
 

 

Abstract— Two new circuits of 2nd order universal 

frequency filter designed using signal-flow graphs method are 

presented. Both filters were proposed in single-ended and 

fully-differential forms. Multiple-output current follower 

(MO-CF) and digitally adjustable current amplifier (DACA) 

used in proposal are described in the paper. The pole frequency 

and the quality factor of filters can be controlled by the current 

gain of digitally adjustable current amplifiers suitably placed in 

the circuit structure. The actual function of the proposed filters 

is verified using PSpice simulation. Simulation results of 

proposed filters are also included in this paper. 

 
Keywords— Current amplifier, Current follower, Current 

mode,  Frequency filter, Fully differential, Single ended 

I. INTRODUCTION 

There are multiple methods how to approach to design of 

frequency filters. One of the general filter-design method 

frequently used for the proposal of new filters is autonomous 

circuit design method described in [1-4]. An autonomous 

circuit is presented as a circuit of passive and active elements 

which possesses no excitation source and has no selected 

input or output terminal. Such a circuit is solely described by 

the characteristic equation. These autonomous circuits then 

serve as a default circuit to design various types of frequency 

filters [4]. We can also mention a method of synthetic 

immittance system which can be found for instance in [4-6]. 

Higher-order immittance synthetic elements consist of serial 

or parallel combinations of elementary D or E type dipoles. 

There are four synthetic elementary dipoles connections with 

immittance of higher order namely DP, DS, EP, ES [6]. Other 

known way how to propose frequency filters is using 

signal-flow graphs (SFGs) method described in papers such 

as [4], [7], [8]. For synthesis and analysis of electrical circuits 

Mason-Coates' (M-C) flow graphs are used. These graphs can 

be understood as diagrams representing mutual relations 

between nods and branches of the analyzed circuit. Using this 

method we can directly propose circuits of frequency filters 

in two steps. Firstly, a type of the transfer function is 

determined. Subsequently, the rules of M-C graphs are used 

to create a graph of the proposed circuit described by its 

transfer function. From this graph the circuit network can be 

easily made [7]. 
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Lately we can experience a trend of decreasing of supply 

voltage caused by reducing of the integrated circuit size. 

Growning requirements on circuit with low supply voltage 

force desingers to propose circuits working in the current 

mode to achieve sufficient signal to noise ratio. Furthermore, 

the frequency-limitation of the common operation amplifier 

leads to employing of other types of active elements. Active 

elements operating in the current mode can provide a high 

frequency bandwith and dynamic range [4]. Research in 

analog functional blocks is also focuded on the realization of 

the current-mode filters using different types of a current 

conveyor (CC) [9-11] and differential voltage current 

conveyor (DVCC) [12], [13]. We can mention filters with 

operational transconductance amplifiers (OTA) [14-15], 

current differencing transconductance amplifiers (CDTA) 

[16], [17]. Filters emploing fully differential current 

conveyors (FDCC) can be found in [18-20]. Papers [21], [22] 

describe various types of filters using current followers (CF). 

Furthermore, it is possible to come across filters operating 

with current differencing buffered amplifiers (CDBA) for 

instance in [23] and [24]. 

This article contains also fully-differential structures of 

proposed filters because of their advantages when compared 

to single-ended circuits such as lower harmonic distortion, 

greater dynamic range of the signal, greater attenuation of 

common-mode signal and better power supply rejection ratio. 

Fully-differential structures have also a few drawbacks 

namely the larger area taken on the chip which leads to higher 

power consumption and more complex design than 

single-ended structures [25], [26]. 

II. ACTIVE ELEMENTS DEFINITION 

Description of two active elements used for proposal are 

presented in this section. Their schematic symbols and 

signal-flow graphs are included. Description also contains 

2nd level macro-models of these elements used in 

simulations of behavior of proposed circuits. 

To obtain low number of transfer function terms it is 

required employing multi-output active elements to create 

feedbacks, which allow us to cancel out unwanted terms of 

the transfer function [7]. Therefore, first used element is a 

multiple-output current follower (MO-CF) formerly 

presented in [27]. The MO-CF has on input and 4 output 

terminals. This component has been implemented using a 

universal current conveyor (UCC) [28], [29] as it is shown in 

Fig. 1. 
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The relations between the input and outputs of the 

MO-CF are described by following equations: 

 

,31 INOUTOUT iii   (1) 
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Its schematic symbol, simplified signal-flow graph and 

2nd level model is shown in Fig. 1. 

 

The second element is a digitally adjustable current 

amplifier (DACA) originally presented in [30]. This part has 

a differential current input and output and its current gain is 

adjustable [31]. The DACA circuit has been developed and 

implemented in cooperation of Brno University of 

Technology and ON Semiconductor Brno Design Center in 

the CMOS 0.35 mm technology. Its current gain can be set 

via 3-bit word in range from 1 to 8 with step of 1 [30]. 

The behavior of the DACA is given by the equations: 
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where A is a current gain of DACA. 

 

Its schematic symbol, simplified signal-flow graph and 

2nd level model is shown in Fig. 2. 

III. PROPOSAL OF UNIVERSAL CURRENT-MODE FREQUENCY 

FILTERS 

A. Description of the universal current-mode  frequency filter 

Circuits of filters proposed in this paper are based on 

analysis of previously presented filter published in [32]. It is 

2nd order universal current-mode frequency filter. Scheme of 

this filter and its signal-flow graph can be seen in Fig. 3. It 

contains 3 multiple-output current followers and it is based 

on the fact that frequency filters of the second order can be 

made by appropriate setting of integrators [32]. 

 

The denominator of all transfer functions of this filter is 

equal to: 
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Relation for the angular frequency and quality factor are: 
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Fig. 1.  A current follower a) schematic symbol, b) signal-flow graph, 

c) realization using the UCC, d) 2nd level macro-model 
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Fig. 2. A digitally adjustable current amplifier a) schematic symbol, b) 

signal-flow graph, c) 2nd level macro-model 
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Fig. 3. 2nd order universal current-mode frequency filter presented in [32] 
a) scheme, b) signal-flow graph 

  



 

where ω is angular frequency and Q is the filter quality 

factor. 

From Fig. 3 can be seen that all current responses are 

taken directly from high impedance outputs of the active 

elements. The original circuit was presented with only one 

input, but further analysis paid to this circuit showed that 

there can be 3 basic inputs. Specific transfer function can be 

obtained from the particular output, or summing of some 

outputs: 

 

,21

3

4

2

6

2

2

1

6

3

3

2

7

2

1

1

7

D

GG

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
I

IN

O

IN

O

IN

O

IN

O

IN

O

IN

O

IN

O

IN

O
LP




 (9) 

 

,12

3

36

3

32

2

3

1

3

3

47

3

41

2

4

1

4

D

GsC

I

II

I

II

I

I

I

I

I

II

I

II

I

I

I

I
I

IN

OO

IN

OO

IN

O

IN

O

IN

OO

IN

OO

IN

O

IN

O
BP



















 (10) 

 

,21

2

1

41

1

32

D

GCs

I

II

I

II
I

IN

OO

IN

OO
HP 





  (11) 

 

,2121

2

1

732

1

641

D

GGGCs

I

III

I

III
I

IN

OOO

IN

OOO
BS











 (12) 

 

.211221

2

1

6541

D

GGGsCGCs

I

IIII
I

IN

OOOO
AP








 (13) 

 

The aim of designers of integrated circuits is that 

proposed filters should be universal. In other words, a filter 

should be able of realizing all types of filtering functions (low 

pass, band pass, high pass, band stop and all pass filter). From 

equations (9-13) is evident that this filter provides all types of 

the transfer functions, moreover, all types of these functions 

except an all pass filter are presented even in inverted form. 

B. Proposal of new 2nd order universal current-mode 

frequency filters 

Based on the rules of M-C graphs, new filters have been 

proposed using the filter presented in [32] as a pattern. First 

of them can been seen in Fig. 4. In this case, 2 digitally 

adjustable current amplifiers have been added. By changing 

the current gain of these amplifiers, the pole frequency of the 

filter can be adjusted independently of the quality factor. Fig. 

5. shows the fully-differential version of the first proposed 

filter. Both F-D versions of proposed filters are designed with 

non-differential current followers instead of fully differential 

current followers (FDCFs) in order of easier implementation 

in form of PCB. 

The denominator for the transfer functions of this filter is 

given by: 
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In order to obtain particular transfer functions for the F-D 

filters factor A has to be replaced by 2A because of the 

differential gain of the DACA, which is twice higher than in 

case of S-E structures as is demonstrated by equation (5). The 

same applies for G1, G2 when their values must be twice 

higher than in case of S-E conductances. From equation (14) 

is obvious that in case A1 = A2 = A it is possible to control the 

pole frequency of the filter independently of the quality factor 

of the filter by adjusting this parameter. That is proven by 

following relations expressing the relationship between the 

pole frequency and quality factor. 
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We can see that, Q is not depended on A parameter and 

that is why this parameter will not change when A is changing. 

Following equations represent the transfer functions of this 

filter: 
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Fig. 4. First proposed 2nd order universal current-mode frequency using 2 DACAs S-E version a) scheme, b) signal-flow graph 
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Fig. 5. First proposed 2nd order universal current-mode frequency using 2 DACAs F-D version a) scheme, b) signal-flow graph 
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Fig. 6. Second proposed 2nd order universal current-mode frequency using 3 DACAs S-E version a) scheme, b) signal-flow graph 
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Fig. 7. Second proposed 2nd order universal current-mode frequency using 3 DACAs F-D version a) scheme, b) signal-flow graph 
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where A1, A2 is a current gain of DACA1, DACA2 

respectively. 

 

These equations show the fact that we can obtain high 

pass transfer function directly from the outputs of MO-CF1 to 

compare to previous circuit when it was necessary to sum two 

appropriate outputs in order to get high pass transfer function. 

This applies for the filter with 3 DACAs, too, that will be 

presented later. 

Figure 6 and Fig. 7 respectively show a single-ended and 

fully-differential version of the filter using 3 digitally 

adjustable current amplifiers. That allows us to control both 

the pole frequency and quality filter independently of each 

other. 

Parameter A1 is used to adjust the quality factor. By 

common change of parameters A2 and A3 we can set the pole 

frequency of the filter. 

The denominator of this filter is: 
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This equation gives the possibility of controlling of the 

pole frequency and quality factor independently of each other 

by adjusting A1 in order to change the quality factor and 

simultaneous change of A2 and A3 when A2 = A3 = A to control 

the pole frequency as is proven by: 

 

,
2 21

21
0

CC

GGA
f


  (31) 

 

.
1

21

12

1 CG

CG

A
Q   (32) 

 
The transfer functions are described by: 
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where A1, A2 and A3 are current gains of DACA1, DACA2 and 

DACA3. 

Transfer functions which correspond with a specific term 

of the denominator of the filter have unity gain in pass-band 

area regardless values of A parameters, therefore, these 

transfer functions are most advantageous. That applies for 

transfer functions from equations (19), (24), (35) and (40). 

Band pass transfer functions containing C1 capacitor instead 

of C2 which is involved in both denominates of proposed 

filters have not unity gain and the smallest attenuation starts 

at -5 dB. That applies for equations (21), (22) and (38). Other 

transfer functions change their gain according values of 

parameter A. In case of proposed filters from Figs. 4 and 5 

when comparing low pass transfer functions namely 

equations (17), (18) and (19), low pass transfer function from 

equation (17) using IIN2 has greater attenuation at higher 

frequencies. 

The same applies for band pass transfer functions from 

equation (20) when using IIN2 and equation (21). Comparing 

high pass and band stop functions, transfer function from 

equations (24) and (26) have slightly greater attenuation at 

higher frequencies. Transfer functions of proposed filters 

from Figs. 6 and 7 provide greater attenuation at higher 

frequencies in case of low pass and band pass functions from 

equations (34), (37) and then (33) and (36) when IIN2 input is 



 

used. High pass and  band stop functions from equations (40) 

and (42) provide slightly greater attenuation at higher 

frequencies. Comparison has been carried out using starting 

values of specific filter parameters specified in chapter 4. 

IV. SIMULATIONS 

To verify appropriate functions of proposed filters, 

simulations of these circuits were carried out using 

simulating program OrCAD and Snap. Some simulation 

results are included in this paper for illustration. All output 

responses illustrated in Figs. 8, 9, 12, 13, 14, 17 and 18 are 

inverting filtering functions. Output responses illustrated in 

Figs. 10, 11, 15 and 16 are non-inverting.  Models of active 

elements used in simulations are shown in Fig. 1 and 2 in 

chapter 1. Following values of specific filter parameters have 

been chosen for PSpice simulations the starting pole 

frequency f0 = 1 MHz, Butterworth approximation Q = 0.707 

(starting value), C1 = C2 = 100 pF and starting values of 

parameters A1 = A2 = A3 = 1 (half values in case of F-D 

filters). Because a real part of DACA is still in the testing 

phase we are using alternative element which allows us to set 

any value of its gain in range of 0-5 continuously, therefore, 

values chosen to verify ability to change the pole frequency 

or quality factor of proposed filters are solely 

demonstrational and do not necessary correspond with values 

which can be obtained using a real element of DACA 

amplifier. Remaining values of passive elements were 

calculated according equation (46), (47) respectively. 
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Proposed fully-differential filters are designed that way 

they have almost the same transfer functions as proposed 

single-ended filters due to modified values of passive 

elements: 
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In order to obtain particular transfer functions for the F-D 

filters factor A has to be replaced by 2A because of the 

differential gain of DACA, which is twice higher than in case 

of S-E structures as is demonstrated by equation (5). 

Outputs of both S-E and F-D filter structures with 2 

DACAs from Fig. 4 and Fig. 5 can be seen in Fig 8 when IIN1 

input has been used and output responses are taken from 

outputs IO2 (blue line), IO4 (red line), IO6 (green line) and IO2 + 

IO6 (turquoise line) in case of S-E form of the filter and IO1 

(blue line), IO2 (red line), IO3 (green line) and IO1 + IO3 

(turquoise line) for F-D form.  

Gain, delay and phase characteristics of all pass filter can 

be seen in Fig. 9 when outputs IO2 + IO3 + IO6 for S-E form and 

IO1 + IO2 + IO3 in case of F-D form were used. From the graph 

can be see that the filter is suitable only approximately up to 

frequency of 10 MHz because of bandwidth limitations of 

used active elements. The same applies for the second 

proposed filter.  

Figure 10 shows the transient analysis of this all pass 

filter where blue line represents the input signal, red and 

green lines are the output responses of S-E form, F-D form 

respectively. Amplitude of the input signal has been set to 

1 mA and frequency 1 MHz when the signal of non-inverting 

output should have its phase shifted of 180° opposed to the 

input signal. From the picture can be seen that the F-D filter is 

closer to the expected value. 

Transient analysis of band-pass transfer functions of 

filters from Figs. 4 and 5 can be seen in Fig. 11. Graph shows 

the input signal and output responses of band-pass transfer 

functions of filters from Figs. 4 and 5 to a unit step of value of 

1mA when IIN1 input and IO3 output in case of S-E filter and 

IO2 output in case of F-D filter have been used. It's important 

to note that used simulation models of active elements are 

designed mainly for AC analysis. That also applies for 

transient analysis of filters from Figs. 6 and 7. 

Figure 12 demonstrates possibility of adjusting the pole 

frequency of proposed S-E filter by changing the current gain 

of DACAs when IIN1 input has been used and output 

responses are taken from output IO2 in case of S-E form and 

IO1 in case of F-D form. Values of parameter A have been set 

A1 = A2 = {0.5, 1, 2}. Calculated values of the pole frequency 

for both S-E and F-D solutions and for chosen values of 

parameter A were {499.95 kHz, 999.91 kHz, 1999.81 kHz}. 

Measured values obtained from simulation were {466.48 

kHz, 921.54 kHz, 1816.23 kHz} for S-E form of proposed 

filter using 2 DACAs and {479.34 kHz, 942.31 kHz, 1846.38 

kHz} in case of F-D form.  

Figure 13 shows the transfer functions of S-E and F-D 

filters with 3 DACAs from Fig. 6 and Fig. 7. The input used 

in this case is IIN1 and output responses are taken from outputs 

IO2 (blue line), IO4 (red line), IO6 (green line) and IO2 + IO6 

(turquoise line) in case of S-E form and IO1 (blue line), IO2 

(red line), IO3 (green line) and IO1 + IO3 (turquoise line) for 

F-D form. 

Figure 14 shows delay and phase characteristics of all 

pass filter when outputs IO2 + IO3 + IO6 for S-E form and IO1 + 

IO2 + IO3 in case of F-D form were used.  

The transient analysis of this all pass filter can be seen in 

Fig. 15 where blue line represents the input signal, red and 

green lines are the output responses of S-E form, F-D form 

respectively. Parameters of the input signal have been chosen 

evenly like for the previous all pass filter, consequently, 

amplitude of the input was 1 mA and frequency 1 MHz. 

From the picture can be again seen that the output response of 

the F-D filter is closer to the expected value. 

Figure 16 shows the input signal and output responses of 

band-pass transfer functions of filters from Figs. 6 and 7 to a 

unit step of value of 1mA when IIN1 input and IO3 output in 

case of S-E filter and IIN1 output in case of F-D filter have 

been used.  

The ability of tuning parameters quality factor Q and pole 

frequency f0 independently of each other can be seen in Fig. 

17, 18 respectively. The input was IIN1 and the output 

responses were IO2 (S-E form), IO1 (F-D form) when the 

possibility of controlling f0 has been analyzed and IO4 (S-E 

form) and IO2 (F-D form) in case of quality factor adjusting. 

Gains of DACAs were set as follow A1 = {0.1, 0.5, 1} and 

A2, A3 = {0.5, 1, 2}. Calculated values of the pole frequency 

were the same as for previously described filter. Measured 

values obtained from simulation for the S-E form were  
 



 

  

 
 Fig. 8. Output responses of the S-E filter from Fig. 4 (solid lines) and of the F-D filter from Fig. 5 (dashed lines): 

 high pass, band pass, low pass, band stop when IIN1 has been used 

 

 
Fig. 9. Output responses of all pass filter characteristics (gain, delay and phase) of the S-E filter from Fig. 4 (blue lines)  

and of the F-D filter from Fig. 5 (red lines)  

 
Fig. 10. Input signal and output responses of all pass filter (transient analysis) of filters from Figs. 4 and 5 

when the input frequency was 1 MHz and amplitude 1 mA 



 

  

 
Fig. 11. Input signal and output responses of band-pass filtering functions of proposed filters from Figs. 4 and 5 

to a unit step signal of value of 1mA 

 
 

 
Fig. 12. Demonstration of controlling f0 in case of the S-E filter from Fig. 4 (solid lines) and of the F-D filter from Fig. 5 (dashed lines)  

when A1 = A2 were set 0.5, 1, and 2 

 
Fig. 13. Output responses of the S-E filter from Fig. 6 (solid lines) and pf the F-D filter from Fig. 7 (dashed lines): 

 high pass, band pass, low pass, band stop when IIN1 has been used 
 



 

  

 
Fig. 14. Output responses of All pass filter characteristics (gain, delay and phase) of the S-E filter from Fig. 4 (blue lines)  

and of the F-D filter from Fig. 5 (red lines)  
 

 

 

 
Fig. 15. Input signal and output responses of all pass filter (transient analysis) of filters from Figs. 6 and 7 

when the input frequency was 1 MHz and amplitude 1 mA 

 

 

 
Fig. 16. Input signal and output responses of band-pass filtering functions of proposed filters from Figs. 6 and 7 

to a unit step signal of value of 1mA 

 

 



 

 

{468.78 kHz, 914.73 kHz, 1805.3 kHz} and {477.38 kHz, 

945.39 kHz, 1854.8 kHz} in case of the F-D form. Calculated 

values of the quality factor were {7.068, 1.414, 0.707} and 

simulated for the S-E form {6.695, 1.379, 0.639} and {7.980, 

1.472, 0.693}. 

From Figs. 8-18 we can compare S-E and F-D output 

responses of proposed filters. The graphs show magnitude 

responses of non-inverting low pass, band pass and high-pass 

transfer functions. The F-D filters provide a slightly higher 

attenuation than the S-E structures. In this case the difference 

is most probably caused by unequal values of resistors since 

the values of resistors used in F-D structures must be a half of 

resistance used for S-E structures to obtain the same transfer 

functions. The pole frequencies of F-D filters are also closer 

to calculated values. Simulation results shown in Fig. 12, Fig. 

17 and Fig. 18 confirm the ability of controlling the pole 

frequency and quality factor of proposed filters. 

V. CONCLUSION 

Two new 2nd order universal filters proposed using 

signal-flow graphs method were presented in this paper. Both 

filters operate in the current-mode and both filters were 

proposed in single-ended and fully-differential form. In both 

proposals were placed digitally adjustable current amplifiers 

(DACAs) to control the pole frequency and quality factor of 

the filters. First designed filter uses 2 DACAs to adjust the 

pole frequency independently of the quality factor. In case of 

the second proposed filter there are used 3 DACAs to control 

both the pole frequency and quality factor independently of 

each other. From transfer functions of proposed circuits it is 

obvious that the filters are universal. Simulations verified 

functions of proposed circuits and some of them are included 

for illustration to compare S-E and F-D structures and 

illustrating possibility of controlling the pole frequency and 

quality factor. 

 
Fig. 17. Demonstration of controlling f0 in case of the S-E filter from Fig. 6 (solid lines) and of the F-D filter from Fig. 7 (dashed lines)  

when A2 = A3 were set 0.5, 1, and 2 

 
 

 
Fig. 18. Demonstration of controlling Q for the S-E filter from Fig. 6 (solid lines) and of the F-D filter from Fig. 7 (dashed lines)  

when A1 was set 0.1, 0.5, and 1 
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