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Exercise EO5IFE — Passive filters

Before you start to perform an experiment you are obliged to have eddtes
following theoretical subjects:
DC and AC currents. Voltage, current intensity and electric resistancf2][1]
Principle of electrical measurements. [3], [8], [9].
Four-terminal network. [1], [2].
Principle of oscilloscope operation. [4].
Passive electronic elements. [5], [6].
Electric circuits RC, LC and RLC. [6]-[9].

ok wNE

1. Purpose of the exercise

The purpose of the exercise is to obtain and analyze amplitude-frgqaeric
phase-frequency characteristics of the following passive filters:
1) low-pass RC and LC filters,
2) high-pass RC and LC filters,
3) band-pass Wien RC and LC filters.

2. Hazards

Type Absence | Low | Medium | High
electrical shock hazards +
optical radiation hazards
mechanical hazards (including acoustic hazards, noise)
electromagnetic radiation hazards (invisible)
biological hazards
ionizing radiation hazards
chemical hazards
thermal hazards (including explosion and fire)

+ |+ |+ [+ |+ |+

The cables with banana plugs are designed exclusively foreugh low-voltage circuits —
do not connect them to the mains supply 230 V.

3. Introduction

3.1.R, L, C elements in AC circuits

Each vector on the complex plane can be represented as a complesrnRegardless
of the physical meaning of a given complex quantity, we will iigeunderlined symbols,

e.g.:
A=Re(A)+ jIm(A) = Aexp(ja) = A(cosa + jsina), (1)
where A is called the modulus or magnitude of a complexier A, j=\/—_1 is the

imaginary unit, Re(A) and Im(A) are the projections of thé vector onto the real and
imaginary exes, respectively, aads the argument of a complex number.

-3-



Exercise EO5IFE — Passive filters

In sinusoidal AC circuits the phase difference between the cuaedt voltage
waveforms may occur. The relationships for such circuits camadiby evritten in the form of
Ohm’s law for complex quantities

U=ZIl or I=YU, (2)

whereU and | are the complex voltage and current, respectively, Ang the complex
impedance which has the dimension of electrical resista@Q¢eand Y is the complex
admittance which has the dimension of electrical conductancesigh€ns). The complex
impedance may be written in the following forms

Z=R+jX or Z=Zexp(j9), 3)

where: the magnitude of complex impedaice -/ R? + X2 is called the impedance,
¢ =tg(X/R) is the phase difference between voltage and d,rren

R=Re(Z) = Zcosyp is the resistance,
X =Im(Z) =Zsing is the reactance (does not dissipate power).
Analogously the complex admittance

Y=G+jB or Y=Yexp(¢), (4)

where: the magnitud¥ =+/G? + B? is called the admittance,
¢ =tg(B/G),
G =Re(Y) =Ycosg is the conductance,
B=Im(Y) =Ysing is the susceptance.
There are the following relationships between thpadance and the admittance:
G-jB o,
, (=-q.

(5)

If a sinusoidal altering voltage with the frequerfcis applied to the ideal coil with the
inductance. [H], the voltage to phase differenge= 172 is positive and the coil reactance is
given by

X =2rL . (6)
In the case of an ideal capacitor with a capadit@ ], the reactance is
1
Xa=—m—— , 7
¢ =" e (7)
where the negative sign is usually assumed duketmégative value of the phase difference

@=-72.

The reactance of an LC series circuit can be caledlas the sum of the coil’s reactance
and the capacitor’s reactanée= X + Xc. In the general case, the total complex impedahce
the serial circuit composed nfimpedances is given by

L=Z+Z,+...+Z,. (8)

Admittance is particularly useful in analyzing peetacircuits. The total complex
admittance of parallel circuit is the sum of thdividual admittances

YSY Y Y 9



Exercise EO5IFE — Passive filters

3.2. Voltage divider in AC circuits

All circuits tested in this exercise have the structure abgel divider shown in Fig. 1,
where, in the general case, the impedances of the componedesarded by the complex

valuesZ, and Z,.

o— 1] O
Z L lout

TQN Z Uout T

O O

Fig. 1. Circuit diagram for a voltage divider.

If the currentloyt flowing to the output of the divider is negligibly small, the sameentl
flows through theZ, and Z, impedances. The Ohm'’s law (2) written for the impedance

and for the serial circuit composed of tAg and Z,, impedances takes the form

Uour=4,1, (10)
Un=(Z1+Z)) 1. (11)
Hence, by eliminating the curreht, we get
Uour - 2o (12)
Un 41t

Since the equation (12) involves complex quantities, it will be acuewé to analyze
separately its real part describing the ratio of amplitudédw® (root mean square) voltages
that can be easily measured

UOUT :‘ ;2 ‘ (13)
Uin ‘;1 +Zz‘

If the sinusoidal altering complex voltages are expressed in the form
U =Unexplj(ot+oy)] and U gy =Ugyrexplj(wt +9oyr)l, (14)

the phase shift measured between the output and the input of the dividejut — v can
be calculated as

|m@0UT/Q|N) 15
ReU our Uin ) )

In the case of LC filters the value @fmay go beyond the rangev2 + +172 covered by the
arctangent function and the following formula shiblé used

o= IMU oyr/U ) RelU our/Uin ) . (16)
ImUour/U ) Uour/U |

¢ =arctg

arccos
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3.3. Signal filters

Signal filter is a circuit with a four-terminal structuf@ene pair of terminals acts as an
input and the other as an output) that passes signals in a sgesifuency band, and
attenuates signals with frequencies lying outside the band. Sijeed are mainly used in
electronic and energy devices. The filters connected betweersignal source and the
receiver provide the signal with the desired frequency spectiimch means that unwanted
signals have been filtered out.

The frequency band in which the filter passes signals with l@mwtion is called the
pass-band and the band in which the signals are strongly attermiatdtbd the stop-band.
The frequency at a boundary between these bands is the craepféficy. Some filters may
have several cut-off frequencies. Filters may be classifembrding to range of signal
frequencies in the pass-band:
> low-pass filters — pass-band from the frequeinrey) Hz to the cut-off frequendy,

» high-pass filters — pass-band from the cut-off frequéntryinfinity,

» band-pass filters — pass-band in the frequency range from thedoteff frequencyf; to
the upper cut-off frequendy,,

» band-stop or band-reject filters — stop-band in the frequency rangé.fram.,.

Depending on the components used, filters can be classified as:

» passive filters — contain only passive components:
— non-inductive filters (RC) — consist only of resistors and capacitors,
— reactance filters (LC) — consist only of coils and capacitors,

> active filters — the filter circuit contains active componesiigh as operational amplifiers.
It allows one to design a filter with any frequency response.

The basic parameters characterizing any passive signal filter are:

1) attenuation (k) — a value describing what part of the input signal is passduktélter
output at a given frequency. It can be expressed in several wgyssea direct voltage
ratio Uoyt/Un Or attenuation measured in decibels

k= —20|ogUOJ [dB], (17)
UIN

2) phase shift¢p — the difference between the phase of the volgagke filter output and the
phase of the voltage at the input expressed inegsgor radians,

3) cut-off frequency (fc) — a frequency characterizing a boundary betweeasssa-pand and a
stop-band. Typically, this frequency is assumedbt the frequency at which the
attenuation increases by 3 dB in comparison tarimmum attenuation in the pass-band
(so-called “a 3 decibel cut-off frequency”). Accorgl to the formula (17), an increase in
the attenuation by 3 dB corresponds to a decreafeivalue of th&oy/U) ratio to the
level of 10*% = 0708 the maximum value in the pass-band. The 3 dB ffurequency
is often equated with the cut-off frequency coroesfing to the reduction of tHéoy/Un
ratio to the level oﬂ/\/i = 0707 the maximum value. The frequency defined in theta
way is easier to calculate for the given RLC congras used in the filter circuit.
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3.3.1. Low-pass RC filter

o— '} _L O

R
IU”\] c UOUTI
(@, O

Fig. 2. Circuit diagram of a simple low-pass RC filter.

In the case of the circuit shown in Fig. 2 equation (12) takes the form

_
Your . 2mC

Un Rr- 1
21C

The ratio of the real voltages resulting from eq. (18) describesamplitude-frequency
characteristics of the low-pass RC filter which is plotted in Fig. 3

(18)

Uour _ 1 . (19)
Un 1+ (@rRC)2

Hence, the cut-off frequency of the filter at whidly1 /U =1/-/2
1
f=_ T
21RC

The phase-frequency characteristic of the low-pa€s filter can be obtained by
substituting eq. (18) into (15)

(20)

¢ =arctg-2nfRC) . (21)

1.4 0

1.2 - - -15

1.0 - -30
Z B ‘45 —
> 0.8 o
~
3 05 s
S5 - 75 &

04 - L 50

0.2 1 - -105

00 T T ||||||= T T ||||||= = i Yoy u -120

10 100 1000 10000 100000 1000000

f [Hz]

Fig. 3. Amplitude-frequency and phase-frequencyattaristics of a simple low-pass RC
filter. The points indicate the results of measwrata and the solid lines represent theoretical
dependencies (19) and (21).

-7 -
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The amplitude-frequency characteristic of the filter plottecoating to the formula
(19) in the system of two logarithmic axeglB] and log{ ) has two asymptotes:
horizontal asymptoté = 0 dB forf - 0,
oblique asymptote k=20 logf) — 20 logf;) forf — oo.
The intersection of the asymptotes corresponds to the cut-off fregdiemiven by the
formula (20) for which the attenuation coefficidr# 3 dB and the phase shift=—-45°.
The slope of the oblique asymptote can be expressed in units dB/oc@Bélecade,
where the octave means two waveforms with a 2:1 frequetioyarad the decade means a
10:1 ratio. For a simple RC filter, we get respectively 6 dB/octave or 20 citiel€Eig. 4).

35
30
25
20
15

k[dB]

10
5
o oo Coeee
5 T horizontal asymptote /
-10 T kIOdB I ——rr}

10 100 1000 10000 100000
f [Hz]

Fig. 4. Amplitude-frequency characteristic of a simple low-pass RC filter
plotted using a logarithmic scale on both axes.

3.3.2. High-pass RC filter

| |
o o
|
C
IUIN R UOUTT
(@, O

Fig. 5. Circuit diagram of a simple high-pass RC filter.

Equation (12) takes the following form for the circuit shown in Fig. 5
Uourt — R

Ui R—ij
21C

The ratio of the real voltages resulting from eq. (22) describesamplitude-frequency
characteristic of the high-pass RC filter shown in Fig. 6

(22)




Exercise EO5IFE — Passive filters

UOUT — 1 (23)

Un 12
(2TfRC)?

The phase-frequency characteristic can be obtained by substituting eq. (22%)nto (

1
¢ =arctg_——— . (24)
21fRC
1.2 120
r 105
10 4 [aTaVaVa"=) o oy
O-° 0 L 90
0.8 1 r 75
R S
2 60 ©
5 067 S,
S Y A Gttt - 45
) -
0.4 A ¢ 30
/ B 15
0.2 - s
YOS TTTOTTS 0
0.0 T ||||||= T T ||||I||= T T ||||||I T T ||||||I T T T T TTTT -15
10 100 1000 10000 100000 1000000

f [Hz]
Fig. 6. Amplitude-frequency and phase-frequency characteristics of a simple high-pass RC

filter. The points indicate the results of measurements and the solid lines repheseati¢al
dependencies (23) i (24).

The amplitude-frequency characteristic of the filter plottecoating to the formula
(23) in the system of two logarithmic axk$dB] and log{) has two asymptotes (Fig. 7),
which intersect at thi frequency (20):
oblique asymptote k=-20logf) + 20 logf.) forf - O,
horizontal asymptoté = 0 dB forf - oo,

k[dB]

0
. T f:\horizontal asymptotle= 0 dB
c!
10 N T O —
10 100 1000 10000 100000

f [Hz]

Fig. 7. Amplitude-frequency characteristic of a simple high-pass RC filter
plotted using a logarithmic scale on both axes.

-9-
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3.3.3. Band-pass Wien RC filter

e

R ¢ 1
U Rz2| | C2 —— Uour

O L O

Fig. 8. Circuit diagram of band-pass Wien RC filter.

Equation (12) takes the following form for the circuit shown in Fig. 8

4. -1
Uour _ (Rzl + J2T'fC2) . (25)
Ui - b iret+ jortcy)”
Ry oric, ( >t ) 2)
Hence, the ratio of the real output to input vadsg@shown in Fig. 9) is given by
2 512
Your _ (R1+CZ+1] +(2nlec2 - 1 ] 26)
U R, C 21fR,Cy
and the phase shift between these voltages
1 - 21fR,C
2
¢ = arctg 2RCy (27)
& + & +1
Ry

The formula (26) indicates that the circuit opesates a band-pass filter and the
maximum of its amplitude-frequency characteristmrresponds to the so-called center
frequency

fo = ; (28)
21/ RIR,C,C,
and the value of this maximum is
-1
(UOUTJ :(Rl +&2 +1] : (29)

The amplitude-frequency characteristic of the WRgh filter plotted according to the formula
(26) in the system of two logarithmic axkqddB] and logf) has two oblique asymptotes
(Fig. 10) that intersect at the point correspondmthe frequenciy (28):

oblique asymptote k =— 20 logf ) — 20 log(2WR,C;) forf - O,

oblique asymptote k = + 20 log{) + 20 log(2alR,C,) forf — co.

The phase-frequency characteristic given by thenditat (27) starts frong = +90° for
f - 0, goes through 0° for tHgfrequency, and tends #90° forf - o (Fig. 9).

-10 -
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0.5 120
- 105
it R - 90
YN 3 - 75
- 60
- 45
- 30
- 15
-0
- -15
- -30
- -45
- -60
- -75
-90
oo -105

10 100 1000 10000 100000 1000000

Uout/Uin
¢ [deg]

0.0

f [Hz]

Fig. 9. Amplitude-frequency and phase-frequency characteristics of the Wien RC filter
The points indicate the results of measurements and the solid lines represent #ieoretic
dependencies (26) and (27).

k[dB]

10 100 1000 10000 100000
f [Hz]

Fig. 10. Amplitude-frequency characteristic of the Wien RC filter
plotted using a logarithmic scale on both axes.

The quality factor of) factor of filter is defined as the ratio of the center fregyd, to

the bandwidth
f
Q = 70! (30)
fc2 - fcl

where f;; and f., are the lower and upper cut-off frequencies at which the voltaiie r
Uour/Uin decreases ti/+/2 of the maximum value, which corresponds to ameiase in the
attenuatiork by approximately 3 dB above its minimum. It cansbewn using the formulas
(26) and (29) that th@ factor (30) of the Wien RC filter is given by

-11 -
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Q: R-I-CZ(R-L+CZ+1J_1: m . (31)
RC (R C RiC; + RCy + RGy

The values of) that can be obtained from the formula (31) aretéichto the range 0 + 0.5.

The symbols introduced in formulas (28), (29) aB#l) (allow to simplify the form of
equations (26) and (27) describing the amplituégdiency and the phase-frequency
characteristics

UOUT :[UOUTJ 1 ’ (32)
U Uin maXJ1+Q2(f/fO—fO/f)2

¢ =arctdQ(fo/f = f/fo)]. (33)

3.3.4. Low-pass LC filter
The schematic diagram of a simple low-pass LCrfifeshown in Fig. 11.

o L °
IU”\] Uout I

C

S Wy

Fig. 11.Circuit diagram of a simple low-pass LC filter.

Resonance in the filter

In a typical real coil, there are significant enelgsses due to the series resistaRcef
the coil. This phenomenon is crucial for correctd@mng of the filter's characteristics near its
resonance frequency. In the low-frequency range fiiom 0 to the resonant frequency), the
real capacitor can be considered to a good appediamas an ideal capacitor, while at higher
frequencies the series resistance of the capditoray become significant.

RL L Rc C

Fig. 12.Equivalent circuit of a real coil. Fig. 13. Equivalent circuit of a real
capacitor.

Using the equivalent circuits of the coil and cafmcshown in Figs. 12 and 13, the input
impedance of the filter can be written as

, 1
Zn=2,+Z,=R +R-+j|2mfL-——— 34
IZN=47Z;=R +Re J( 5 fC] (34)

-12 -
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and the complex current flowing through this impedance

L zglN/;”\] ' (35)
When the frequenclyis equal to the resonant frequency
1
fo=—F7—, 36
0" on/LC (36)

and the load on the filter output is negligible, the reactaixgeand Xc of the L and C
elements compensate each other and the input cugremt,\/R reaches its maximum value
limited only by the series resistanRe= R_ + Rc. Because the same current also flows through
theL andC elementsly=U/Xc =U /X, . When the resistandeis small, the voltages on
the capacitanctlc and inductancé), can be even many times higher than the input voltage
Un. The ratio of these voltages at resonance is ctile@ factor of the RLC circuit

U U
ininc (37)
Un Upn

and

= 2T[f0L = 1 :1 L . (38)
R 2rmoRC RVC
If Un = const., it is convenient to express the input cudréioiving at any frequencl
as a fraction of the resonant currgnn the following form

1 _ R _ 1
lo Zwe \/1+Q2(f/fo‘fo/f)2

Considering the family offlo dependences diify given by eq. (39) for various values of the
Q parameter, we can see that an increase iQthalue is associated with an increase in the
sharpness of the resonance curve. It can be shown thét fieetor defined as the voltage
ratio (37) is equivalent to the Q facotor previously defined by fan{@D) with thefy
frequency given by eq. (36) and the frequenfjgeandfy, corresponding td /1, :]/\/5.

In practice, a function generator with an outpusigence of 5@ is not able to
maintain a constant voltage at the filter inputevdR is also of the order of several dozen
ohms. If the amplitude control knob in the generagmains in a fixed position, the greatest
voltage drop can be observed at the frequérdy.

Q

(39)

Signal transmission through the low-pass LC filter
Equation (12) takes the following form for the cittcshown in Fig. 11

i
Uour aric T (Qig/ 1)+ 2nRC) “0)
U j(sz_zéCj+RL+RC JQ(f /fg—fo/f)+1

Hence, the ratio of the real output to input vads@shown in Fig. 14) is given by

Uour - Qfpy1+ (2nfR.C)? (41)

UN 1+ Q¥(f/fy - fo/ )

-13 -
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and the phase shift between the output and input voltages
_Q(f/fo - fo/f)+2ﬂf&c
. (42)
J1+QA(f / fo = fo/ £)2y/1+ (2nfR.C)2

¢ =—arccos

1.4 30

_____________ 225 L 15
1.2 < - 0
L -15
R [ s
z ) —_
S 0.8 i -60 >
=S R 3 -75 S
806_\/\/— - 90 =
: ® - -105 ©
=) 2 UourUn . (o
0.4 A B N L - _135
QPO - -150
0.2 N - -165
......................... - -180
0.0 T T T ||||= T - - T F -195
30 300 3000 30000 300000

f [Hz]

Fig. 14. Amplitude frequency and phase frequency characteristics of a simple low-pass LC
filter. The points indicate the results of measurements and the solid lines repheseeti¢al
dependencies (41) and (42).

k[dB]

30 300 3000 30000 300000
f [Hz]

Fig. 15. Amplitude-frequency characteristic of a simple low-pass LC filter
plotted using a logarithmic scale on both axes.

-14 -
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The amplitude-frequency characteristic plotted according to theufar(1l) for a filter
with an ideal capacitoiR: = 0) has two asymptotes in the system of two logarithmic kaxes
[dB] and logf): a horizontal asymptote and an oblique asymptote with a slope of
12 dB/octave (Fig. 15). In the case of a real filies ¥ 0), the part of the characteristic with
an almost constant slope of 12 dB/octave = 40 dB/decade is limited arghdtdguencies
for which Xc << R¢ the characteristic tends to an asymptote with a slope of 6tdBéos 20
dB/decade:

horizontal asymptoté = 0 dB forf - O,
oblique asymptote k=40 log( /fo) for Rc <<Xc << X, (43)
oblique asymptote k=20 logf) — 20logR-/2rL) forf — oo,
The horizontal asymptote and the 12 dB/octave asymptote intersketrasbnant frequency
fo (36), while the asymptotes 12 dB/octave and 6 dB/octave intersectfafréwpiency

1
P 2mR-C

which corresponds to the equality of the capacitor’s reactanca0f2and its resistandec.

In the case of a filter with an ideal capacitBg € 0), the phase-frequency characteristic
given by the formula (42) starts fron=0° for f -~ 0, passes through90° for the fy
frequency, and tends t180° forf — o (Fig. 14). However, the resistanRe > O causes that
the phase shift reach a minimum in the rard80° +-90° and increases with further
increase in frequency.

The voltage ratio (41) reaches values greater than one at frezsgietase tdo. It is
worth noting, however, that the output voltadig, is proportional to the currehtflowing in
the resonant circuit and to the capacitor impedance, which decreatbesncreasing
frequency. Hence, the maximum of thiey/U)y voltage ratio occurs at a frequeniyax
lower than the frequencfy corresponding to the maximum current The complicated
Uout/Un onf dependence makes it difficult to derive an exact formulahief,.x frequency.
However, near th&,.x frequency we can neglect the term contairftagin eq. (41), which
simplifies the analytical derivation &fax

1
fmax = fowfl‘z—Qz : (45)

The maximum voltage ratio &t fax IS

(UOUTJ - Q (46)
Uin max 1- 1

4Q°

Hence, th&) factor corresponding to the measured vallg,{/Un)max Can be calculated as

-2
Q:[UOUTJ \/1+1\/1_(UOUTJ . (47)
Ui max 2 2 Ui max

f (44)

-15 -
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3.3.5. High-pass LC filter (extended version)
The schematic diagram of a simple high-pass LC filter is shown in Fig. 16.

| |
(@, O
|
C
TU'N L UOUTI
O

o
Fig. 16.Circuit diagram of a simple high-pass LC filter.

Considering again the equivalent circuits of the coil and capahtmwn in Figs. 12 and 13,
the following formulas remain valid: the filter input impedance (34¢, frequencyf, (36)
corresponding to the maximum current, Qdactor (37) and (38), and the current rdfig

(39).
Equation (12) for the circuit under consideration has the following form
jorfl+R _ (Qf/fo)(j + R /2mf L) (48)

Uour _ .
Un ; 1 jQ(f/fO_fO/f)"'l
= 21fL - +R +
J[ > nch R +Re
Hence, the ratio of the real output to input voltages (shown in Fig. 17) is given by
Uour . Qf+/1+(R./2rt L)’ o)

UN o1+ Q3(f /Ty — fo/ 1)

and the phase shift between the output and indtages

¢ =arccos .
1+ Q3(f/ fo— fo/ )21+ (R /2 L)?

¢ [ded]

Uout/Uin

f [Hz]

Fig. 17.Amplitude-frequency and phase-frequency charadiesisf a simple high-pass LC
filter. The points indicate the results of measwrata and the solid lines represent theoretical
dependencies (49) and (50).

-16 -
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k[dB]

30 300 3000 30000 300000
f [Hz]

Fig. 18. Amplitude-frequency characteristic of a simple high-pass LC filter
plotted using a logarithmic scale on both axes.

The amplitude-frequency characteristic plotted according to theufar(9) for a filter
with an ideal coil R. = 0) has two asymptotes in the system of two logarithmic kxeB]
and logf): a horizontal asymptote and an oblique asympt@fdB/octave. In a real circuit,
whereR_ > 0, the coil resistand® dominates over the reactan§e= 2rfL at low frequencies
and the LC high-pass filter works as an RC high-pass filtdr av characteristic asymptote
—6 dB/octave =20 dB/dekad (Fig. 18):

oblique asymptote k=- 20 logf) - 20 log(2iR.C) forf - O,

oblique asymptote k =- 40 log(f/fo) for R. << X << X,

horizontal asymptoté = 0 dB forf - co.
The horizontal asymptote and th&2 dB/octave asymptote intersect at the frequén(3o),
while the asymptotes6 dB/octave ané12 dB/octave intersect at thgfrequency

_ R
fo ey (51)

which corresponds to the equality of the coil’s reactamtg 2nd its resistand®, .

In the case of a filter with an ideal colR (= 0), the phase-frequency characteristic
given by formula (50) decreases monotonically from 180f for0 to 0° forf - « (Fig. 17).
However, the resistancB_> 0 causes that the characteristic starts from 90°f forO,
increase to a certain maximum value less than 180° and drop tof0S fer

WARNING: in the circuit tested in this exercise, Re<< X << Xc relationship is not
well satisfied in any frequency range and consequently the etiwsdr asymptote
—12 dB/octave visible in Fig. 18 is clearly shifted relative to theasarement points. This
result well illustrates the difficulties encountered when dwsgyLC filters with a slope of
—12 dB/octave over a wide frequency range. In practice, this taskak simpler when using
active RC filters.

The output voltag&oyr is proportional to the curremtflowing in the resonant circuit
and to the coil impedance, which increases with increasing freguideace, the maximum
voltage ratioUoyt/Uin occurs at a frequendyax higher than the frequendy corresponding
to the maximum current. Because the effect of tH& resistance cannot be neglected,
determining the theoretical valuefgfxis complicated and beyond the scope of this exercise.
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3.3.6. Band-pass Wien LC filter (extended version)

UOUT Lz Cz ___: U|N T

o . O
Fig. 19. Circuit diagram of Wien LC filter.

Equation (12) takes the following form for the Wien LC filtdrosn in Fig. 19
composed of coils and capacitors with the equivalent circuits shown in Figs. 12 and 13

Uour _ {(jZTﬁLz +R ) +[- j/(2rfCy) + Rcz]_l}_l . (52)

o j(zml —ZT;CJ + R + Ry H (2L, + R) ™ +[- /(2r1C,) + Reo] 1

Because equation (52) is difficult to analyze, aptete quantitative analysis will only be
presented for the case of a filter composed oflideds and capacitors. Substitution of
R.1 =R2 =Rc1 =Rz = 0 simplifies formula (52) to the form

l'iJOUT - 1 , (53)
Un (LG _fi)fa_f],,
LG\ f, fAF f
wheref; andf, are the resonance frequencies
_ 1 (= 1
on/LC, ¢ 2n/LC,
The ratioU 5,1/U,y given by formula (53) does not contain an imagingart and takes

positive values around thk frequency and negative values for other frequencin
exemplary dependence of the module of expressiBnhdb the frequency is presented in
Fig. 20. Regardless of the choice of thel,, C; andC; values, this module always has one

local minimum at the frequency
fo=yfifs, (55)

which is surrounded by two maxinibpyt/Uny — . These maxima occur at frequencies that
do not coincide witti; norf..

The phase shift resulting from thég /U,y expression given by formula (53) takes

only the value$ = 0° around the frequendy or ¢ = £180° (Fig. 20). The values +180° and
—180° are indistinguishable in measurements, aitngjuishable on the basis of a theoretical
analysis of the limit aB 1 =R > =Rc1 =R, — 0.

The expression (52) becomes complex for the regieti 1, R 2, Rc1, Reo greater than
zero. Increasing the resistances initially leads tdecrease in the height of theyt/Un
maximums and to smoother switching of thevalue (Fig. 21). Further increasing these
resistances or selecting other valuesLofind C may lead to the disappearance of the
maximums and to the transition of the minimum &ygfrencyfy into a single maximum
(Fig. 22). In the case of circuits available in tteboratory of electronics, both of these cases
may occur for different settings of the S2 switclexperimental module.

fy (54)
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Fig. 20. An example of the theoretical amplitude-frequency and phase-frequency
characteristics of a Wien LC filter composed of ideal coils and capacitors.
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Fig. 21. An example of the theoretical amplitude-frequency and phase-frequency
characteristics of the Wien LC filter for small values of series resigtaotcoils and
capacitors compared to their reactances at frequegcy f
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Fig. 22. An example of amplitude-frequency and phase-frequency characteristics
of the Wien LC filter for high values of series resistances of the coils. The pdictge the
results of measurements and the solid lines represent theoretical dependencies.
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4. Available equipment

4.1. Experimental module

The experimental module consists of two parts (Fig. 23):

» the upper part containing, Ry, C;, G, elements with sockets that allow connection of RC
filters, and the switch S1 to select various values,;adndC; (given in Table 2),

» the lower part containinb;, Ly, Ci, C, elements with sockets that allow connection of LC
filters, and the switch S2 to select various valuds,o€; andC; (given in Table 3).

ol _Jo eHle
1 (,‘,1

2.2
R | .
Switch $1 1 2 3
©©

~
@

© ©

123

Switch 82
\‘ © g
©-©

© ©

Fig. 23.The front panel of the experimental module.

4.2. Function generator

Function generator model DF1641B [10].

4.3. Oscilloscope
The dual-channel digital oscilloscope SIGLENT SDS1052DL [10] is usembserve

waveforms at the input and output of filters. The oscilloscope alptagssnumerical values
of voltages, phase shift and frequency.

-20 -



Exercise EO5IFE — Passive filters
5. Experimental procedure

5.1. Amplitude-frequency and phase-frequency characteristics of passive
low-pass RC filter

1. Connect th@©UTPUT of the function generatad with the RC voltage divider input as
shown in Fig. 24 and witBH1 input of the oscilloscope using the T-type connector. Use
BNC-BNC cable for connecting the generator with oscilloscope and BM@raaplug
cable for connecting the generator with the input of experimental circuit.

2. Connect the output of experimental circuit witH2 input of the oscilloscope as show in
Fig. 24 using the BNC—banana-plug cable.

3. After supervisor’s approval, turn on the power of the devicesctSmsition of the switch
S1 in the experimental module according to recommendations of supervisor.

4. Select the sine waveform (without the DC OFFSET) in the generator ahé §etquency
to 30 Hz and the voltage to 20.Q.yon the displays in the generator.

5. Before starting the work with the digital oscilloscope iresommended to press the
DEFAULT SETUP button. Then switch the oscilloscope to work in two-channel mode
(both CH1 and CH2 buttons must be illuminated) with teC coupling mode in each
channel. After pressing th€RIG MENU button, select the triggering with the signal
applied to theCH1 input. Adjust the oscilloscope settings to obtain an optimal waew
both waveforms.

6. Press th#MEASURE button to display a menu of measurement parameters. Then, using
the buttons on the right side of the screen, change the curreamjsédtthe following: the
root mean square voltag&ms in channelCH1 (Uyy in Table 1),Vrms in channelCH2
(Uour) and the phase differen€#11-CH2 (¢cni-cHzin Table 1).

7. Measure the input voltaddy, the output voltag&our and the phase differendeni-cre
as functions of frequendyin the range 30 Hz 300 kHz. The optimal step of frequency
changing should increase more or less proportionally to the freqaéeagly achieved. In
case of sudden changes in the measured values, reduce the frequency changes.
WARNING: When changing the frequency, remember to adjust the oscillosdtipgse
to get the optimal waveforms display before reading the measuremetd.resul

8. Record the obtained measurement resultky, Uout, dchi-cHa theV/DIV gain settings,
and the position of the swit@1 in Table 1.

Fig. 24. Scheme of connection diagram for determining the amplitude-frequency
and phase-frequency characteristics of passive low-pass RC filter.

-21 -



Exercise EO5IFE — Passive filters

Table 1. The measurement results ObtaiNed fOr ...........uuueiiiiiiii e filter with the S1/S2 swatch.in pasit
f Af Ui AU Uout AUour | dcrrcrz | $ourin | YourUn | A(Uour/Un) k Ak
[Hz] [kHZz] [kHz] | [V/DIV] [V] [V] [VIDIV] [V] [V] [deq] [deg] [dB] [dB]

WARNING: only necessary data should be recorded during measurefetzsir kHz], Uy [V/DIV], U [V], Uour [VIDIV], Un [V], dchiche [deg].
The remaining results will be calculated during the preparation of the (esperChapter 6, item 6).
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5.2. Amplitude-frequency and phase-frequency characteristics of passive
high-pass RC filter

1. Connect th®©OUTPUT of the function generatag with the RC voltage divider input as
shown in Fig. 25 and witBH1 input of the oscilloscope using the T-type connector. Use
BNC-BNC cable for connecting the generator with oscilloscope and BM@ragplug
cable for connecting the generator with the input of experimental circuit.

2. Connect the output of experimental circuit witH2 input of the oscilloscope as show in
Fig. 25 using the BNC—banana-plug cable.

3. Prepare a new copy of Table 1 with an appropriate description of the filter.

4. Repeat the measurement procedure described in points 3 + 8 of section 5.1 above.

Fig. 25. Scheme of connection diagram for determining the amplitude-frequency
and phase-frequency characteristics of passive high-pass RC filter.
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5.3. Amplitude-frequency and phase-frequency characteristics of passive
band-pass Wien RC filter

1. Connect th@©UTPUT of the function generatad with the RC voltage divider input as
shown in Fig. 26 and witBH1 input of the oscilloscope using the T-type connector. Use
BNC-BNC cable for connecting the generator with oscilloscope and BM@raaplug
cable for connecting the generator with the input of experimental circuit.

2. Connect the output of experimental circuit witH2 input of the oscilloscope as show in
Fig. 26 using the BNC—banana-plug cable.

3. Prepare a new copy of Table 1 with an appropriate description of the filter.

4. Repeat the measurement procedure described in points 3 + 8 of section 5.1.
WARNING: special attention should be paid to increasing the density cfuregaents
near the frequency for which the ratigy+/Un reaches the maximum adyi-cq2= 0°.

CH2

Fig. 26. Scheme of connection diagram for determining the amplitude-frequency
and phase-frequency characteristics of passive band-pass Wien RC filter.
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5.4. Amplitude-frequency and phase-frequency characteristics of passive
low-pass LC filter

1. Connect th@©UTPUT of the function generatae with the LC voltage divider input as
shown in Fig. 27 and witBH1 input of the oscilloscope using the T-type connector. Use
BNC-BNC cable for connecting the generator with oscilloscope and BM@ragplug
cable for connecting the generator with the input of experimental circuit.

2. Connect the output of experimental circuit witH2 input of the oscilloscope as show in
Fig. 27 using the BNC—banana-plug cable.

3. Prepare a new copy of Table 1 with an appropriate description of the filter.

4. Repeat the measurement procedure described in points 3 + 8 of section 5.1.
WARNING: special attention should be paid to increasing the density furegaents
near the frequency for which the ratigy/U)y reaches the maximum.

Fig. 27. Scheme of connection diagram for determining the amplitude-frequency
and phase-frequency characteristics of passive low-pass LC filter.
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5.5. Amplitude-frequency and phase-frequency characteristics of passive
high-pass LC filter (extended version)

1. Connect th@©UTPUT of the function generatae with the LC voltage divider input as
shown in Fig. 28 and witBH1 input of the oscilloscope using the T-type connector. Use
BNC-BNC cable for connecting the generator with oscilloscope and BM@ragplug
cable for connecting the generator with the input of experimental circuit.

2. Connect the output of experimental circuit witH2 input of the oscilloscope as show in
Fig. 28 using the BNC—banana-plug cable.

3. Prepare a new copy of Table 1 with an appropriate description of the filter.

4. Repeat the measurement procedure described in points 3 + 8 of section 5.1.
WARNING: special attention should be paid to increasing the density furegaents
near the frequency for which the ratigy/U)y reaches the maximum.

Fig. 28. Scheme of connection diagram for determining the amplitude-frequency
and phase-frequency characteristics of passive high-pass LC filter..
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5.6. Amplitude-frequency and phase-frequency characteristics of passive
band-pass Wien LC filter (extended version)

1. Connect th@©UTPUT of the function generatae with the LC voltage divider input as
shown in Fig. 29 and witBH1 input of the oscilloscope using the T-type connector. Use
BNC-BNC cable for connecting the generator with oscilloscope and BM@ragplug
cable for connecting the generator with the input of experimental circuit.

2. Connect the output of experimental circuit witH2 input of the oscilloscope as show in
Fig. 29 using the BNC—banana-plug cable.

3. Prepare a new copy of Table 1 with an appropriate description of the filter.

4. Repeat the measurement procedure described in points 3 + 8 of sectiomt ®rdw the
frequency can be limited to the range 100-HI00 kHz.

WARNING: before measurements, it is recommended to initially seardhdamaxima
of the amplitude-frequency characteristic (one or two maximapassible). Special
attention should be paid to increasing the density of measurements near the fesgoenci
which the ratidJoyt/U\y reaches maxima.

Fig. 29. Scheme of connection diagram for determining the amplitude-frequency
and phase-frequency characteristics of passive band-pass Wien LC filter.

-27 -



Exercise EO5IFE-Passive filters

6. Report elaboration

Report has to be composed of:

1.
2.
3.

o o

Front page (by using a template).

Description of experiment purposes.

Short introduction.

The introduction should contain basic definitions and the formulas usedcutatians.

Each formula given in the introduction as well as in the followintspa the report must
be accompanied by a sequence number.

. Schematic diagrams of tested circuits.

The report should contain only diagrams of the systems, which weralaatompiled

during the measurements. Each scheme must be accompanied byeesegumeber and
title. All the components shown in the diagram must be clearly ibesicand identified
using commonly used symbols.

List of used instruments and devices (id/stock number, type, setting and riaegg. va

. Results of measurement in the form of tables and equipment settings.

Each table must be accompanied by a sequence number and title. ipnaddit copy of

the data recorded during the measurements, the tables should also include:

6.1. The maximum uncertainfyf of each measured frequenicgalculated according to
the user manual for the function generator [10] (see the countersaay) or
appendix A8 in the Polish version of the instruction for the exerciBgé E
“Miernictwo”, subject “Podstawy elektroniki (laboratorium)”, availabl at
fizyka.p.lodz.pl/dla-studentow/informatyka/podstawy-elektroniki-laboratofi

6.2. The maximum uncertaintiésJ,y and AUoyt of measured voltagdd,y and Uout
calculated according to the user manual for the oscilloscopeofl@)pendix A6 in
the Polish version of the instruction for the exercise EO1 “Miernictwo”.

6.3. The values apcni-cHz recorded from the oscilloscope screen, which mean the phase
of the signal at the filter inpuCH1) relative to the outputH2) and are in the range
of 0 + 360°, must be negated to obtain the output to input phase difference and then
reduced to the range efl80° + +180°. The results of these calculations should be
written in the table a$our.n. The reduction consists in rewriting values fre80°
to +180° without changing, the values smaller traB0° should be reduced to this
range by adding 360°, and the remaining values greater than +180° should be
reduced by subtracting 360°. When using the MS EXCEL spreadsheegqthesd
calculation can be made using the formula:

=MOD(180 — C4;360) — 180

whereC4 is an example cell address with the valug&fi-crz
WARNING: only the ¢out.in Values are directly comparable with the theoretical
predictions for the phase shift given in chapters 3.3.1 + 3.3.6.

6.4. The results of calculations of the ratigyt/Uy and the attenuation coefficiekt
according to the formula (17).

6.5. The maximum uncertaintie§Uou/Un) and Ak of indirectly determined values.
When making calculations, it should be noted that the propagation of nmaximu
uncertainties, in contrast to standard uncertainties, is describedoimplete
differential equation (see e.g. in [11], chapter 11.2.5. or in [12], chap®). If the
measured quantity is a known functigrey (X, %, ..., %) Of severalx variables
measured directly that are subjected to a rectangular diginbubf probabilities
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with maximum measurement uncertaintieg, the total maximum uncertaintyy
can be calculated according to the formula:

N
Ay=>"
i=1

Hence, for th&Joy1/Uy voltage ratio, we get

oy
“2Ax. 56
ox X (56)

U AU AU
AMUour/Ui)= UOUT( U OUT + 0 'Nj, (57)
IN ouT IN

and in the case of the attenuation coefficledéfined by the formula (17)

_ 20 AUour/Um)
IN10 Ugyr/Uiy

(58)

The obtained numerical results should be written with the appropriatesipn. This

problem has been described in detail, for example in chapter 11.2.2 of the scipt [11
7. Plots and analysis of obtained results.

7.1. Plot the following characteristics for each filter:

— amplitude-frequency characteristigyr/Un(f),

— phase-frequency characterigisyr-in(f ) [deq],

— attenuation characterisé¢ ) [dB].

Each plot must be accompanied by a sequence number and informatiowlabist

shown on the plot.

ATENTION: Due to the wide frequency range, the logarithmic scale oh [tHe]

axis must be used on all plots.

7.2. For the low-pass RC filter and high-pass RC filter:

7.2.1. Read the cut-off frequencly from the plot for which the condition
Uout/Uy =V-/2 is met, which corresponds to the so-called 3 aediht-off
frequency, and estimate its maximum uncertadxity
ATTENTION: the uncertainty of the frequency measured withgiéeerator is
very small and has a negligible effect on the esibm of Af.. The maximum
uncertaintyAf; results mainly from the uncertainfy(Uou/Un) Of the voltage
ratio Uoyt/Ui.

7.2.2. Calculate the theoretical cut-off frequeficgccording to formula (20) using
the RC parameters given in Table 2.

7.2.3. Compare the results obtained in points @@dL7.2.2.

7.3. For the Wien RC filter:

7.3.1. Read the following values from the plot: tm@aximum Uour/Uin)max the
frequencyfy corresponding to this maximum, and two cut-offjfrencied. i fc,
for 3 dB attenuation relative to the maximum ohsmission (see Fig. 9). Use
these values to calculate tQdactor according to the formula (30).

7.3.2. Calculate the theoretical valuesfpéccording to formula (28)UGur/Uin)max
according to formula (29) and tl@ factor (31) using the RC parameters given
in Table 2.

7.3.3. Compare the results obtained in points @BdL7.3.2.

7.4. For the low-pass LC filter:

7.4.1. Read the maximururt/Uin)max from the plot and use this result to calculate

the experimental value of tlg@factor according to the formula (47).
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7.4.2. Calculate the theoretical value of @dactor (38) using the LC parameters
given in Table 3. The value of the series resistance of theit@apag, is not
known, however, it can be assumed tRat <<R_;, which means that the
approximate value of the series resistaReeR, 1.

7.4.3. Compare the results obtained in points 7.4.1 and 7.4.2.

7.5. For the high-pass LC filteeXtended versign

7.5.1. Using the parameters of the LC elements given in Table 3, ataldble
theoretical values of the asymptote intersection frequefgcgccording to the
formula (36) and, according to the formula (51).

7.5.2. Mark the frequencids andf, calculated in point 7.5.1 on th&f ) [dB] plot
and draw three theoretical asymptotes according to the equatioms kelav
Fig. 18 on page 17.

7.5.3. Assess the compliance of theoretical asymptotes with the regpgally
obtained dependené&é ) [dB].

7.6. For the Wien LC filtergxtended versign

7.6.1. Using the parameters of the LC elements given in Table 3, ataldble
theoretical value of the frequentygiven by the formula (55) and mark it on the
UOUT/U|N(f ) plOt.

7.6.2. Evaluate the number of maxima on thg+/Un(f) plot occurring for a given
position of the S2 switch in the experimental module.

8. Remarks and final conclusions.
Conclusions should contain observations on the course of the whole exérissalso
necessary to summarize the result of comparison between ofpibeneental results and
theoretical predictions, and to indicate particularly large discrepancies.

The report will be subject to the assessment of the presen@eemndcy of all of the above
components, clarity of presentation of the results (in the forrabdéd, graphs and results of
calculations given together with appropriate descriptions and units of measdriie quality
of discussions and proposals formulated. Theoretical introduction is quote@ and is not
included in the assessment.

Table 2. Averaged parameters of elements in RC filters for F1-01 + F1-04 modules

Position of the C: [nF C, [nF
switch S1 R [kQ] Re [kQ] for i(goo]Hz for i(gOO]Hz
1 0.498+ 0.008 1.01% 0.020 213 4 215+ 6
2 0.498+ 0.008 1.01& 0.020 456+ 12 464+ 11
3 0.498+ 0.008 1.01& 0.020 96'A 25 985+ 15

Table 3. Averaged parameters of elements in LC filters for F1-01 + F1-04 esodul

Position of the C, [nF C, [nF
switch S2 Ly [mH] R (€] Lz [mH] R (€] for i([)OO]Hz for i([)OO]Hz
1 3.9+0.2| 41423 | 1.00£0.05| 24.40.7 218t 4 981+ 23
2 3.9+0.2| 41.4+2.3 3.9+ 0.2 42,24 1.9 467+ 4 462+ 11
3 3.9+0.2| 41.4+2.3 33+1 63.9+ 2.3 1001+ 49 217+ 5
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