
 

  
Abstract— This article presents the digitally adjustable 

current amplifier (DACA) and its analog behavioral model 
(ABM), which is suitable for both ideal and advanced analyses 
of the function block using DACA as active element. There are 
four levels of this model, each being suitable for simulation of a 
certain degree of electronic circuits design (e.g. filters, 
oscillators, generators). Each model is presented through a 
schematic wiring in the simulation program OrCAD, including 
a description of equations representing specific functions in the 
given level of the simulation model. The design of individual 
levels is always verified using PSpice simulations. The ABM 
model has been developed based on practically measured 
values of a number of DACA amplifier samples. The 
simulation results for proposed levels of the ABM model are 
shown and compared with the results of the real measurements 
of the active element DACA. 
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I. INTRODUCTION 

Many scientific articles in professional journals describe 
the design of frequency filters with a clear objective to 
create a universal filter e.g. with the lowest possible power 
consumption requirements. Those articles often focus on the 
design of filters working in the current mode (CM), with 
current considered as the input and output variable. The 
second option for the filter design is using the voltage-mode 
(VM) approach, with voltage considered as the input and 
output variable. These two modes can also be combined. 
When designing frequency filters, we have available active 
elements and their various modifications working on 
different principles, such as operational amplifiers (OPA), 
operational transconductance amplifiers (OTA), voltage 
conveyors (VC), current conveyors (CC), current feedback 
amplifiers (CFA), voltage followers (VF), current followers 
(CF), etc. [1] 

 An important parameter in the selection of an active 
element is the possibility of electronic control of the specific 
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parameter (gain, input impedance, etc.) by means of DC 
current or DC voltage. Controllable active element consists 
of simpler uncontrollable and controllable active elements. 
One of the fundamental active elements is the current 
differencing buffered amplifier (CDBA) [2], which can be 
created from two active elements current feedback amplifier 
(CFA) [2], [3], implemented for example through AD844 
[4], [5].  

By replacing the voltage buffer in the active element 
CDBA by an balanced-output operational transconductance 
amplifier (BOTA), an active element CDTA [6], [7] is 
created. The function of this circuit shows that it is possible 
to regulate the gain using transconductance and that it is 
suitable for use in construction of filters working in the 
current mode [6]. The current follower transconductance 
amplifier (CFTA) [8], with only one current input, is based 
on a similar principle as CDTA. CFTA transconductance is 
controllable and it is suitable for the construction of filters in 
the current mode. 

Other parameters of active elements are often also 
electronically controlled, usually using DC current. The 
active element current-controlled current conveyor 
transconductance amplifier (CCCCTA) [9] is based on the 
principle of current conveyor transconductance amplifier 
(CCTA) presented in [10], but there is a controllable input 
impedance at input x, which can be controlled by current, as 
shown in [9]. CCCCTA may be created using a current 
controlled current conveyor (CCCII) [11] and OTA. By 
combination of these active elements, we can also create 
a current controlled current follower transconductance 
amplifier (CCCFTA) [12]. In that case the input y of CCCII 
is grounded and the OTA replaced by a BOTA. This active 
element is again electronically controllable through current 
as for CCCCTA. 

Another group of controllable active elements are the 
digitally controlled active elements. Their properties are 
controlled by digital n-bit word. One of the digitally 
controlled active elements is the digitally controlled current 
conveyor (DCCC) [13]. This element is digitally controlled 
using current division network (CDN) [13], wherein the 
number of control bits is determined by the number of 
current division cells (CDC) [13]. Another possibility of 
creating CDC is based on the use of the unity-gain current 
amplifier with very low-resistance input terminal [14] and a 
current divider circuit. This principle is the basis for the 
digital control of the element digitally controlled current 
follower (DC-CF) [15]. 

The active element controlled using the digital word, 
presented in this article, is the digitally adjustable current 
amplifier (DACA) [16], [17]. It has been recently developed 
by the Department of Telecommunications of the Brno 
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University of Technology in cooperation with the company 
ON Semiconductor, based on verified technology in CMOS 
0.35 µm, suitable for analogue signal processing. The active 
element DACA can be used for instance in circuits of 
frequency filters, oscillators and function generators [18]-
[21]. In this paper we present newly designed ABM models 
[22] of the element DACA in four levels (zero, first, second, 
third level) in PSpice. As it is discussed in section III, the 
zero model describes only basic (ideal) behavior of the 
DACA. The first model is designed so that it reflects the 
inputs and outputs resistances and real values of gain, the 
second model is similar to the first level and it is 
supplemented by other functions to show the frequency 
dependence of input and output impedance values for 
different gains. The third level takes into account the real 
current limits of the inputs and outputs. This is particularly 
suitable when simulating complex electronic circuits 
containing different types of elements, sub-circuits and 
devices, require different levels of modelling for different 
circuits and therefore make it impractical to include all the 
functions into a single level of simulation model [23]. 
Dividing the model into multiple levels, a more detailed 
examination of the desired characteristics of the analysed 
circuit can be provided. 

II. FUNCTIONAL PRINCIPLES OF DACA 

The active element DACA (Fig. 1a) consists of differential 
current inputs and outputs. Inputs are of low impedance and 
outputs high impedance characters. The current gain can be 
adjusted with unity step from 1 to 8 of the input current in 
the non-differential connection. In the differential 
connection, the gain can be adjusted with 2-unit step from 2 
to 16 of the input current. The gain control is realized using 
a 3-bit bus (referred as CTR in Fig. 1a, b). The schematic 
symbol of the active element DACA is shown in Fig. 1a.  

 
Fig. 1a.  Schematic symbol of DACA element 

 
Fig. 1b.  Block internal structure of DACA element 

Figure 1b shows the internal structure of the circuit. It is 
based on a pair of digitally controlled current amplifiers. 

The relationship between internal and external currents is 
expressed by following equations: 

��� = ���� , (1) ��� = ���	 , (4) 

��� = 
������ , (2) ��� = 
�����	 , (5) 

��� = 
�����, (3) ��� = 
����� . (6) 

The resulting function of the circuit can be summarized as 
follows: 

����_�� = ����� − ���	�, (7) 

����_��� = ������ − ����	�, (8) 

����� = 
������ − ���	�, (9) 

����	 = −
������ − ���	�, (10) 

����_��� = 2
�����_��, (11) 

 
with AI as the current gain of the active element DACA and 
IDIF_IN, IDIF_OUT as the input and output differential currents.  

III.  ABM  MODEL OF DACA 

The ABM model for the active element DACA was 
developed to create the best approximation of circuit 
characteristics considered in the simulations during the 
design of electrical circuits that use this active element. The 
ABM model consists of several levels, each level adds 
certain undesired, but realistic, characteristics (e.g. input 
impedance, output impedance, frequency dependence, DC 
limitations) corresponding to the real properties of the 
DACA element. The use of individual levels in the model 
design allows us to identify and analyse how the adverse 
effects influence the function of the circuit. 

A.  Zero level macro model 

The zero level of the model represented in Fig. 2 is 
designed so that the element behaves as ideal. The use of the 
active element is not affected by any adverse effects. Parts 
labelled F1-F4 represent current-controlled current sources 
and their task is to simulate ideal transmissions of the 
controllable current amplifier DACA using specified 
functions. The following equations show the internal current 
source F3 function, equation (12), into which are substituted 
values from equation (14) following the variation of the 
input variable gain. The current source F4 is represented by 
equation (13), into which are substituted values from 
equation (15), again depending on the variation of gain. 
Equations (12-15) are control functions directly used for the 
PSpice simulation program. 

GAIN	 = 	 �F3@funcref�@gain�', (12) 

GAIN	 = 	 �F4@funcref�@gain�', (13) 

. *+,-	F3@funcref�g� =

�TABLE	�g, 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8�', 
(14) 

. FUNC	F4@funcref�g�

= �TABLE	�g, 1, −1,2, −2,3, −3,4, −4,5, −5,6, −6,7, 
−7,8, −8�'. 

(15) 
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Fig. 2.  Model of the zero level of DACA element 

B. First level macro model 

The first level of the DACA simulation model (Fig. 3) is 
designed so that it reflects the inputs and outputs resistances 
and real values of gain. Input resistance (resistors R1 and R2) 
is the same for all values of gain. The values of the output 
resistances (resistors R3 and R4) are chosen depending on 
the selected value gain. The gain of components F3 and F4 
already corresponds to the real measured gain values of the 
element DACA. Into equations (12) and (13) are substituted 
values from equations (18) and (19). For resistors R3 and R4 
the value of resistance (variable IMP1) changes with the 
variation of gain according to equations (16) and (17), 
which results in variation in the output impedance 
depending on the selected gain. The resistor R3 is 
represented by equation (16), into which are substituted 
values from equation (20). Similarly, resistor R4 is 
represented by equation (17), into which are substituted 
values from equation (21), in both cases depending on the 
value of specific gain.  

 

�:;1	 = 	 �*<3@=>?@<A=�@BCD?�', (16) 

�:;1	 = 	 �*<4@=>?@<A=�@BCD?�', (17) 

. *+,-	*3@=>?@<A=�B�

= �E
FGH	�B, 1,0.779,2,1.594,3,2.489,4,3.299,5, 
4.133,6,4.936,7,5.814,8,6.609�', 

(18) 

. *+,-	*4@=>?@<A=�B�

= �E
FGH	�B, 1, −0.801,2, −1.633,3, −2.55,4, 
−3.378,5, −4.232,6, −5.054,7, −5.951,8, −6.763�', 

(19) 

. *+,-	*<3@=>?@<A=�B�

= �E
FGH	�B, 1,72762.57,2,34139.24,3,21155.61, 
4,15713.62,5,11815.86,6,9862.1,7,8323.96, 
8,7236.25�', 

(20) 

. *+,-	*<4@=>?@<A=�B�

= �E
FGH	�B, 1,72748.87,2,34119.5,3,21390.12, 
4,15890.39,5,12044.26,6,10046.73,7,8430.3, 
8,7335.59�'. 

(21) 

 

 
Fig. 3.  Model of the first level of DACA element 

 
Equations (18) and (19) show that at higher gain values 

the output current values differ more significantly from the 
ideal current values specified in equations (14) and (15). 
Increasing the gain value also reduces the value of the 
output impedance. This statement is supported by the output 
resistance values specified in equations (20) and (21) for 
both outputs depending on the gain. The value of the output 
impedance is the highest at gain equal to 1, approximately 
72 kΩ. 

C. Second level macro model 

The design of the second level of the simulation model 
presented in Fig. 4 is similar to the first level and is 
completed by other functions to show the frequency 
dependence of input and output impedance values for 
different gains. The frequency dependence is simulated 
using capacitors C3 and C4, whose functions are given in 
equations (22) and (23). These equations are then 
supplemented by values from equations (24) and (25) 
depending on selected gain level. 

 

F_formula	 = 	 �*-3@=>?@<A=�@BCD?�', (22) 

F_formula	 = 	 �*-4@=>?@<A=�@BCD?�', (23) 

. *+,-	*-3@=>?@<A=�B�

= �E
FGH	�B, 1,12.2N, 2,12.6N, 3,12.7N, 4,12.9N, 
5,13.4N, 6,13.6N, 7,13.6N, 8,13.4N�', 

(24) 

. *+,-	*-4@=>?@<A=�B�

= �E
FGH	�B, 1,12.5N, 2,12.4N, 3,13.1N, 4,13.3N, 
5,13.7N, 6,13.9N, 7,13.7N, 8,13.5N�'. 
 

(25) 

 
Fig. 4.  Model of the second level of DACA element 
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As an example, Fig. 5 shows the frequency dependence of 
the output current at output OUT+ for the different gain 
levels. The results shown in the graph were obtained by 
excitation of input IN+ by input current IIN+ = 1 mA with 
connected load 50 Ω on OUT+. Approximately until 
reaching the frequency of 10 MHz, the output current at 
output OUT+ (Fig. 5) and OUT- (similar results to OUT+) 
are constant. At higher frequencies, there is a decrease in the 
ability of the amplifying gain values, reflected in a decrease 
of both output currents (OUT+ and OUT-). 

Similar frequency dependence can be seen in the graph in 
Fig. 6, showing the frequency dependence of the output 
impedance for output OUT+. The decrease in the output 
impedance starts at gain value equal to 1 already at a 
frequency of 15 kHz, whereas at gain value equal to 8 it 
only starts at a frequency of 500 kHz. 

Fig. 7 shows the frequency dependence of the input 
impedance. The input impedance of the amplifier is constant 
ZIN = 5 Ω for all values of gain and its frequency 
dependence is reflected in slight growth from 1 MHz and 
then a steep increase from 10 MHz. 

Fig. 5.  Output current IOUT+ for each value of gain 

 
Fig. 6.  Output impedance ZOUT+ for each value of gain 

 
Fig. 7.  Input impedance ZIN+ for each value of gain 

D. Third level macro model 

The third level of the simulation model represented in 
Fig. 8 takes into account the real current limits of inputs and 
outputs.  Input current limit is defined by inserting the 
function represented by equation (26) into the element F1 
and the equation (27) into the element F2 of the proposed 
model. Upper and lower input current limit is fixed by using 
variables HI(High) = 300 µA and LO(Low) = -300 µA. 

The output current limit is realized by inserting function 
(26) into elements F5 and F6. Values of variables HI and 
LO from equations (28) and (29) are then substituted into 
equation (26). Subsequently, in equation (28) values are 
added depending on the currently selected gain (variable 
gain) from equation (31), which sets the current limit of 
element F5. To set the element F6 we use equation (26) and 
add to it the values of current HI and LO from equations 
(30) and (29). Then we assign values to load depending on 
the currently selected gain from equation (32), which sets 
the current limit of element F6. 

F_formula	 = 	−G�:�E�@OD?,@GP,@Q��, (26) 

F_formula	 = 	G�:�E�@OD?,@GP,@Q��, (27) 

Q� = *5@=>?@<A=�@BCD?�, (28) 

GP = −@Q�, (29) 

Q� = *6@=>?@<A=�@BCD?�, (30) 

. FUNC	F5@funcref�g�

= �TABLE	�g, 1,300μ, 2,250μ, 3,200μ, 4,150μ, 
5,100μ, 6,75μ, 7,50μ, 8,30μ�', 

(31) 

. FUNC	F6@funcref�g�

= �TABLE	�g, 1,300μ, 2,250μ, 3,200μ, 4,150μ, 
5,100μ, 6,75μ, 7,50μ, 8,30μ�'. 

(32) 

 

 
Fig. 8.  Model of the third level of DACA element 

 
The functions of the input and output current limit are 

demonstrated in the graph in Fig. 9. The input current, 
connected to IN−, is the harmonic signal, which is indicated 
in the graph as IIN and has the following parameters: 
amplitude 1 mA (intentionally too high for DACA element 
in order to show the limitations), frequency of 1 kHz. Gain 
of DACA is set to gain = 2. Input current after the limit 
element is represented by the curve marked as LIMIT IIN. 
The amplitude of this curve is limited to 300 µA, according 
to the set values of upper and lower input current limit. 
Curves IOUT+ and IOUT- represent output currents of the active 
element, their amplitude is limited to 250 µA and 
corresponds to the values of equations (31) and (32) for the 
current limit gain value equal to two. Furthermore, the graph 
in Fig. 9 shows the particular gain limit represented as 
GAIN LIMIT I IN (gain is 2 in this particular case). This 
curve is based on the gain parameter defined in equation 
(18) for a gain value (variable gain) equal to two and the 
input current limit of element F1. 
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Fig. 9.  Demonstration of current limitations in the third level of model in time domain 

 
Fig. 10.  Demonstration of current limitation for each value of gain in DC/DC graph 

 
Fig. 10 shows the DC characteristics of the input current 

I IN, connected to input IIN- within the range −400 µA to 
+400 µA. The output currents for both outputs OUT+ and 
OUT− show the characteristic tendency for specific gain and 
for each gain value the current limit of elements F5 and F6 
is reflected, according to equations (26) and (27). Minor 
deviations of the inverting and non-inverting output 
correspond to the behaviour of these outputs in a real active 
element DACA. The graph further clearly indicates that the 
current limit decreases with increasing gain. 

IV.  COMPARISON WITH RESULTS FROM PRACTICAL 

MEASUREMENT 

Numerical values presented in the ABM model were 
obtained through thorough measurements and subsequent 
analysis of the results of DC, AC, and impedance 

characteristics for eight of produced DACA chips [17]. 
Figure 11 shows the curves for all eight values of gain 
depending on frequency for both measurement and 
simulation model results (real DACA and ABM simulation 
model of DACA). When comparing curves in case of the 
graph in Fig. 11, there are some deviations of the ABM 
model from real element at higher gain values. The graph in 
Fig. 12 shows the frequency dependence of the output 
impedance for all eight values of gain again for ABM 
simulation model and real DACA element. When comparing 
curves in Fig. 12, we can observe nearly identical curves for 
the output impedance for the model DACA and the real 
element DACA. In the graph in Fig. 13 the input impedance 
corresponds to value ZIN = 5Ω up to 1 MHz, for the model 
DACA and the real element DACA. 
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Fig. 11.  Comparison of measured and simulated gain for all variants of gain in DACA 

 
Fig. 12.  Comparison of measured and simulated output impedance for all variants of gain in DACA 

 
Fig. 13.  Comparison of measured and simulated input impedance for all variants of gain in DACA 
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V. CONCLUSION 

In this paper we presented an ABM model of recently 
developed digitally controlled current amplifier DACA. The 
ABM model of the active element is defined in four levels, 
each of which adds certain behavioural characteristics of the 
active element. The zero level is designed as a completely 
ideal and involves only an adjustment of gain from one to 
eight with a unity step. Gain selection is done by setting the 
value of the variable amplification (gain) from the specified 
range. The first level is based on the zero level, but the ideal 
gain values are replaced by real values and the level 
function reflects the influence of the input impedance (set to 
be constant; 5 Ω) and the output impedance (impedance 
value depends on the selected gain). The second level 
reflects the frequency dependence of the gain as well as 
frequency dependence of the input and output impedance. 
The third level of this model additionally reflects the input 
current limits (constant current limit value of 300 µA) and 
output current limit (particular limit value depends on the 
specified gain). These models are suitable to performance 
the initial simulations, where the operability of the proposed 
function blocks using DACAs as active elements is 
evaluated. Based on the simulation results, proper 
optimation steps can be done before experimental 
measurements are performed. Selected characteristics of the 
model and the real element DACA are presented in the form 
of graphs and are compared to each other. 
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