Data Acquisition |

» Architecture of DAQ systems
» Signal conditioning
» Aliasing
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Signhal conditioning

» Instrumentation amplifiers
» Filters
» Integrators/differentiators




Instrumentation amplifiers

» Consider the difference amplifier we saw in the previous lecture
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Instrumentation amplifiers

= As a result of a mismatch in the resistors (R'.# R,), the
differential inputs may not have the same gain
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= We define COMMON-MODE REJECTION RATIO as
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« CMRR is, in practice, a function of frequency, and its magnitude
decreases with increasing frequency

= An additional shortcoming of the difference amplifier is its LOW
INPUT IMPEDANCE




Instrumentation amplifiers

» The term INSTRUMENTATION AMPLIFIER
is used to denote a difference amplifier
with
> High gain (INA2126)
> Single-ended output

High input impedance
- High CMRR
» High input impedance may be achieved

both in the followers and in the final op-
amp

- Otherwise, since the input buffers have unity -
gain, all the CM rejection must come in the -
output op—amp, requiring precise resistor - |

matching

by buffering the differential inputs e
> This solution, however, requires high CMR I_E—«. v ‘



Common mode rejection ratio

» A better solutions is the
“standard”’ instrumentation
amplifier shown below .
- Input stage provides high GD s s

and unity GCM '

- Close resistor (R2) matching is
NOT critical
- As a result, the output op-
amp (U3) does not require
exceptional CMRR and
resistor matching in U3is not
critical

- Offset trimming can be done
at one of the input op-amps
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Filters

» Filters are used to remove unwanted bandwidths
from a signal

» Filter classification according to implementation
- Active filters include RC networks and op-amps

- Suitable for low frequency, small signal

Active filters are preferred since avoid the bulk and non-
linearity of inductors and can have gains greater than 0dB

- However, active filters require a power supply
- Passive filters consist of RCL networks

- Simple, more suitable for frequencies above audio range,
where active filters are limited by the op-map bandwidth

» Digital filters
- DSP is beyond the scope of this course




Filters

» Filter classification according to frequency
response
> Low-pass filter
> n High-pass filter
- Band-pass filter
- Band-stop (Notch)

dB




Low- and high-pass filters

s LOW pass niters = High pass Tiiters
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Band-pass and band-stop filters

= Band-pass
« High-pass and low pass in series

n High-pass should usually precade
= Comer frequency of low-pass must then ba higher

m [f thesa are passive filters they should be buffared in batwean

= - - - ] .:__ -
= |/ ~| — \ o
I o f Bofar g |

= Band-stop -

« High-pass and low-pass in \
parallel followed by a summer = =1 T Dutout

n Comer fraquency of high-pass - : -

must ba highar I
g f




Types of Filters
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Nommalized low-pass Butterworth filter
Teponse curves

I

I

= £
I

5

Attenuanon (dB)

2

=

normalbized frequency (rad’'s)

e



Attenuation curves for Butterworth LPF

-3dB pomt
0
20 = n =1
B —=— "}
= 40 T N R n=_s
e S e P e e _ _
— T T —_—
= _60 R N, N N b n =3
= T e ==
= T T = s
= N e S -_____- e,
= -ED --"-.,:-" ""'-..“-"".. -‘-"".._ 1'-____ - H =4
= LY o e
= - = — 5
= -100 T I O I T n=2
L L) T -h—T ‘- ‘L_
P— T L B W
-120 — T = n=6
L. | o .""l. "l,._.
S T - —7
-140 = =
1 2 3 4 5 8 g 10

normalized frequency




LC Low

L, I
b F" I {-L I C: 10 f_‘; 10
— 1 % | %
1 &ven nodd

I
T FT I 143 10
I ) % %

Pass Filter network

o R, c, L c. L, c. L (=
n {1IRg Ly {c (L) {cy (L3 (Ca ;)
2 1.000 1.4142 14142

3 1.000 1.0000 2.0000 1.0000

4 1.000 0.7654 1.8478 1.8478 0.7654

5 1.000 0.6180 1.6180 2.0000 1.6180 0.6180

6 1.000 0.5176 1.4142 1.9319 1.9319 14142 0.5176

7 1.000 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450

See text.

Note: Values of L, and C, are for a 1-(2 load and —3-dB frequency of 1 rad/s and have units of H and F. These values must be scaled down.
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Example

Suppose that you want to design a low-pass filter that has a f,5; = 3000 Hz (attenuation
Is —3 dB at 3000 Hz) and an attenuation of —25 dB at a frequency of 9000 Hz—which
will be called the stop frequency f. Also, let’s assume that both the signal-source imped-
ance K, and the load impedance R; are equal to 50 2. How do you design the filter?




Step 1: Normalization

0dB ——, 0dB ——
= -3dB T -3dB
_ﬁ‘ﬂ hﬂ
R R
—25dB -25dB
3000 9000 ) 3
frequency (Hz) frequency (rad's or w)

Step 2&3: Pick Response Curve and determine number of Poles

n=3 from the curve for Butterworth




Step 4: Create Normalized Filter
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Active Filter Design

Basic two-pole section Basic three-pole section
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Normalized Curves

TABLE 8.2 Butterworth Normalized Active Low-Pass Filter Values

ORDER NUMEBER
n OF SECTIONS SECTIONS iC, C; Cs
2 1 2-pole 1414  0.707
3 1 3-pole 3546 1.392 0.2024
4 2 2-pole 1.082  0.9241
2-pole 2613  0.3825
5 2 3-pole 1.753 1.354 0.4274
2-pole 3235  0.3090
B 2-pole 1.035  0.9660
3 2-pole 1414 0.70M
2-pole 3863  0.2588
7 3-pole 1.53 1.336 0.4885
3 2-pole 1.604  0.6235
2-pole 4493  0.2225
g 2-pole 1.020  0.9809
4 2-pole 1.202 08313
2-pole 2.000  0.5557
2-pole 5758  0.1950




Exgample

Suppose that vou wish to design an active low-
pass filter that has a 3-dB point at 100 Hz and at
least 60 dB worth of attenuation at 400 Hz—
which we'll call the stop frequency f.




Solution

0dB 0dB
g B & -3dB
= =
nt N
::’: ;!:
—650dB _&0dB \
100 400 i)
Frequency (Hz) Frequency (rad's or w)
Nommalized low-pass filter
.l
1733E
. 0 10| 10 L o7
C
:
L T o.ii‘l‘?%’l“ o3
- - _ C pabiicy
[actuad] = —
E " ETE.F R
R-;:u:lu.ul'l = zR.;u];h]

n=5 from the curves

Final low-pass filter
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High Pass Filter -Passive-

Suppose that you want to design a high-pass filter that has an 73dB
= 1000 Hz and an

attenuation of at least —45 dB at 300 Hz—which we call the stop
frequency fs. Assume

that the filter is hooked up to a source and load that both have
impedances of 50 Q

and that a Butterworth response is desired

How do you design the filter?




Solution

Frequency Fesponse Curve Nommalized franslation to low-pass filter
0B 0dB n=5 from the curves
g = E -3dB
= = Start with a " T " low-pass filfer...
= -3
- 2 hg L ratia) L anie) L s rabig)
06130H  2.0H 0.6180H
-45dB 45dB
\ R=10 Copatas) Cagatiay 10
100 1000 1 33 I.EIEOFI I_EIEDFI
frequency (Hz) frequency (rad's orm) J__ 1 1 1
_ fl-:lﬂ _ 1000 HI _ 3.3 Transform low-pass filter into a high-pass filter...
11 - - - B
.’; 3[”] HE Cll:‘lnnii] Ca.:nmt] Cﬁl:nmsﬂ
1.6180F 0.5F 1.6180F
To convert the low-pass into a high-pass fil- —o—|
. . ) R=10)
ter, replace the inductors with capacitors that Lioss S Lueag 10
have value of 1/L, and replace the capacitors + ' '

with inductors that have values of 1/C. In other = -
words, do the following:

Lg.:u-m[:. = ]..l'rﬂzl:um;.:. = 1."I] .EI.E-‘] =ﬂ.ﬁ]ED H
Ligransn = 1/Cjrarisy = 1/1.6180 = 0.6180 H

i —_

Criane = 1/ L1japsey = 1/0.6180 = 1.6180 F
Ejimﬂ‘_n = 1."'1.3.;|_.];m =1/20=05F
Cooene = 1/ Lsatsey = 1/0.6180 = 1.6180 F




Now Scaling

Next, frequency and impedance scale to get the actual component values:

E]rm,,n _ C]I’r.mmfl _ 1.6G18 H# 51 '_I_F L_:I,-rin:”:":. _ LEl'r_mm-:lRi'. _ {ﬂE]ED FH:IH ﬂ} —49mH
2nfel;  2m(1000 Hz)(50 Q) 2Rfn 2m(1000 Hz)

Coians 0.5H Lipans®:  (0.6180 F)(50 Q)

Cany = _ _160F  Lysen = e — 49 mH
el = o R 211000 Hz) (50 Q) H e 21(1000 Hz) o
o 1618 H

Ci:-:l:u = =
Bl T onfeR 2m(1000 Hz)(50 £2)

=5.1 pF

Impedance and frequency scale high-pass filter to get final circuit
C C

Cl.lf_a:h:l.al] 3(aceal) {actual)
5 F 1 ﬁuF 5 1uF
r

SAATO
N \
R.=5002
L!l:amal] L!(_'al:h:l.al] g 3002
4 9mH 4 OmH
L

[

il
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High Pass Filter-Active-

suppose

that you want to design a high-pass filter with a —3-dB frequency of 1000 Hz and 50
dB worth of attenuation at 300 Hz. What do you do?

n=5 from the curves
High-pass frequency response  Translation to normahzed
low-pass response
_ B _ bdB Normalized low-pass filter
= —3dB x —3dB
2 =
X / X \
—50dB -50dB \
400 1000

1 25

frequency (Hz) frequency (rad’s or o)

Next, the normalized low-pass filier must be
converted into a normalized high-pass filter. To
make the conversion, exchange resistors for
capacitors that have wvalues of I/R F, and

xchange capacitors with resistors that have values of 1/C (.

i—




Follow.....

Normalized high-pass filter (transformed low-pass filter) : C
C - fransf)
Rl le.l et Z Eﬂgdn
%-,r R-;u:ll.l.ul'l = ER-;Lrnn.-;l'l
Fm
E
0.1%4;: 2570 3-13411 let £ = 10,000 L2,
Final ugh-pass filter
57K § 31K
0.16pF 0.16pF|0.16puF 0.16pF [0.16uF

. o6+ e

T4K 237K 324K




Bandpass Filter Design-Wide Band-Passive-

When is the filter wide band??
If f,/1, is greater than 1.5,

Suppose that you want to design a bandpass filter that has —3-dB points at f; = 1000
Hz and f; = 3000 Hz and at least —45 dB at 300 Hz and more than —25 dB at 9000 Hz.
Also, again assume that the source and load impedances are both 50 € and a Butter-

worth design is desired. Low-pass _3 dB at 3000 Hz
—25dB at 9000 Hz
High-pass —3 dB at 1000 Hz
Bandpass Response Curve
—45 dB at 300 Hz
high-filter low-filter
respxonse response chacmalj Q1{aM} CSI:M CS(M}
3dB v 5.3mH 51uF  1.6uF 5.1uF
s U\ R e
= slactuzl)
- l:j[:n Cl(acmal) l CE-[acrual} Ll{a ctual) .[1{ actal) 500
¥ sdB 1.06pF 1.06uF 4.9mH 49mH
- > L L
454 ¥ 5 % — low-pass || high—pass%
400 1000 3000 9000

ey Just Cascade




Bandpass Filter Design-Wide Band-Active-

Suppose that you want to design a bandpass filter that has —3-dB points at f; = 1000
Hz and £, = 3000 Hz and at least —30 dB at 300 and 10,000 Hz. What do you do?

Low-pass: -3 dB at 3000 Hz
—30 dB at 10,000 Hz

High-pass: -3 dB at 1000 Hz
—30 dB at 300 Hz

f, 3000Hz _

f,  1000Hz

Normalized low-pass/low-pass mital setup

table values table values
(n=13) (n=13)

3.546F

1.302F 0.2020F 1.302F 0.2020F

T

low-pass B

N

“TT 7T

I low-pass

The steepness factor for the low-pass filter is

f. 10,000 H
= = z =33

ﬁ]dE 3000 Hz

while the steepness factor for the high-pass fil-
ter is

A= ﬁdﬂ _ 1000 Hz _
" f  300Hz




Follow...

Normalized and transformed bandbass filter
transformed »

—0 1

I.EQEFI D'MMT 0.7180) 4.040

L low-pass I high-pass S

Low-pass section:
Final bandpass filter

Ciable Ciable
+* C[al:tuzl]] =

scaled ~Z- 2t Z-2m(3000 Hz)
values va]ues
tSuF 282002 High-pass section:
10K 10K 13‘ OnF 15.90F (15 9aF ey
Va C _ Game Ciable
(actual) — -
7.380F T 1.07aF I 71800 0 4K Z-2nf,yy  Z - 2m(1000 Hz)




Narrow Bandwidth BPF-Passive
(optional)

Suppose that you want to design a bandpass filter with —3-dB points at f; = 900 Hz and
£, = 1100 Hz and at least —20 dB worth of attenuation at 800 and 1200 Hz. Assume that
both the source and load impedances are 50 £2 and that a Butterworth design is desired.

Since f5/f, = 1.2, which is less than 1.5, a narrow-band filter is needed.

geometric center frequency £=VHE = /(900 Hz)(1100) = 995 Hz

Next, compute the two pair of geometrically related stop-band frequen-
cies by using

f.h,=17
£z (995 Hz)?

£,=800Hz f,=— _ 2 _ 1237 Hz f, — £, =437 Hz
£, 800 Hz
£2 (995 Hz)?

£,=1200Hz  f =- _ 2 _ 825 Hz £ — f =375 Hz
f, ~ 1200 Hz

Choose the pair having the least separation, which
represents more severe requirements-375 Hz



Follow.....

Low-pass bandpass relationship

0dB
—3dB ‘:f \J' stop-band bandwidth 375 Hz
. A= = =1.88
200 Hz 3-dB bandwidth 200 Hz
From the curve n=3
-15dB + 375
o
200Hz 375Hz *° 005Hz
Normalized low-pass filter
Normalized low-pass response
Fyge
0dB
) N
= 3B R ttable)
s T 10 Clitable) Cgable) S 10
L IF IF
~F_15dB T
1 1.38

frequency (rad's or w)




Follow......

Impedance and frequency scaled low-pass filter

CI (actual) = Clll-'lhk!:' = ] F = 1592 IJ,F Lzl:'a-':mal}
2n(Afsw)R 2m(200 Hz) (50 Q) 70 6mH
Czu.-.hlc:l 1F
Cafactuay = = =15.92 uF ol
T 2n(Af)R,  2m(200 He) (50 ©) " Rﬂg 00 -:?scml:u
LywnoR: (2 H)(50Q) ) ~0€2
L"[ul:lua]] = ) = =796 mH 15 ";I' I_.I.F
_ 2n(Afyy)  2m(200 Hz) T

The important part comes now. Each circuit branch of the low-
pass filter must be resonated to f; by adding a series capacitor to 1
each inductor and a parallel inductor to each capacitor. The LC f= T
resonant equation is used to determine the additional compo- ., bandpass filter 2nVLC
nent values:

1 1
L arallel with C1) = = =1.61 mH
e ) OE)2C ey (270 - 995 Hz)?(15.92 F)
1 1
Liparattet with ¢ = " = =1.61 mH
{Emﬁ])_cﬂ-[actuul} {EH - 995 HZ]E[IEE}E HF}
1 1
Ciseries with 12) = = =0.32 uF

(@1h) Loy (270 - 995 Hz)2(79.6 mH)

5062



BPF-Narrow Band-Active Design

Suppose that you want to design a bandpass filter that has a center frequency f; =
2000 Hz and a —3-dB bandwidth Afzy = f; — f; = 40 Hz. How do you design the filter?

Since f,/f, = 2040 Hz/1960 Hz = 1.04, No Cascading
_ o o- fr _2000Hz_ .
Narrow-band filter circuit = -1 = 0 Hs
R, 0 R
C AMAN— _ __ & _
K 2nif,C K 20° -1 R =2k,
R, C
V]-HO_'\N\J_._{
Prmn
ng R,= 20 =T79.6 kQ
2m(2000 Hz) (0.01 uF)
= = 79.6 kQ
. . 2= ——=400Q
oose convenient value of C, let it 2(50" -1

R, =2(79.6 kQ) = 159 kQ



Final Design

Final filter circuat

R,
0.01 pf__ 159K
T ATAVAY *




Passive Notch Filter (optional)

EXAMPLE

Suppose that you want to design a notch filter with —3-dB points at f; = 800 Hz and
£, =1200 Hz and at least —20 dB at 900 and 1100 Hz. Let’s assume that both the source
and load impedances are 600 € and that a Butterworth design is desired.

Next, compute the two pairs of geometrically

related stop-band frequencies:

£° (980 Hz)*

f, 900 Hz

f,— f,=1067 Hz — 900 Hz = 167 Hz
¥ (980 Hz)*

f=1100H, f= - OBOM2 _gpny,
f, 1100 Hz

f,—f,=1100 Hz — 873 Hz = 227 Hz

First, you find the geometric center frequency:

£,=\V/ff, = /(800 Hz)(1200 Hz) = 980 Hz

£=900Hz f= = 1067 Hz

Choose the pair of frequencies that gives the
more severe requirement—227 Hz.




Follow....

High-pass bandpass relationship A 3-dB bandwidth ~ 400Hz _
" stop-band bandwidth ~ 227 Hz
0dB
|
—3dB \‘ 400 Hz
) 797 Hz L] (transf) = ]--"IrCI-:_luhll:::I = 1"(1 =1H
—-15dB N LEI[tmrl.sf] = ]-"'IrCE{luhlc:I = 1"#1 =1H
/ \ ] CEI_lransf] = ]-'JFLZn:_luhlu:::I =1/2=05F
i)
227Hz  400Hz t ORNH
Normalized low-pass filter 3 Normalized high-pass filter
L yiabie) n= o ramsty
1 0.5F
R

W0 €
Rs=1Q
@ L (anety L 3ttranss) 102
1H 1H

i

1.7



Follow...

Actual high-pass filter
Cotactual)

R=6000 D-:‘ﬁEF

@ L 1 actual) L 3tactuan) 60042
0.24H 0.24H

Final bandpass filter

_ RLLI[transl] _ {ED[] ﬂ){l H} -0

24 H

L actual) — - — .
Hfactual 21 (Afpw) 2m(400 Hz)
RI,Lﬂ[transl'] _ {ED[] ﬂ){l H}

=024 H

JY-fd[al:tl.Lzllj- =

Cli_transl]

2m(Afyy)  2m(400 Hz)

(0.5 F)

C7 actual) = = =\
et = o (AR R 2m(400 Hz) (600 Q)

1

1

C[Eeric-s with L1) =

= =0.
2nf) Loy (27 - 400 Hz)*(0.24 H)

1

1

C[Eeric-.i with L3) =

Liparattel with Ly =

@f) Lopwsy (27 - 400 H2?(024 H)

1

1

(Enfﬂ) : C?[actualj-

(27 - 400 Hz)?(0.33 uF)

33 uF

11 uF

11 uF

=80 mH



Active Notch Filter -Wide-Band

Basic wide-band notch filter
asie de-band noteh A For example, if you need a notch filter to have —

R 3-dB points at 500 and 5000 Hz and at least —15

owpass| . X VWV dB at 1000 and 2500 Hz,
filter
I};,il:l.
high-pass R Y ou
filter
R=10k




Narrow-Band Notch Filter

- Suppose that you want to make a “notch” at
f, = 2000 Hz and desire a —3-dB bandwidth of
Afpw = 100 Hz. To get this desired response, do

Improved notch filter . ) )
the following: First determine the Q:

C C Eh b
i Ié 0= notch” frequency _ f, _ 2000 Hz _ 20
lno—t R R, ‘& v —3-dB bandwidth  Afgw 100 Hz

AN ou

Ry/2 L e (1-K)R
i_T 1 401

_ R,

= and
2nf,C 40

Now arbitrarily choose R and C; say,let R=10k
and C=0.01 uF. Next, solve for R, and K:

1 1
~2rf,C 21(2000 Hz)(0.01 pF)
(o d0-1_120-1
40 4(20)

=T961 Q2

=0.9875




Anti-aliasing

» The sampling theorem

> A continuous signal can be represented completely by, and
reconstructed from, a set of instantaneous measurements
or samples of its voltage which are made at equally-spaced
times. The interval T(=1/fs) between such samples must be
less than one-half the period of the highest-frequency
component fmax in the signal

> In other words: you must sample at least twice the rate of
the maximum frequency in your signal to prevent aliasing
(Fs>2Fmax )

> The sampling rate Fs=2Fwmax is called the Nyquist rate




Anti-aliasing

» The effects of aliasing can also be observed on the frequency

spectrum of the signal

» In the figures below
» F, appears corractly since F.< F./2
« F., Fyand F, have aliases at 30, 40 and 10Hz, respactively
« You can computa thase aliasad frequancies by folding the spectrum around Fe'2

or with the expression
Alias frequency F = minjkF, =] _, s

S0LID ARRDWS - ACTLIAL FREGESCY
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i Ha W 183 Hi &10 Hg F F&« Fa F4
25 MoHr B0 Fir #id) by

LE i P
R

| 4 t

e P |
L [

=1
e,

1 1 L]
] fad = 55 5w i0nd 50 o Igt = E In= 300 Co
HWYOLUEST LT D HYCHIERT S ra
FPC CUEMGY FRARZIEHEY =

FRECLEHTY FREGLERLY

FIGURE 1175  Spectral of signal with muliiple froquen- FHGURE 1176  Speciral of sgnad wich emuliple frogeen-
i chis after sampled s fs = 100 He.

CHE,




Anti-aliasing filters

» An anti-aliasing filter is a low-pass filter designed to filter
out frequencies higher than the sampling frequency

- An anti-aliasing filter should have

- Steep cut-off and
- Flat response in the frequency band

» Typical filters are:
- Butterworth: flattest response in the frequency band but phase
shifts well below the break frequency
- Bessel: phase shift proportional to frequency, so the signal is not
distorted by the filter
Recommended for anti-aliasing if it is important to preserve the

waveform
- Chebyshev: steepest cut-off but it has ripples in the band-pass
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