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Behavioral modeling of Digitally Adjustable
Current Amplifier

J. Polak, L. Langhammer, and J. Jerabek

parameter (gain, input impedance, etc.) by means of DC

Abstract— This article presents the digitally adjustable current or DC voltage. Controllable active element consists
current amplifier (DACA) and its analog behavioral model  of simpler uncontrollable and controllable active elements.
(ABM), which is suitable for both ideal and advanced analyses opne of the fundamental active elements is the current

of the function block using DACA as active element. There are . . i .
four levels of this model, each being suitable for simulation of a differencing buffered amplifier (CDBA) [2], which can be

certain degree of electronic circuits design (e.g. filters, created from tw_o active elements current feedback amplifier
oscillators, generators). Each model is presented through a (CFA) [2], [3], implemented for example through AD844
schematic wiring in the simulation program OrCAD, including  [4], [5].

a description of equations representing specific functions in the By replacing the voltage buffer in the active element
given level of the simulation model. The design of individual cpBA py an balanced-output operational transconductance
levels is always verified using PSpice simulations. The ABM amplifier (BOTA), an active element CDTA [6], [7] is

model has been developed based on practically measured . . o .
values of a number of DACA amplifier samples. The created. The function of this circuit shows that it is possible

simulation results for proposed levels of the ABM model are t0 regulate the gain using transconductance and that it is
shown and compared with the results of the real measurements suitable for use in construction of filters working in the
of the active element DACA. 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
| INTRODUCTION electronically controlled, usually using DC current. The
active element current-controlled current conveyor
fransconductance amplifier (CCCCTA) [9] is based on the

rinciple of current conveyor transconductance amplifier
: . ) éCTA) presented in [10], but there is a controllable input
con;umpno_n requlrementg. Those articles often focus on t pedance at input X, which can be controlled by current, as
design of filters working in the current mode (CM), W'thshown in [9. CCCCTA may be created using a current

current corjsidered as the input _and output variable. TRE.oied current conveyor (CCCII) [11] and OTA. By
second option for the filter design is using the voltage-mo mbination of these active elements, we can also create

(VM) approach, with voltage considered as the input a current controlled current follower transconductance

output variable. These two modes can also be Combin%qnplifier (CCCFTA) [12]. In that case the input y of CCCII

When designing fre_quenc_y filters, we haye availabl_e active grounded and the OTA replaced by a BOTA. This active
elements and their various modifications working o

. S . o Llement is again electronically controllable through current
different principles, such as operational amplifiers (OPA)as for CCCCTA

operational transconductance amplifiers (OTA), voltage Another group of controllable active elements are the
conveyors (VC), current conveyors (CC), current feEdba(fhgitally controlled active elements. Their properties are
amplifiers (CFA), voltage followers (VF), current foIIowersControlleol by digital n-bit word. One of the digitally

(CF), etc. [1] . controlled active elements is the digitally controlled current

An mportant p"%‘“'?‘meter n the.selectlon of an aCt.'Ygonveyor (DCCQ) [13]. This element is digitally controlled
element is the possibility of electronic control of the speuﬁasing current division network (CDN) [13], wherein the

number of control bits is determined by the number of
Manuscript received January 13, 2015, revised February 16, 2015. curre_nt d'V'S'On cells (CDC) [13]. Another r_)OSSIt?IIIty of
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Many scientific articles in professional journals describ
the design of frequency filters with a clear objective t
create a universal filter e.g. with the lowest possible pow
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University of Technology in cooperation with the companyhe relationship between internal and external currents is
ON Semiconductor, based on verified technology in CMO8Xxpressed by following equations:

0.35 um, suitable for analogue signal processing. The activel - (1) L1 4
element DACA can be used for instance in circuits of ° "'’ 20 = lN-
frequency filters, oscillators and function generators [18]y = 4 ) Lo = Al (5)
[21]. In this paper we present newly designed ABM models’' i 21 [N
[22] of the element DACA in four levels (zero, first, second, 1,, = A1, (3) Ly = Apylyy . ©6)

third level) in PSpice. As it is discussed in section Ill, th : . o .
zero model describes only basic (ideal) behavior of tqﬁ;he resulting function of the circuit can be summarized as

DACA. The first model is designed so that it reflects theollows.

inputs and outputs resistances and real values of gain, thg v = v+ — Iin-), (1)
second model is similar to the first level and it is

supplemented by other functions to show the frequendyir our = Uour+ — lour-), (8)
dependence of input and output impedance values for

different gains. The third level takes into account the relgurs = Alive = Iiv-), (©)

current limits of the inputs and outputs. This is particularl
suitable when simulating complex electronic circuits®UT-
containing different types of elements, sub-circuits an
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]With A as the current gain of the active element DACA and
Dividing the model into multiple levels, a more detailedor_n: loir_ouras the input and output differential currents.
examination of the desired characteristics of the analysed
circuit can be provided.

= =AU+ — IIn-), (10)

DIF_OUT = ZAIIDIF_IN- (11)

[ll. ABM MODEL OFDACA

The ABM model for the active element DACA was
II. FUNCTIONAL PRINCIPLES OFDACA developed to create the best approximation of circuit

The active element DACA (Fig. 1a) consists of differentia‘fh"j‘_raCteriStiCS considered in the simulations during the

current inputs and outputs. Inputs are of low impedance a sign of electrical circuits that use this active element. The
outputs high impedance characters. The current gain can/tie¥ Model consists of several levels, each level adds

adjusted with unity step from 1 to 8 of the input current iﬁertain undesired, but realistic, characteristics (e.g. input
the non-differential connection. In the differential'mpedance’ output impedance, frequency dependence, DC

connection, the gain can be adjusted with 2-unit step froml'ﬂmat'ons) corresponding to the real properties of the

to 16 of the input current. The gain control is realized usi AQA element. The use .Of individual levels in the model
a 3-bit bus (referred as CTR in Fig. 1a, b). The schema sign allows us to identify and analyse how the adverse

symbol of the active element DACA is shown in Fig. la. effects influence the function of the circuit.

DACA A.  Zerolevel macro model
Ine % lour+ The zero level of the model represented in Fig. 2 is
e T + <‘<o'li designed so that the element behaves as ideal. The use of the
A . ouT- active element is not affected by any adverse effects. Parts
Oiﬂ/ko labelled F1-F4 represent current-controlled current sources
i and their task is to simulate ideal transmissions of the

controllable current amplifier DACA using specified

CTR 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 variablegain. The current source F4 is represented by

equation (13), into which are substituted values from

equation (15), again depending on the variationgaf.
fourt Equations (12-15) are control functions directly used for the
PSpice simulation program.

Fig. 1a. Schematic symbol of DACA element

o o GAIN = {F3@funcref(@gain)}, (12)
L SR
— I [ out
: I GAIN = {F4@funcref(@gain)}, (13)
| \ —
[ .FUNC F3@funcref(g) = (14)
R (TABLE (g,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8)},
Fig. 1b. Block internal structure of DACA element - FUNC F4@funcref(g)
Figure 1b shows the internal structure of the circuit. It is { ABLE (81,-1,2,-23,-34,-4,5,—5,6,—6,7, (15)

based on a pair of digitally controlled current amplifiers._7'8'_8)}'
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/IN- F2 F4 OUT. IIN- R2 E2 F4 IOUT-
e — e, O
R | s 00 e
F=1 F = §F4} F=1 F=f{F4} 1fiR4}

Fig. 2. Model of the zero level of DACA element Fig. 3. Model of the first level of DACA element
B. First level macro model Equations (18) and (19) show that at higher gain values
The first level of the DACA simulation model (Fig. 3) isthe output current values differ more significantly from the

designed so that it reflects the inputs and outputs resistaniégal current values specified in equations (14) and (15).

and real values of gain. Input resistance (resistpenB RB)  Increasing thegain value also reduces the value of the

is the same for all values of gain. The values of the outp@titput impedance. This statement is supported by the output
resistances (resistors; Rnd R) are chosen depending onresistance values specified in equations (20) and (21) for
the selected valugain. The gain of components F3 and F4both outputs depending on thain. The value of the output
already corresponds to the real measured gain values of if@edance is the highest at gain equal to 1, approximately
element DACA. Into equations (12) and (13) are substitute® KQ.

values from equgtions (18) and (19). For resistQ,ra_rRi R C. Second level macro model

the value of resistance (variabl®MP1) changes with the

variation of gain according to equations (16) and (17),

which results in variation in the output impedanc

depending on the selected gain. The resistar iR
represented by equation (16), into which are substitut
values from equation (20). Similarly, resistor, Rs

The design of the second level of the simulation model
resented in Fig. 4 is similar to the first level and is
completed by other functions to show the frequency
éj&pendence of input and output impedance values for
different gains. The frequency dependence is simulated

represented by equation (17), into which are substitutéﬁing capacitors £and G, whose functions are given in

values from equation (21), in both cases depending on tﬁguations (22) and (23). These gquations are - then
value of specific gain supplemented by values from equations (24) and (25)

depending on selectegin level.

IMP1 = {Fr3@funcref(@gain)}, (16) F_formula = {FC3@funcref(@gain)}, (22)
IMP1 = {Fra@funcref(@gain)}, (17) F_formula = {FC4@funcref(@gain)}, (23)
.FUNC F3@funcref(g) .FUNC FC3@funcref(g)
= {TABLE (g,1,0.779,2,1.594,3,2.489,4,3.299,5, (18) _ (TABLE (g,1,12.2p, 2,12.6p,3,12.7p, 4,12.9p, (24)
4.133,6,4.936,7,5.814,8,6.609)}, 5,13.4p, 6,13.6p, 7,13.6p, 8,13.4p)},
.FUNC F4@funcref(g) .FUNC FC4@funcref(g)
= {TABLE (g,1,-0.801,2,—1.633,3, —2.55,4, (19) ={TABLE (g,1,12.5p,2,12.4p,3,13.1p,4,13.3p, (25)
—3.378,5,—4.232,6,—5.054,7, -5.951,8, —6.763)}, 5,13.7p,6,13.9p,7,13.7p, 8,13.5p)}.
.FUNC Fr3@funcref (g)
= {(TABLE (g,1,72762557,234139.243,21155.61, DACA 2nd level
4,15713.62,5,11815.86,6,9862.1,7,8323.96, S
8,7236.25)}, N pin o
.FUNC Fr4@funcref (g) - Ri & I B 5
= (TABLE (g,1,72748.872,34119.53,21390.12, s | 2 ﬂf@h . ET] N
4,15890.39,5,12044.26,6,10046.73,7,8430.3, 1800 FofFd) qrey]  fca|
8,7335.59)}. &
|l
I 6‘7"’ lour.
R: Lo F2 F4
© -5’1 260n — ©
Rs
180Q e F=fF4} f{RRiﬁ f?&):r

Fig. 4. Model of the second level of DACA element
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As an example, Fig. 5 shows the frequency dependenceTdfe output current limit is realized by inserting function
the output current at output OUT+ for the different gairf26) into elements F5 and F6. Values of variables HI and
levels. The results shown in the graph were obtained h¥ from equations (28) and (29) are then substituted into
excitation of input IN+ by input currenty, = 1 mA with  equation (26). Subsequently, in equation (28) values are
connected load 502 on OUT+. Approximately until added depending on the currently selected d@aamiable
reaching the frequency of 10 MHz, the output current gain) from equation (31), which sets the current limit of
output OUT+ (Fig. 5) and OUT- (similar results to OUT+)element F5. To set the element F6 we use equation (26) and
are constant. At higher frequencies, there is a decrease indldd to it the values of current HI and LO from equations
ability of the amplifying gain values, reflected in a decreag@0) and (29). Then we assign values to load depending on
of both output currents (OUT+ and OUT-). the currently selectedain from equation (32), which sets
Similar frequency dependence can be seen in the graphhe current limit of element F6.
Fig. 6, showing the frequency dependence of the outpll_.ltf

impedance for output OUT+. The decrease in the output ormula = —LIMIT(@lin, @LO, @HI), (26)
impedance starts again value equal to 1 already at ag ¢y-mula = LIMIT (@lin, @LO, @HI), 27)
frequency of 15 kHz, whereas gdin value equal to 8 it ~
only starts at a frequency of 500 kHz. HI = F5@funcref(@gain), (28)
Fig. 7 shows the frequency dependence of the input
impedance. The input impedance of the amplifier is constand = —@HI, (29)
Zn = 5 Q for all values ofgain and its frequency
dependence is reflected in slight growth from 1 MHz and! = F6@funcref (@gain), (30)
then a3 steep increase from 10 MHz. .FUNC F5@funcref(g)
7Xl01 H‘r | H‘r | H‘r | r | HHHH’ (R HHHH’ | = {TABLE (g; 1!30()“'2'25()“'3'200”'4'150”' (31)
e S100067507.508.300)
TN | ez - FUNC Fo@funcref(g)
T T T T N | _sen=sp = {TABLE (g, 1,300y, 2,2501, 3,2001, 4,150, (32)
sl L L L e N\ || —ans|  5,1001,6,7511,7,501,8,301)}.
[ [ [ R [ R [ | | —gain=7
2 [ [ (AL [Nl [ |
Ak L b b l l E DACA_3rd level
L Lo b 1w 1 ‘ 1 ¢
e 10* 10° 10° 10’ 10° 10° 10 57}7
Frequency [Hz] e R, L . s o Jour
Fig. 5. Output currenblyr. for each value of gain ‘ oo T o
R le Rg@ e
T T T T T T 1gon  F=flimit 0} F=RFS} F = fimit_1)rR3} f{ca)T
L[] c
Lo | gain=2| }7
e |, &
R gain=4 S ‘ Ro L2 <+
| —ean=s) o R R el
A :g:::zs: 1800 F=fimit 0} F = f{F4) F=f(|imil_1)f(R4)@ fea]
o L gainsg]
S 0 = = T Fig. 8. Model of the third level of DACA element
10° 10" 10° 10° 10’ 10°
, ~ Frequency [Hz] _ The functions of the input and output current limit are
0 Fig. 6. Output 'mPEda”fQ’ZT+f°r eaCh‘Va'“e of gain demonstrated in the graph in Fig. 9. The input current,
I e | connected to IN—, is the harmonic signal, which is indicated
000D | %2 in the graph as,J and has the following parameters:
gol |l litniornnnn gain s ! amplitude 1 mA (intentionally too high for DACA element
I N R R T :SZ:::E '/l in order to show the limitations), frequency of 1 kHz. Gain
& Lo i | —eainsim=7| | of DACA is set togain = 2. Input current after the limit
400 ronnn e | mgansims8) /4 element is represented by the curve marked as LIMIT |
200 L2 The amplitude of this curve is limited to 300 pA, according
o L to the set values of upper and lower input current limit.
10° 10 10° 10° 10’ Curves byt+ and byr.represent output currents of the active

Frequency [Hz] element, their amplitude is limited to 250 pA and

Fig. 7. Input impedancenZ for each value of gain corresponds to the values of equations (31) and (32) for the
current limitgain value equal to two. Furthermore, the graph

D. Third level macro model curre : rurthe
Fig. 9 shows the particular gain limit represented as

The third level of the simulation model represented ig o R . . . .
Fig. 8 takes into account the real current limits of inputs an AIN LIMIT 1 (gain is 2 in this particular case). This

L . . ; curve is based on the gain parameter defined in equation
outputs. Input current limit is defined by inserting th 9 P 9

function represented by equation (26) into the element i 81)th§ll;r?er?f |Ii?ni\,:ag?ilé\r/ﬁenrib||:gf_m) equal to two and the
and the equation (27) into the element F2 of the propose

model. Upper and lower input current limit is fixed by using

variablesHI(High) = 300 pA and LO(Low) = -300 pA.
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Time [s]

LIMIT IIN ——GAIN LIMIT IIN

IOUT+ IO

UT-

Fig. 9. Demonstration of current limitations in the third level of model in time domain

~| ——gain=6 out+

——gain=1 out+
gain=2 out+
——gain=3 out+
gain=4 out+
——gain=5 out+

——gain=7 out+
gain=8 out+
----- gain=1 out-
gain=2 out-
------ gain=3 out-
gain=4 out-
----- gain=5 out-
----- gain=6 out-
------ gain=7 out-
gain=8 out-

I{A]
Fig. 10. Demonstration of current limitation for each value of gain in DC/DC graph

Fig. 10 shows the DC characteristics of the input currenharacteristics for eight of produced DACA chips [17].
Figure 11 shows the curves for all eight values of gain
+400puA. The output currents for both outputs OUT+ andiepending on frequency for both measurement and
OUT- show the characteristic tendency for specific gain arfimulation model results (real DACA and ABM simulation
for each gain value the current limit of elements F5 and Frﬁode| of DACA) When Comparing curves in case of the
is reflected, according to equations (26) and (27). Mingjraph in Fig. 11, there are some deviations of the ABM
deviations of the inverting and non-inverting outpufhogel from real element at higher gain values. The graph in
correspond to the behaviour of these outputs in a real actlp_/%. 12 shows the frequency dependence of the output
ﬁ‘npedance 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
Numerical values presented in the ABM model Wergorresponds to value,Z= 5Q up to 1 MHz, for the model

I, connected to inputyl within the range —40QuA to

element DACA. The graph further clearly indicates that th

current limit decreases with increasing gain.

IV. COMPARISON WITH RESULTS FROM PRACTICAL
MEASUREMENT

x 10"

obtained through thorough measurements and subsequSRICA and the real element DACA.

analysis of the results of DC, AC, and

impedance
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V. CONCLUSION

In this paper we presented an ABM model of recently
developed digitally controlled current amplifier DACA. Thel11]

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 thes)

value of the variable amplificatiomdin) 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 Ie\{g‘h
function reflects the influence of the input impedance (set to

be constant; 52) and the output impedance (impedance

value depends on the selectgdin). 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 inpu
current limits (constant current limit value of 300 pA) and
output current limit (particular limit value depends on the

specified gain). These models are suitable to performan[&@

the initial simulations, where the operability of the proposed

function blocks using DACAs as active elements i§.8]
evaluated.

Based on the simulation results,

[15]
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