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Fig. 1. Dual output Current Follower (DOCF): (a) schematic 

symbol, (b) 3rd order AC simulation model
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Abstract

Two single-ended (S-E) and two fully-differential (F-D)

band-pass filters are shown and compared in this 

contribution. Filters contain only simple current followers

with multiple outputs and one current amplifier with 

digitally adjustable gain that is used to control the quality 

factor of each filter with direct or inverse proportion.

Simulation results are included, and the values of quality 

factor obtained for each of the solutions are assessed.

1. Introduction

F-D structures [1 – 8] bring several benefits compared to the 

single-ended (S-E) circuits, such as a greater dynamic range of 

the signal being processed, greater attenuation of common-mode 

signal, better power supply rejection ratio, and lower harmonic 

distortion. Unsurprisingly, F-D structures also have some 

drawbacks. These are, in particular, the large area taken up on 

the chip, related to greater power consumption, and sometimes 

the more complicated design. 

The basics of the design of simple F-D structures with a high 

Common Mode Rejection Ratio (CMRR) with the help of 

coupling two S-E structures were described in [1].  

Transconductance elements such as the Balanced Operational 

Transconductance Amplifier (BOTA) [2] are traditionally 

present in F-D filters. Differential-input buffered and 

transconductance amplifiers (DBTA) [3] can also be applied. 

The Fully Differential Current Feedback Operational Amplifier 

(FDCFOA) operating in the voltage mode and having various 

internal structures is quite common [4] such as fully-differential 

current conveyors of the second generation (FDCCII) [5 – 6] or 

fully-differential current followers (FD-CF) [8]. The structures 

often work in the voltage-mode (VM); however, current 

research in analog functional blocks is also focused on the 

realization of the current-mode (CM) filters. Various 

conceptions of simple F-D circuits suitable for the processing of 

current-mode signals can be found in [7]. 

The methodology for the F-D filter design with various target 

requirements for the designed filtering structures was presented 

in [9], for instance. 

Recently, current followers with non-unity gain [10] or 

current amplifiers [11 – 12] were presented that might be 

suitable for high-frequency applications. In [8], [13 – 14], the 

digitally adjustable current amplifier (DACA) has been 

presented. It has differential current input and output, and the 

gain can be digitally controlled, as shown later in this 

contribution.

Our two structures of the band-pass F-D filter operate in the 

current mode and are compared with their S-E equivalents. Both

provide the possibility of digital adjustment of the quality factor,

which is beneficial. Simple multiple-output current followers 

(MO-CF) [15 – 16] and DACA are used as active elements. The 

design of these structures was performed by a simple 

transformation method, starting from the S-E circuits.

2. Active Elements

The S-E and F-D structures presented here operate with two 

types of active element. One is a simple current active element 

with dual or multiple outputs (DO-CF, MO-CF) [15]. As an 

example, the DO-CF schematic symbol is shown in Fig. 1(a), a

3rd-level simulation model suitable for AC analysis is shown in 

Fig. 1(b), and its outer behavior is described by

IOUT+ = –IOUT– = IIN  . (1)

The MO-CF schematic symbol, simulation model and 

equations are easy to derive. 

A Digitally Adjustable Current Amplifier (DACA) (Fig. 2a)

is the other active element. DACA has adjustable current gain 

(A), which is controlled by three digital bits. The DACA circuit 

was lately developed in cooperation with ON Semiconductor 

inc. in the CMOS 0.35 µm technology. We have several samples 
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Fig. 2. Digitally Adjustable Current Amplifier (DACA):

(a) schematic symbol, (b) 3rd-order AC simulation model
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Fig. 3. Single-ended band-pass filter with current active 

elements and adjustable quality factor (a) first solution (Q

controlled by A – inverse proportion) (b) second solution (Q

controlled by A – direct proportion)
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Fig. 4. Signal-flow graph of proposed band-pass filters (a) first 

solution (b) second solution

from the second test batch available and they are currently 

undergoing the first set of tests. The DACA 3rd-level AC 

simulation model is depicted in Fig. 2b. The current transfers of 

the DACA element are given by the relations

IOUT+ = A (IIN+ – IIN–),  IOUT– = –A (IIN+ – IIN–) . (2)

If input and output differential currents of DACA are defined by 

IID = IIN+ – IIN– , IOD = IOUT+ – IOUT– , (3)

then the differential current gain of the DACA element is given 

by 

IOD = 2 A IID . (4)

Measurement results for the DACA features are not yet 

available, therefore the DACA model is derived from the results 

of transistor-level simulation of the final DACA chip before 

production. The 3rd-order simulation model of the DO-CF was 

derived from the expected results of real DACA devices. It is 

obvious that these models do not cover all possible parameters 

of the above-mentioned active elements, but they are sufficient 

enough for an AC analysis and meaningful comparison of the 

solutions designed.

3. Proposed Frequency Filters

The DACA active element is suitable for the design of both 

the F-D and the S-E frequency filters working in the current 

mode. In Fig. 3, two circuit topologies of S-E band-pass filters 

are shown, Fig. 4 shows the signal-flow graphs of the circuits

designed. By suitably interconnecting unity-gain dual- and 

multiple- output current followers (DO-CF, MO-CF) and using 

a single DACA, the quality factor Q can be adjusted 

independently of the natural frequency ω0 and the pass-band 

gain. The current transfer function of the first variant (Fig. 3a) is

1112121

2

11
)(1

1ARCRRCC

ARC
K ES

ss

s , (5)

where the center frequency and the quality factor are expressed 

as

,
1

2

1

2121 CCRR
f E)-0_1(S

22 11

221

CR

CR

A
Q E)-1(S

1

A

.           (6)
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Fig. 5. Fully-differential band-pass filter with current active 

elements and adjustable quality factor (a) first solution (Q

controlled by A – inverse proportion) (b) second solution (Q

controlled by A – direct proportion)

The current transfer function of the second variant from 

Fig. 3b is 
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The S-E filters presented were easily transformed into F-D

filters shown in Fig. 5. The structures have the same features, 

but the transfer functions are changed because of the differential 

gain of DACA, which is twice higher (4). The current transfer 

function of the first variant from Fig. 5a is
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The current transfer function of the second variant from 

Fig. 5b is 
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where the center frequency and the quality factor can be 

expressed as
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It is obvious that the quality factor of filters from Fig. 3a and 

Fig. 5a can be controlled by DACA gain A (inverse proportion) 

and, in the case of filters from Fig. 3b and Fig. 5b, also by

DACA gain A (direct proportion).

4. Simulation results

To verify the theoretical presumptions, the behavior of all

proposed filtering circuits has been analyzed by Spice 

simulations.  The chosen or calculated values are summarized in 

Table 1. Center frequency is f0 = 1 MHz in each case. 

Simulation results comparing the S-E and the F-D filter are 

shown in Fig. 6a (first variant) and Fig. 6b (second variant). 

DACA gain A was adjusted to 1, 2, 4 and 8 in each case.

The obtained values of quality factor compared to the 

theoretical values are summarized in Table 2. It is obvious that 

the simulated values are lower than expected, especially when Q

is high. Results for the F-D filters are closer to the theory.

Because of the double differential gain of DACA element and 

because of the format of transfer function (9), the second F-D

variant does not have the same range of quality factor 

adjustment as the S-E filter. 

The second conception is more beneficial because its 

simulation results are closer to the theoretical assumptions (not 

shown in the graphs). Low-frequency attenuation is lower than 

expected (22-42 dB) in the first case. It is caused by the finite 

output impedance of the active elements used, which is expected 

to be only 100 kΩ at low frequencies, and in the case of the R2 -

C2 node, where three output impedances are in parallel, it is 

actually only 33 kΩ. This impedance forms a significant current 

divider together with R2 and therefore better attenuation cannot 

be achieved. The lower value of R2 could be used if this 

structure is preferred and the low-frequency attenuation has to 

be improved. The second conception has only two output 

impedances in parallel in this R2 - C2 node and therefore its 

impedance is 50 kΩ, which significantly improves the low 

frequency results. It is clear that a higher number of active 

elements is beneficial in particular cases. High-frequency 

performance of both filters designed and in both S-E and F-D

variants is very close to the theory. Naturally, when more 

complex models are used or active elements are replaced by 

transistor-level representation, we could expect more disturbed 

high frequency response. Nevertheless, these current-only active 

elements should provide better high-frequency performance than 

other kind of circuits. 

Monte Carlo analysis was performed in order to show the 

dissipation of results and also to compare the S-E and F-D

solution. Inner passive elements included in model of each of 

active elements were modeled with 10% tolerance in case of 

resistors and 20% tolerance in case of capacitors and inductors. 

Outside resistors and capacitors that are present in designed 

structures were modeled with 5% tolerance of resistors and 10% 

tolerance of capacitors. All filtering structures were simulated 
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Fig. 6. Simulation results, comparison of S-E and F-D band-

pass filter with Q adjustment (a) first solution (b) second 

solution

─ F-D filter      ••• S-E filter

with Gaussian distribution and two graphs are included in this 

contribution as an example of simulation results. First (Fig. 7a) 

shows results for first solution in S-E variant and for the highest 

quality factor and second (Fig. 7b) shows the F-D variant of the 

same filter. The difference between the lowest and the highest 

center frequency is 243 kHz in case of the S-E solution and 303 

kHz in case of the F-D filter. Worse results of F-D variant are 

caused by uncorrelated tolerances of passive elements in 

simulation. If tolerances are correlated, which represents more 

realistic scenario, results of the F-D solution should be better 

than results of the S-E filter. 

Table 1. Passive component values and range of quality factor 

adjustment by current gain of DACA element for each of 

presented band-pass filters

Variant
C1

[pF]

C2

[pF]

R1

[Ω]

R2

[Ω]

Qrange

[-]

1 (S-E) 51 680 560 1300 0.7 – 5.6

1 (F-D) 39 1200 360 1500 0.7 – 5.6

2 (S-E) 410 47 1100 1200 0.7 – 3.1

2 (F-D) 410 44 1640 860 0.7 – 4.0

Table 2. Theoretical a simulated values of quality factor for 

different DACA gains and for all designed band-pass filters

First solution

(S-E)

First solution 

(F-D)

A [-] 1 2 4 8 1 2 4 8

Qteor [-] 5.6 2.8 1.4 0.7 5.6 2.8 1.4 0.7

Qsim [-] 3.9 2.3 1.3 0.8 4.5 2.5 1.4 0.8

Second solution

(S-E)

Second solution 

(F-D)

A [-] 1 2 4 8 1 2 4 8

Qteor [-] 0.7 1.0 1.7 3.1 0.7 1.2 2.1 4.0

Qsim [-] 0.9 1.2 1.8 2.8 0.9 1.3 2.1 3.7

5. Conclusions

Two fully-differential and two single-ended band-pass filters 

were shown in this contribution. Each structure includes only 

current active elements and is designed to work in the current 

mode. The quality factor is controlled digitally by the current 

gain of one DACA element (dependence of Q on A is direct or 

inverse), which is placed appropriately in each of the structures. 

The simulations of both the S-E and the F-D filter proved the 

design correctness and the possibility of quality factor 

adjustment.

It is obvious that all designed filters have acceptable and 

comparable magnitude responses. When the advantages of the 

F-D filter, which were mentioned in the introductory part, are 

considered together with the better quality factor values, the F-D

filter is a better choice, especially when F-D signals are 

processed.

When the first and the second type of band-pass filter 

solutions are compared, the solution with the direct quality 

factor to gain proportion seems to have better properties, 

especially on low frequencies, as can be seen from the graphs.
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(a)

(b)

Fig. 7. Simulation results of the Monte Carlo analysis with 

Gaussian distribution; comparison of the first S-E and F-D

band-pass filter with Q adjusted to the highest value 

(a) S-E filter (b) F-D filter
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