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Abstract

At this work, a novel macromodel circuit is proposed for
current followers. Proposed macromodel can handle both
linear and non-linear behavior of current followers and saves
simulation time and design effort for engineers explicitly.
Proposed circuit is tested on a current follower circuit with
AC and DC inputs. Finally biquad filter which uses current
followers as active elements is simulated in time domain with
macromodel and element model appropriately

1. Introduction

Macromodel is the circuit which enables to simulate complex
and multi-element circuits with reduced number of active and
passive basic circuit elements. Simulation programs, imports the
physical elements such as resistors, diodes and transistors, into a
mathematical model and makes the simulation. Errors of
simulation are based on the representation capabilities of model
of the physical circuit. In general, method for improving the
accuracy is to add more elements to model of the circuit and
consequently it costs more simulation effort.

Simulation with the advanced model of transistors means to
work with sub-circuits built with at least ten elements for each
transistors and simulation of an integrated circuit which consists
of thousands of transistor and analog/digital element means a
great computational effort. It costs lots of time and requires
more computing effort respectively. Time-saving properties of
macromodels make them preferable for simulation. On the other
hand, macromodels are very suitable elements for non-linearity
analysis.

Several macromodel proposals are given for operational
amplifiers, current conveyors, four terminal floating nullors and
operational transconductance amplifiers have been given in
literature [1-6]. Although some of them have focused on linear
behavior, general trend is to handle both linear and non-linear
characteristics of related circuits. At this work, a macromodel
circuit is proposed for current followers, which consists of 6
resistors, 3 capacitors, 2 inductances, 4 diodes, 5 independent, 2
dependent voltage sources and 2 dependent current sources.

2. Macromodel Circuit

Representation of current follower is given in Fig. 1. In ideal
case, X is the input terminal with Rx = 0, Z+ and Z- are the
output terminals with R; = oo and current gain is +1 for Z+ and -
1 for Z-. In practice, there are several non-idealities to be
handled in macromodels.

Proposed macromodel is given in Fig. 2. Only Z+ output is
shown but Z- terminal can be obtained by adding a circuit which
has the same topology and elements with output stage consists

of Vop, Vss, Vs, Vps, Rps, Rps, D3, D4, Coi, Roi and kixa.
Formulas of circuit elements are given in Table 1.
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Fig. 1. Representation of current follower

Table 1. Formulas of elements in macromodel

Element  Equation Element Equation
0
Rexi IXmin Lx» -
a)C
- ! 0 442 +44, 42 -1
B WX RCXI B 8
R c L
X1 T'Xmax X2 Q)CZL
1 0, =—2— ;
Lxi )
@ Cy, I 20°
Vox Vofr Rx> 1
VDI IXmax~hl VD3 VDD - VOmax
VDZ IXmin-hZ VD4 VOmin - VSS
AV, AV,
h, Al Rps Al,
(IX > IXmux) (VO > VOmdx)
AV AV,
h, Al X Rops Al 7
(IX < IXmin) (VO < VOmin)
k 1 Coi Output capacitance
k» 1+¢ Roi Output resistance

Rexi, Cxi, Lxi and Ry elements give a band-pass filter
function and they are used to simulate input impedance relation
versus frequency. If we assume that Ry, is too small, ¢ is the
center frequency of this filter and BW is the bandwidth where
the impedance goes to -3dB of its peak value. BWx and ®c
values can be obtained by applying an AC test current into the X
terminal of the original current follower circuit.

Vox source represents the DC offset voltage. Combination of
hiix, hoix Vpi, Vo, D1, D2 elements determines the upper and
lower limits of input voltage-current relation curve in linear
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region. Ixms and Ixmn values are the upper and lower linear
region limits of input current of original follower. They can be
obtained by applying a DC test current into the X terminal of the
original current follower circuit.

Cxz, Lxo, and Rx, elements give a second order low-pass filter
function and they have been placed to the circuit for modeling
the relation between current gain and frequency. Rx, is taken
into account as 1. Quality factor Q and center frequency . of
second-order filter is needed to compute the element of this
stage. These values can be obtained from the AC current gain of
original current follower circuit. A,, is the peak value of current
gain and w,, is the frequency of this peak gain. Q, ®., Cx. and
Lx, values can be computed as shown in Table 1. Furthermore,
AC current gain can be in first-order low-pass form. In this case,
Lx, is taken to be zero and Cx». becomes
1/ (27'C£3d3).

Roi and Co; are output resistances and capacitances of
macromodel circuit. Vps, Vps, Rps, Rps, D3 and D4 elements
determine upper and lower limit of output voltage. Rp; and Rps
resistors determine the slope of I-V curve in non-linear range
[2]. Vomsx and Vomin are the maximum and minimum values of
linear voltage range at output terminal. € is current tracking
error in the original current follower circuit.

3. Application of Macromodel

Macromodel approach is tested on a current follower circuit
given in Fig. 3. Computed values of macromodel elements are
given in Table 2. Elements of Z- terminal of macromodel are
named Wlth VD5, VD5, RD5, RDG, DS, D6, Coz, Roz and kzXz.

Three test input is applied on macromodel circuit. Input
impedance and current gain versus frequency is given in Fig. 4
and Fig. 5. Voltage-current characteristic of input terminal is
given in Fig. 6.

Table 2. Elements values of macromodel applied for current
follower circuit in Fig. 3

Element Value Element Value
Lxi 4.69pH D;- Ds Ideal
Cxi 0.03pF Vi 44.5V
Rexi 39.7kQ h, 0.5 10°
Rxi 64.18Q A\ 231
Vox 0.59mV h, 510°
ki 1 Vb3 0.2V
LXZ 0.84nH VD4 0.1V
Cx2 0.168nF Rps 3.2kQ
Ry 1 Rps 680Q2
k, 1 Vbs 0.15V
Roi 1.52MQ Vs 0.15V
C()] 028pF RD5 700Q
ks -1 Rps 2.5kQ
Ro, 1.79MQ Vb 1.5V
Coz 3nF Vss -1.5V

4. Performance Test on a Butterworth Filter

A current-mode single-input three-output biquad filter is
given in Fig. 7. Current followers used as active elements in
filter. Transfer functions of filter are described as:

Hyp= = 1 ()
oIy SRR,C,C,+sR,C, +1
H,p = Iyp _ s*R,R,C,C, ®
Iy $*RR,C,Cy +5R,C, +1
1 sR,C
Hpyp =20 = =2 3

Iy S*RR,C,Cy + sR,Cy +1

A low-pass Butterworth filter with -1dB pass-band of10 kHz
and -20 dB stop-band of 15 kHz is realized with the biquad
filter given in Fig. 7. Transfer function Butterworth filter, Gpw is

4.6710°
57 +26662s + 467107
4.6710°
s2 +75928s + 467107
4.6710° “)
5% +113635s + 467107
4.6710°
s2 +134042s + 467107

Gyy =

Computed values of each circuit elements to realize
Butterworth filter are given in Table 3. Filter is simulated in
both AC domain and time domain. AC transfer function using
macromodel and element model is given in Fig. 8. For transient
analysis, a sinusoidal input with 10uA amplitude and 15 kHz
frequency is applied to the input of low-pass filter. Transient
response using macromodel end element model is given in Fig.
9.

Simulation times of element model and macromodel are
given in Table 4.

Table 3. Element values of biquad filter to build low-pass
Butterworth filter

Function Rl R2 Cl €2
SOk j0kQ 3.7507nF 0.57092nF
57 +266625 + 46710’ e ’

4.6710°
s acriy 10kQ  10kQ  131700F 1.6259nF
M0 10kQ  0.88001nF 2.4333nF
5> + 1136355 + 46710’ ' e

40710 10kQ  10kQ  0.74603nF 2.8703nF

52 +134042s5 + 46710’

Table 4. Performance table of macromodel versus element
model on simulation of Butterworth filter

AC analysis  Transient analysis
[Element model 5.46517 s 23.116s
IMacromodel 0.313 s 1.157 s

5. Conclusions

In this paper, a novel current follower macromodel is
proposed. Each element of macromodel is described and related
formulas are given. Macromodel is tested in two stages. Firstly,
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AC and DC test inputs are applied on macromodel circuit and
it’s shown that both AC and DC responses are very similar to
responses of the original follower circuit.

Secondly, macromodel is used realize a Butterworth low-pass
filter and simulated in both AC and time domain. According to
these simulations, it’s obviously shown that macromodel gives
very accurate responses in a dramatically short time.

Furthermore, non-linear behavior of macromodel is also
satisfactory according to DC responses
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Fig. 2. Proposed macromodel circuit
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Fig. 3. CMOS current follower circuit
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Fig. 6. Voltage-current relation of macromodel at node X
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Fig. 7. Current-mode single-input three output biquad filter

50 v T v T

-100F 1
<

-150F R

-200

-250F 1

_300} —deal \d
Element model
Macromodel
-350L n . " .
10 10 10 10 10 10
f(Hz)

Fig. 8. AC performance of macromodel on Butterworth low-
pass filter
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Fig. 9. Macromodel performance on Butterworth low-pass filter
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