input side of the CDN is divided into two equal parts at
each node of 1, 2, . . . , n. The accuracy of the current
division depends only on the matching of transistors
and can be very accurate. As indicated in the figure,

Fig. 4. (a) Symbol and (b) circuit of the current division network.

the binary-weighted currents in the vertical branches
are diverted either to the ground or to the output (con-
nected to virtual ground here) depending on a digital
bit of the control word.

Since the number of transistors required by the
CDN increases linearly with the size of the digital
control word, the CDN is very compact even for a
long control word.

The CDN has a characteristic resistance Rc look-
ing from the input. The value of Rc is proportional
to (L/W ) ratio of the transistors, and is typically in
the order of hundred Ohms or Kilo-ohms. At DC, all
the capacitors behave as open-circuits. Current flow-
ing through the CDN is zero. The node x (Fig. 3(a))
performs as a virtual ground. The filter’s behaviour
is not different from the one without CDN. At other
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Fig. 5. Loading effect.

frequencies the CDN will experience a voltage drop.
Node x will no longer be at virtual ground, and thus
the magnitudes of currents flowing from resistors to
the CDN will be affected. This effect is referred to as
loading effect [5].

Figure 5 illustrates the loading effect of a CDN con-
nected to two resistors. Consider the input signal v1

first. Due to the non-zero resistance of the CDN, the
current signal ix flowing to the CDN does not equal to
v1
R1

. Actually, it can be shown that

ix = v1

β R1
, (4)

where

β = 1 + Rc

R1//R2
. (5)

The β is called as the loading effect factor in this
manuscript. The value of β is the same for the
other input branch. For n (n > 2) resistors, β = (1 +

Rc
R1//R2//...//Rn

). If Rc � Ri for all i , then β ≈ 1, which
means the loading effect can be ignored.

Due to the loading effect, the SFG of Fig. 3(b) must
be modified accordingly. From the above analysis, R1

and R2 in Fig. 3(b) should be replaced with β R1 and
β R2 respectively. Therefore, the correspondence be-
tween the filter coefficients and component values must
be modified as follows,

k0 = α

β R1CA
, k1 = C1

CA
, and ω0 = α

β R2CA
.

(6)

To determine the component values based on (6) and
(5) involves solving nonlinear equations. Instead, we
can design the filter starting from (3), i.e., without con-
sidering the loading effect. Denote the values of Ri

obtained from (3) as R′
i , where i = 1, 2. From (3) and

(6), we have

β Ri = R′
i , i = 1, 2. (7)

Substituting (7) into (5) and solving β in terms of R′
i ,

we obtain

β =
(

1 − Rc

R′
1//R′

2

)−1

. (8)

In other words, to compensate the loading effect, the
resistors must be scaled as follows,

Ri =
(

1 − Rc

R′
1//R′

2

)
R′

i , i = 1, 2. (9)

The nonlinear I–V characteristics of the transistors
of the CDN may affect the nonlinearity of the whole
filter. However, the effect is insignificant due to the
small voltage drop across the CDN, which results in
small vDS for all transistors in the CDN. Small vDS

leads to low distortion.

2.2. Second and Higher Order Filters

A filter of higher than two-order can be implemented
by cascading first order and second order filter sec-
tions. A general continuous-time second order filter,
or biquad, has the transfer function of the following
form:

H (s) = k2s2 + k1s + k0

s2 + (
ω0
Q

)
s + ω2

0

. (10)

It can be of lowpass, highpass, bandpass or allpass type
depending on the coefficients. An SFG of the biquad is
shown in Fig. 6.

Fig. 6. Signal flow graph of a general second order filter.
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Fig. 7. (a) Proposed general second order filter. For simplicity, single-ended circuit is shown. The negative resistance −R3 can be implemented
in differential circuit. (b) Equivalent signal flow graph.

Figure 7 shows the active RC biquad circuit employ-
ing the proposed tuning technique and the equivalent
SFG. Note that the loading effect has been included in
the SFG. The loading effect factors βA and βB of the
first and second CDN respectively are:

βA = 1 + Rc

R1//R4
; (11)

βB = 1 + Rc

R2//R3//R5
, (12)

where Rc is the characteristic resistance of the CDNs.
βA and βB tends to one for Rc � Ri , i = 1, 2, . . . , 5.
By equating the SFGs of Figs. 6 and 7(b), we obtain
the correspondence between the filter coefficients and
component values as follows:

k2 = C1

CB
, k1 = α

βB R2CB
, k0 = α2

βAβB R1 R3CACB
,

(13)

ω0 = α

√
1

βAβB R3 R4CACB
, and

(14)

Q =
√

βB R2
5

βA R3 R4

CB

CA
.

From the above expressions, it can be observed that the
characteristic frequency ω0 of the biquad is controlled
by the digital code α. On the other hand, the Q factor
of the biquad does not depend on α, but on the ratios
of resistors and capacitors which can be sufficiently
accurate. Thus Q-factor tuning is not and need not to
be tuned. Moreover, the value of α does not affect the
pass-band gain of the filer. For, example, if the biquad
is configured as a lowpass filter, its DC gain k0/ω

2
0 is

independent of α.
To determine the values of R and C , we can first as-

sume βA = βB = 1 (no loading effect). From expres-
sions in (13) and (14), we can obtain a set of parameters
R and C . Denote the values of Ri obtained under this
assumption as R′

i , i = 1, 2, . . . , 5. By the method pre-
sented in Section 2.1, we can obtain the values of Ri
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when the loading effect is considered:

Ri =
{

βA R′
i , for i = 1, 4,

βB R′
i , for i = 2, 3, 5.

(15)

The loading effect factors βA and βB can be expressed
in terms of R′

i as follows:

βA =
(

1 − Rc

R′
1//R′

4

)−1

; (16)

βB =
(

1 − Rc

R′
2//R′

3//R′
5

)−1

. (17)

Last, since the non-linear distortion contributed by
each CDN is related to the effective gate-source voltage
of its transistors, it can be kept the same for all CDN
by adopting a constant-current density approach, i.e.,
by sizing the W/L of the transistors of each CDN to be
proportional to the input current of the CDN.

3. Simulation Results

In order to verify the proposed tuning technique, a 4th
order Butterworth lowpass filter with a 5-bit CDN has
been designed in a 0.35µ CMOS technology. The filter
is implemented as a cascade of two biquads of the type
shown in Fig. 7, with R2 and C1 removed. The targeted
−3 dB frequency f−3 dB of the filter is 2 MHz. As the
f−3 dB can only be tuned downward but not upward
with the proposed tuning technique, the nominal value

Fig. 8. Simulated amplitude response of the 4th order filter with 5-bit CDN at every control code. The control code of each curve is indicated
on the top of the graph.

Table 1. Component values of
the fourth order filter.

1st biquad 2nd biquad

CA 2pF 2pF

CB IpF IpF

R1 27.6 k� 27.6 k�

R3 22.9 k� 21.3 k�

R4 27.6 k� 27.6 k�

R5 45.2 k� 17.3 k�

of f−3 dB must be set higher than 2 MHz. To cover the
±50% variation of the RC product in the technology
that we have used, the nominal value of f−3 dB is set to
4 MHz.

The values of the components of the filter (cascade
of two biquads) after scaling according to the loading
effect are listed in Table 1. For both biquads, the resis-
tance of the CDN connecting to OP1 is approximately
1.2 k�, and the resistance of the CDN connecting to
OP2 is approximately 2.3 k�.

Transistor-level circuit simulations have been con-
ducted. The fully differential op-amps used in the de-
sign have 60 dB DC gain and 100 MHz gain-bandwidth
product. For the CDNs, the minimum transistor length
is used, and the transistor widths are ranged from 2 to
4 µ (sized according to their current densities).

Figure 8 shows the simulated amplitude response of
the filter at every control code. A wide tuning range of
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Fig. 9. (a) f−3 dB versus the control code, (b) Tuning accuracy.

f−3 dB from 125 KHz to 4 MHz with a step size of
125 kHz is obtained. Figure 9(a) shows the f−3 dB of
the filter versus the control code. It can be observed that
a monotonic tuning (which is very important if an auto-
matic tuning algorithm is applied) is achieved. Ideally,
the difference between the f−3 dB of two consecutive
control codes is 125 kHz. To show the tuning accuracy,

Fig. 10. Simulated output spectrum for a two-tone test.

we define

Err(i)

= [ f−3 dB(i) − f−3 dB(i − 1) − 1.25 KHz]

/ f−3 dB(i) × 100, for i = 1, 2, . . . , 2n − 1,

(18)
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where f−3 dB(i) is the −3 dB frequency of the fil-
ter at control code i (in decimal), and n is the num-
ber of bits of the control word. Figure 9(b) displays
the above defined tuning error. From the figure, we
find that the tuning error is within ±4% for most
control codes (except the first code due to its small
base of f−3 dB). This tuning accuracy is comparable
to the typical value ranged from ±2 to ±5% obtain-
able in the traditional programmable capacitor/resistor
array approach [4]. The tuning accuracy here is lim-
ited by the gain-bandwidth product of the op-amps,
because it results in non-perfect virtual ground, which
in turn affects the current division accuracy of the
CDNs.

To examine the linearity performance of the pro-
posed circuit, a two tone simulation has been con-
ducted. First, the control code is set to “01111” for
a f−3 dB near 2 MHz. Then two sinusoidal inputs at 2
and 1.9 MHz with amplitude of 2Vpp (differential) are
applied to the filter. These two frequencies are chosen
as they are near the edge of the passband of the filter,
where the worst distortion will appear due to the small-
est loop gain of the filter’s feedback loop. The simulated
output spectrum is shown in Fig. 10. The figure shows
that the 3rd harmonic at 1.8 MHz is −75.8 dB to the
fundamental one, which corresponds to a higher than
12-bit linearity.

4. Conclusions

A novel digital frequency tuning technique based on
current division for active RC filter has been presented
in this manuscript. The proposed technique features
compact area, wide tuning range and easy to design.
At the same time, the high linearity of the active-RC
filter is maintained when the tuning technique is ap-
plied. The feasibility and the above mentioned proper-
ties of the proposed technique have been demonstrated
by transistor-level circuit simulations.
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