dninvemjanag iscooninamiansziYs

Nnosadndahdmeseeadamme fuuumungilddeiimaedidonsetind

HUUAINDA

A DIGITALLY PROGAMMABLE SWITCHED-CAPACITOR OSCILLATOR

IT l

=

(=

060505

rp——1

X a
UG 1¥BIBITY

THANAVUT CHAUCHAROEN

N
1Ny 60 Eig 5
lﬂ‘\!“ulvﬂﬂ ceessaseses " 5 i9
1“,‘5‘8“’1‘

'51131ﬁwuﬁﬁnﬂuﬁmﬂﬁa'uaamsﬁfmwmmé’nqmﬂ?tyagﬁmnssumamumﬁ’w?m
ainimnsslivh
vaeiaIngdy
gonfumaluladinszeoundudgammsainnsziia
W.f1. 2548
ISBN 974-151-810-2



A DIGITALLY PROGAMMABLE SWITCHED-CAPACITOR OSCILLATOR

THANAVUT CHAUCHAROEN

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN ELECTRICAL ENGINEERING
SCHOLL OF GRADUATE STUDIES
KING MONGKUT ‘S INSTITUTE OF TECHNOLOGY LADKRABANG
2005
ISBN 974-151-810-2



COPYRIGHT 2005
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTUTUTE OF TECHNOLOGY LADKRABANG



v Y a o d a 4 a 4 ) 4 acy
VD INIUNUS nesaIngamhdineseadammesuuuniuny1adeiinu

Sidnnsetinduvuasaea

Ferinfinmn UW SUNYD 1‘?;61%?114
sHadszdin 43061117

Uigan IAINTSUMAATUN I UGNA
mvIn Sranssulth

WA, 2548

Jdv - o Jd o )
21015gRRINNHNUS  sr.as. Usrlimd Naldou

unAngs

Ioriiwudiiatudl 1dndniinisidesnsemmiuuuaiadamhSinesifodsuldithinees
Badahdineiesadanmed 1waiadamhdinefeondammesuuui Sindosnma laviluey
nagamsiinasatiunslFin wazmneauiunsnuguueunagalasldussdurasiniouen
wenvinfiudamstfundouauivesmsseadaian 18 Taodsunldoudgenaunininiouen
ehifinadoiafiosnmuenes memugudggniin tasusediiased aunsorugulddan
Ay uAtneasindw FPGA Tasawsnsosmaniiuuaiadamhdinesn 19 lumsmanssiifewed
MF5 doyanagdloniildannsedsegndldam lumsadudayanupldimion uagmumbon1d 3

@ a b 4 } 4 [ a
Nﬁﬂ‘li'ﬂﬂﬁENﬂﬂﬂq}lgﬂﬂﬂﬂaaﬂﬂﬂﬂﬂuﬁivﬂ



Thesis Title A Digitally Programmable Switched-Capacitor Oscillator

Student Mr. Thanavut Chaucharoen

Student ID 43061117

Degree Master of Engineering

Programme Electrical Engineering

Year 2005

Thesis Advisor Assoc.Prof. Pramote wadkien
ABSTRACT

The purpose of this thesis is to present the use of a state variable SC-filter that can be
adapted to become a SC-oscillator .This SC-Oscillator is high stability, constant amplitude at
the wide range of frequency and suitable for amplitude controlling by external DC voltage . in
addition, frequency tuning can be adjusted by external clock ,which without effect to stability.
The external clock and DC voltage are controlled by digital signal from FPGA .The type of state
variable SC-filter used in this experiment was the IC-MF5. This sinusoidal oscillator can be
applied with square/triangular wave generator. The experiment used to confirm the validity of

the theory is included in this thesis.
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General Description

The MF5 conasists of an extremely easy to use, general pur-
pose CMOS active filter building block and an uncommitted
op amp. The filter buliding block, together with an extornal
clock and a few resistors, can produce various second order
functions. The fiter bullding block has 3 output pins. One of
the output pins can be configured to perform highpass, ali-

frequency or it can depend on both clock frequency and
axternal resisior ratios. The uncommitied op amp can be
used for cascading purposes, for obtaining additional al-
pass and notch functions, or for various other applications.
Higher order fifter functions can be obtained by cascading
several MFSs or by using the MF5 in conjuction with the
MF10 (dual switched capacitor filter building block). The
MF5 is functionally compatible with the MF10. Any of the
classical filter configurations (such as Butterworth, Bessel,
Cauer and Chebyshev) can be formed.

&National Semiconductor

MF5 Universal Monolithic Switched Capacitor Filter

February 1995

Features

= Low cost

| 14-pin DIP or 14-pin Surface Mount (SO) wide-body
package

s Easy to use

B Clock to center frequency ratio accuracy £0.6%

= Filter cutoft frequency stability directly dependent on
external clock quality

B Low sensitivity to extemal component variations

m Sepasate highpass (or notch or afipass), bandpass, low-
pass outputs

» 1oXQ range up to 200 kHz

B Operation up to 30 kHz (typical)

® Additional uncommitted op-amp

Block and Connection Diagrams
v vV anew o

All Packages

13

L $h—

|\

a2
TU/H/5068-1
14 p— P
13 b Vo2
12[—INv2 Order Number MFSCN
11— asnp See NS Package Number N14A
. Order Number MFS5CWM

10—V See NS Package Number M14B

9 p— 50/100

$|—c1x

Top View

TUH/5068-2
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Absolute Maximum Ratings

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for avallability and specifications.

Supply Voltage (V+ — V=) 14V
Power Dissipation T, = 25°C (note 1) 500 mW
Storage Temp. 150°C

Soldering Information: .
NPackage:  10sec. 260°C
SO Package: Vapor phase (60 sec.) 215°C
Infrared (15 sec.) 220°C

See AN-450 “Surface Mounting Methods and Thelr Effect
on Product Reliability” for other methods of soidering sur-
face mount devices.

input Voltage (any pin) V- SV <V+
Operating Temp. Range TN € Ta <€ Tmax
MF5CN, MFSCWM 0 C < Tp<70C

Electrical Characteristics v+ = 5v + 0.5%, V- = —5V 1 0.5% unless otherwise noted. Boldface imits
apply over tempersture, Taun < Ta < Taax. For al other kmits Tp = 25°C.

Typical Tested Design
Parameter -Conditions to Limit Umit Units
Note €) | nyote7) | (Notes)
Vi Min 8 \'
Vvt —v-) Max 14 v
Madmum Supply Current Clock applied to Pin 8 4.5 6.0 mA
No input Signal
Clock Filter Output 10 mv
Feedthrough [ op.amp Output 10 mv

Filter Electrical Characteristics v+ = sv+ 0.5%, V- = —5V 0.5% unless ctherwise noted. Boldface
limits apply over temperature, Tayy < Ta < Tuax. For all other kmits Ty = 25°C.

o Tested Design
Parameter Conditions (Note 6) Limit Limit Units
(Note 7) (Note 8)
Center Frequency Max 30 20 kHz
Range (fo) Min 0.1 0.2 Hz
Clock Frequency Max 1.5 1.0 MHz
Range (icuy) Min 5.0 10 Hz
Clock 1o Center Vping = +5V
Ffreqummﬁo (k)ie_a:o PR mony | 11 £02% | 5041 115%
(ferx/to) Mode i)
1 | VYoing = —5V
P T o0 Kz | 10004 02% | 10004 £ 1.5%
foux/fo Temp. Vping = +5V /°
Coefficient (50:1 CLK ratic) W ppm/°C
Vping = —5V 1°C
{100:1 GLK ratio) >R e
Q Accuracy (Max) Vping = +5V
(Note 2) eal | Fax=250kHz =10 *
Mode 1 | Vping = —5V
Foyy=500 kHz | A *
Q Temperature Vping = +5V —
Coefficient (50:1 CLK ratio) 200 ppm/°C
Vping = —5V = ppm/
(100:1 CLX ratio) 70 C
DC Lowpass Gain Mode 1
Accuracy (Max) R1 = R2 = 10kn %02 a8
DC Offset Vot £5.0 v
Voltage (Max) Vosz | Veins = +5V —185 v
Vosa | {50:1 CLK ratio) +115 mv
{Note 3) Vosz | Voing = —5V —310 mv
Vosa | (100:1 GLX ratio) 240 v
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Filter Electrical Characteristics v+ = 5v 0.5%, V- = —5v 0.5% unless otherwise noted. Boldface
Nmits apply over temperature, Ty < Ta < Tuax. For ali other kmits Ta = 25°C. (Continued)

Typleal Tosted Design
Parameter Conditions m’g’“ ® Umit Umit Units
(Note?) | (Note®)
Output BP, LP pins AL = 50 4.0 £38 v
Swing (Min) N/AP/HP pin AL = 3.5k0 242 +3.8 v
Vw.g- +5vV 83 d8
Oynamic Range (50:1 CLK ratio)
{Note 4) Vong= —5V 80 dB
{100:1 CLK ratio)
Maximum Output Short Clrcuit Source 20 mA
Current (Noto 5) Sink 3.0 mA

OP-AMP Electrical Characteristicg v+ = +5v £+0.5%, v~ = —5V 3.0.5% unless other noted. Bold-
face mits apply over temperature, Ty < Ta < Tuax. For all other kmits Ta = 25°C.

g Typical Tested Design
Paramoter Conditlons e p Limit Limit Units
( {Note 7) (Note 8)
Galn Bandwidth Product 2.5 MHz
Qutput Voitage Swing (Min) RL = 3.5k} 4.2 +3.8 v
Slew Rate 7.0 V/ps
DC Open-Loop Gain 80 db
Input Offset Voltage (Max) 5.0 20 mV
input Blas Current 10 PA
Maximum Output 20 mA
Short Circuit Source
Current (Note 5) Sink 3.0 mA
Logic Input Characteristics soldtace imits apply over temperature, Ti < Ta < Taax-
All other limits T = 25°C.
Tested Design
Parameter Conditions L{,‘;'T) Limit Umit Units
(NS (Note 7) (Note 8)
CMOS Clock Min Logical 1" 3.0 v
Input Input Voltage V+ = $5V,V= = —5V,
Max Logical 0" Visn =0V -30 v
Input Voitage
Min Logical “1” 8.0 v
Input Voltage V+ = £10V,V= =0V,
Max Logical “0” Visnh = 5V 20 v
Input Voltage
TTL Clock Min Logical 1" 2.0 v
Input Input Voltage Vt+ = 5V, V= = —5V,
Max Logical “0” Visn = OV 0.8 v
Input Voltage

Note 1: The typical junciion-to-ambient thermal resistance (§3,) of the 14 pin N package ls 160°C/W, and 82°C/W for the M package.

of the center

Note 2 The accuracy of the O value s a funclk
Characterstics”.

Note 3 Vo1, Vou2. 8530 Vo refer 1o the Internal
Note & For 25V supplies the range is

offsets a8 d in the

section 3.4.

e NFS with » 50:1 CLK ratic and 290 pV rms for the MF5 with a 100:1 CLK ratio.
Note 5 The short circult source current ls measured by forcing the output that is being tested to ts maximum positive voitage swing and then shorting that cutput to
mwmm.mmmnmhmwmmwwmbmmtod»mmmmammwmmdmonmw
that output 10 the positive supply. These are the worst case conditions.
Note & Typicals are al 25°C and rep: most kkely nom.

Note 7: Guarantoed and 100% lesied.

HNote & Guarsntsed. but not 100% tested. Those Emits are not used 1o calculate oulgoing quakty levels.

(o)l This ls Bustrated & the curves under the heading “Typical Performance

bMM(AvmmummmanMEMMmem
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Pin Description

LP(14), BP(1),
N/AP/HP(2)

INVI(3):

S1(4)

SA(5):

50/100(9):

AGND(11):

The second order lowpass, bandpass,
and noich/afipass/highpass outputs. The
LP and BP outputs can typically sink 1 mA
and source 3 mA. The N/AP/HP output
can typically sink 1.5 mA and source 3
mA. Each output typically swings to within
1V of each supply.

The lnverting input of the summing op
amp of the filter. This Is a high impedance
input, but the non-inverting input is
intemaly tiad to AGND, making INV1
behave iike a summing junction (low
Impedance cusrent inpuf).

S1is a signal input pin used in the allpass
filter configurations (see modes 4 and 5).
The pin should be driven with a source
impedance of less than 1 k2. i S1 is not
driven with & signal it should be tied'to
AGND (mid-supply).

This pin activates a switch that connects
one of the inputs of the filter’s sacond
summer to either AGND (SA tied to V—)
or to the lowpass (LP) output (SA tied to
V+). This offers the flexibility needed for
configuring the filter in its various modes
of operation.

This pin is used to set the internal clock to
center frequency ratio (foux/fo) of the
filter. By tying the pin to V+ an foyx/fo
ratio of about 50:1 (typically 50.11 £
0.2%) is obtained. Tying the 50/100 pin to
either AGND or V-~ will set the fcyx/1o
ratio to about 100:1 (typically 100.04 +
0.2%).

This is the analog ground pin. This pin
shouid be connected to the system
ground for dual supply operation or biased
to mid-supply for single supply oparation.
For a further discussion of mid-supply
biasing techniques see the Applications
Information {(Section 3.2). For optimum
filter performance a “clean” ground must
be provided.

Typical Performance Characteristics

Deviation of FF

CLX

V+(6),V-(10): These are the positive and negative

CLK(8):

L Sh(?:

INV2(12):

Vo2(13):

o

K _ocvanion (x)
:

11

0.

1.8 )
NOMINAL O

vs Nominal Q Deviat)

inal Q@

supply pins. The MF5 will operate over a
total supply range of 8V 10 14V.
Decoupling the supply pins with 0.1 pF
capacitors Is highly recommended.
This is the clock input for the fiter. CMOS
or TTL logic level clocks can be
accomodated by setting the L. Sh pin to
the levels described in the L. Sh pin
description. For optimum filter
performance a 50% duty cycle clock is
recommended for clock frequencies
greater than 200 kHz. This gives each op
amp the maximum amount of time to
gottie to a new sampled input.
This pin allows the MF5 to accommodate
either CMOS or TTL logic level clocks. For
dual supply operation (l.e., 5V), a CMOS
or TTL logic level clock can be accepted if
the L. Sh pin is tied to mid-supply (AGND),
which should be the system ground.
For single supply operation the L. Sh pin
should be tied 1o mid-supply (AGND) for a
CMOS logic leve! clock. The mid-supply
bias should be a very low impedance
node. See Applications Information for
biasing techniques. For a TTL logic level
clock the L. Sh pin shouid be ied to V—
which should be the system ground.
This is the inverting input of the
uncommitted op amp. This is a very high
impedanca input, but the non-inverting
input is internally tied to AGND, making
INV2 behave kke a summing junction
current input).
This is the output of the uncommitted op
amp. It wil typically sink 1.5 mA and
source 3.0 mA. It will typically swing to
within 1V of each supply.

OPAMP Cutput Voitage
Swing vs Temperature

£

Vietsy }
3.5
A=1830 ]

—

»~
-

£

<
/]

NEG SWING. N

-
-

PEAK-TO-PEAX OUTPUT SWING (V)

S

-85 13 Fed s 18
TEMPERATURE (*C)
TL/H/5068-3
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Typlical Performance

Characteristics (continueq)
Supply Current vs Tempenature

TT7

Vi=i%
(Y3 loux =250 Az

i N
82 \‘ 4
gu \‘m

1.
a" .y

1.0 Definitions of Terms

fcix: the frequency of the external clock signal applied 10
pin 8.

fo: conter frequency of the second order function complex
pole pair, f, is measured at the bandpass output of the MF5,
and is the frequency of maximum bandpass gain, (Figure 1).
fhoteh: the frequency of minimum (ideally zero) gain at the
notch output.

122 the center frequency of the second order complex zero
pair, it any. It {; is ditferent from f, and if Q; is high, it can be

observed as the frequency of a notch at the alipass output.
{Figere 10).

Cz “quality factor” of the 2nd order filter. Q is measured at
the bandpass output of the MFS and Is equal to f, divided by
the —3dB bandwidth of the 2nd order bandpass filter (Fi-
we 1). The value of Q determines the shape of the 2nd
order filter responses as shown in Figure 6.

Qy: the quality factor of the second order complex zero par,
# any. O; Is related to the alipass characteristic, which is
written:

HOAP( —'—(;:9-+o°2)

Hap(s) =
82 + %° + @2

where Q; = Q for an all-pass response.

Hogp: the gain (in V/V) of the bandpass output at f = {5,
Houp: the gain (in V/V) of the lowpass output as§ — OHz
(Figure 2).

Houp: the gain (in V/V) of the highpass output as
f —> fen/2 (Figure 3).

How: the gain (in V/V) of the notch output as § —> 0 Hz and
asf — tu/2, whon the notch filter has equal gain above
and below the center frequency (Figure 4 ). When the low-
frequency gain ditfers from the high-frequency gain, as in
modes 2 and 3a (Figwres 17 and 8), the two quantities be-
low are used in place of Hon.

Hopny: the gain (in V/V) of the notch output as f —> 0 Hz.
Hona: the gain (in V/V) of the notch output as  —> foy /2.

%-
»? + + wg?
€ ranes £ [a
i i 0 te b- iR
s~ |
SN E N D)
[ ] LM 1 1
1108 - — —
(a)  INOSICALD  TLAwscse-s (b) (08 3CALE)  TLAVS0es-8 W '.(20* . +1)
oo = 27l
FIGURE 1. 2nd-Order Bandpass Response )
W.)-M—
e
s Hor g ]
z Mo -3 - . 2
;—..mu., g_, e '0*\[(1 m’)*\/(‘_ﬁ) +1
~180 v, "-"'"‘——213
5 & » - }
(a) 1(L08 SCALE)  TL/H/5080-7 m 1{L08 SCALE)  TLn4/5068-8 < Houx.'o. 1-%
FIGURE 2. 2nd-Order Low-Pass Response
M‘)'M—'
4 Y 024200, 00
Hop = Q
g How g -1
T 0.797 Howe -9
H 2 k-'ex[\/('%)*\/('-é) J
-1 -1
. e
Y .
(a) 1(L08 SCALE) 1L /H/5088-9 (b) 11O SCALE)  TL/H/5068-10  Hop = Houp X " 1 =
FIGURE 3. 2nd-Order High-Pass Response aV' T

5
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1.0 Definition of Terms (continued)

QAN (V/V)

L)
0.707 Hon

g
:

_ B

A b [ XY a..-l.(5+ % +|)
11108 STALE) 1 R0 SCALE)
TLH/5088-11 TUH/B068-12
(®) (v)
FIGURE 4. 2nd-Order Notch Response
[
i Hoar (.z -2, ...:)
> g Hapls) = —mrm———————=
= ¥-m0 2+ % + mg?
3 i
-380 ey
] »
1100 SCALE) 1{L0@ SCALE)
TL/HIS068-13 TL/M/5088- 14
(a) (®)
FIGURE 5. 2nd-Order Ali-Pass Response
(a) Bandpass (b) Low-Pass (c) High-Pass
] » s ] ™ p ‘_:.
1 ® t S . L] -
. (T3] 4 8= o [ 8- -
g § — Q0707 g Q=0.797 -
§"' 5 W Gets » 3"" G=05_]
L) =824 i Noab2.]
-2 v/t - 20 j-0=02 \C » -
=30 Y
-% 3 -% -2
Py
” | € | 4
1] st 2 8 W %) 02 83519 28 B8 M %) 02 0518 2 5 10
FREQUENCY (it7) FRECUENCY (Hz) FREQUENCY {H2)
{d) Notch {e) Al-Pass
-] [ ] T
" - =5
18] |
_ ® g 1|
: » - -1
= 9=8 = L
] ».3_ - g [XTY
- [0=8.5"] -2 A
~38 ~300 !
g
~40 ey
1820208 01 2 » psaz @3 1 2 & W
FREQUENCY (1z) FREQUENCY (Hz)}
TL/H/S088-15

FIGURE 6. Responses of various 2nd-order filters
as a function of Q. Gains and center frequencles
are normalized to unity.
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2.0 Modes of Operation

The MF5 is a swilched capacitor (sampled data) filter. To
tully describe its transfer functions, a time domain approach
is appropriate. Since this is cumbersome, and sincs the
MF5 closely approximates continuous filters, the following
discussion is based on the well known frequency domain.
Each MF5 can produce a full 2nd order function. See Table
1 for a summary of the characteristics of the various modes.
MODE 1: Notch 1, Bandpass, Lowpass Outputs:

fnotch = fo (See Figure 7)
fo = center frequency of the complex pole pair

- lax  fox

100~ 50

fnotch ™ center frequency of the imaginary zero pair = fo.

Howp = Lowpassgain(as ! —» 0) = = °2

Hogp = Bandpass gain (! = 19 = — o

Hon = Notchoutputgainas¢ — ¢ }

f — Iak/2

m

%, R3
a BW R2

BW = the —3 dB bandwidth of the bandpass output
Circult dynamics:

Hoep -
HOLP"T“HOBP"HOLPXQ Hon X Q.
Hovppesy ™ Q X Hotp (for high Q's)

MODE 1a: Non-inverting BP, LP (See Figure 8 )
- fax  fox
o 100 > 50
R3
Q -E—Z
Hop ™ —1; Hotpipeax) ™ Q X Hoyp (for high Q's)
R3
Hospy ™ ~na
Hopp, = 1 (non-inverting)
Grcuitdynanit::ﬂogp,-()
Note: V) should be driven from a low impedance (<1 k1)

5

TU/H/5068-18

TL/H/5068-17

FIGURE 8. MODE 1a
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2.0 Modes of Operation (Continued)

MODE 2: Notch 2, Bandpass, Lowpass: fnotch <to
(See Figuse 9)
to = center hequmcy

'cu( 'cu<
- h2,
\/ m s Vs ' !

Inotch fcu<
"ﬁ" 50
Q = quality factor of the complex pole pair
- + 1
R2/R3
Hop = Lowpass output gain (as 1 — 0)
R2/R1
R2/R4 + 1

Hopp = Bandpass output gain {at f = 1g) = —R3/R1

Hong = Notch output gain {(as 1 — 0)
_ R2/R1
R2/R4 + 1

MODE 2 Highpass, Bandpass, Lowpass Outputs

(See Figure 10)
foLk L&K_ [R2
fo 100 < VRa ™ A4
Q = quality factor of me complex pole pair
R3
— Y ———
R4 R2

Howp = Woﬂlﬂ(”'—’—.‘;—) T

fax R2

Hopp = Bandpass gain (atl = o) = —-2—::

Howp = lowpass gain (asf — 0) = i

dynanics:—-—-'l-logp-.'ﬁa; Hop X Q

4
29

HoLpipeax) = O X HOLp(lorhlghQ’s)
Hompipeaky = Q X Howp (for high Q's)

/
Hon, = Notch output gain (asl - %5) = —R2/R1

Fitor dynamics: Hopp = Q YHoLp Hon, = Q YHon, Hon,

"
>

TUH/5066-19

FIGURE 10. MODE 3

TL/H/50688-18

*In Mode 3, the fsedback ioop s closed around
ummmmmcawm
uct of this 0p amp causes a sight O sahance-
ment. I this Is a problem, connect a small capact-
lot(lOpF-lOOpF)wouRlbpvmwm
phase lead.
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2.0 Modes of Operation (contieved)

MODE 3a: HP, BP, LP and Notch with External Op amp
(See Figure 11)

faxk R2 ok R2
- —or =2 [
Yo 200 <V A4 ™ 50 \/m
A2 _R3
R

R2
HOHP"“'R—{
-
A1
- P
"R

n -nolchfroquency-% %“%\[E}

Hon -gdnofnotchatf-lo—no(%?Hw—g:mp)H
Hat = gain of notch (asf —> 0) -%?xno._p

Hy2 = gain of notch (ast —d -'%K-) - —g’;xuoﬂp

MODE 4: Alipass, Bandpass, Lowpass Outputs (See
Flgure 12 )
fo = center frequency

13 = conter frequency of the complex zero pair 51,
fo _R3
e BW R2
R3
Q, = quality factor of complex zero -E‘-
For AP output make Rt = R2

R
H'w-wmgain(a!0<1<'%'—“)- _Ff- -1

Hop = Lowpass gain (asf —> 0)
R2
- (Be1)- -2
Hogp = Bandpass gain (atf = 1g)

i) R2 na)
) Rz(1 +m) 2(a2

Gircuit dynamics: Hogp = (Hoe) X Q = (Hoap + 1) O

*Due 10 the sampiod data nature of the fitler, a alight mismaich of I and 1y
mnm.nammmv,olmmmmmm
mmmmu-w&wm).umum»
able, Mode 5 is recommended.

bl

.
>

¥+ >/
L]
O AN Al
‘v‘v‘" NOTCH
out
Z S TL/H/5068-20
FIGURE 11. MODE 3a
(14
"
LA AN
TL/H/5088~21

FIGURE 12. MODE 4
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2.0 Modes of Operation (continved)

MODE 5: Numerator Compiex Zeros, BP, LP MODE 6a: Single Pols, HP, LP Filter (See Flgure 14)
(See Figure 13) = cutolf frequency of LP or HP output
, R2 fcik R2 lax R2icx _ R21,
f - J1e—x== = x=" -l 0K 2 I0K
° Ra 100> ! R4~ 50 A3 100 ¥ R3 50
/ A1, lax [ A1 lax A3
- ———X -
fs "R 00"V TR ™ 50 Howe = — &7
0 =AFTRTmx® -2
R2 R1

0, =-RI/A%X -:g
MODE 6b: Single Pole LP Fliter (Inverting and Non-

Hoy = gahntC.Z.otM(asl-*OPh)-:lez—n(F“:_;m—) Inverting) (See Figure 15)
\ (nz R2) o = cutoff lrequency of LP outputs
Ho, —gainataz.wtput(asl—b%K—)-—FF' « R2lak  R2lok
2 R R3 100  R3 50
Hoep -_(-m+1)x§- Hou;,-t(non-imenhg)
R3
_(R2+R1\ R4 Hoe, = = @
Hoe (nz+n4)xm Rz

TU/H/5068-22

TUH/5068-23

TULH/5066-24

FIGURE 15. MODE 6d

10
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2.0 Modes of Operation (continued)

TABLE I. Summary of Modes. Reallzable filter types (e.g. low-pass) denoted by asterisks. Uniess otherwise noted,
gains of various filter outputs are Inverting and adjustable by resistor ratios.

Number of Adjustable
Mode BP LP HP N AP reeletors oy Notes
1 * * * 3 No
(V] May need input buf-
1a Hogp1=-Q Holp= +1 2 No fer. Poor dynamics
Hogp2=+1 for high Q.
Yes (above
2 * * * 3 foux/50 or
fcuk/100)
Universal State-
3 * * * 4 Yes Variable Filter. Best
general-purpose mode.
As above, but also
3a e * * * 7 Yes includes resistor-
tuneable notch.
Gives Allpass res-
4 * * * 3 No ponse with Hoap= —1
and HoLp= —2.
Gives flatter allpass
5 * * * 4 response than above
if Ry=R2=0.02R4.
6a * * 3 Single pole.
(2)
6b Hop= +1 2 Single pole
A
OoLP2= "5

3.0 Applications Information

The MF5 is a g |-purpose d-order state variable
filter whose center frequency is proportional to the frequen-
cy of the square wave applied to the clock input (fcLi)- By
connecting pin 9 to the appropriate DC voltage, the filter
center frequency f, can be made equal to either fc k/100
or foLk/50. 1, can be very accurately set (within +0.6%) by
using a crystal clock oscillator, or can be easily varied over
a wide frequency range by adjusting the clock frequency. If
desired, the fo /1, ratio can be altered by external resis-
tors as in Figures 9, 10, 11, 13, 14, and 15. The filter Q and
gain are determined by external resistors.

All of the five second-order filter types can be built using the
MF5. These are illustrated in Figures 1 through 5 along with
their transfer functions and some related equations. Figure
6 shows the effect of Q on the shapes of these curves.
When filter orders greater than two are desired, two or more
MF5s can be cascaded. The MF5 also includes an uncom-
mitted CMOS operational amplifier for additional signal pro-
cessing applications.

3.1 DESIGN EXAMPLE

An example will help illustrate the MF5 design procedure.
For the example, we will design a 2nd order Butterworth
low-pass filter with a cutoff frequency of 200 Hz, and a pass-
band gain of —2. The circuit will operate from a +5V power
supply, and the clock amplitude will be + 5v (CMOS) levels).

From the specifications, the filter parameters are:
fo=200 Hz, Hop=—2, and, for Butterworth response,
Q=0.707.
lnmﬁonzomsevaalmodeso(operaﬁontotmeMFs.
each having ditferent characteristics. Some allow adjust-
ment of fc x/fo. Others produce different combinations of
filter types, some are inverting while others are non-invert-
ing, etc. These characteristics are summarized in Table I. To
keepmeexamplesimple.wowiuuumodo 1, which has
nal polarity. Three external resistors determine the filter’s Q
and gain. From the equations accompanying Figure 7,
Q=R3/R2 and the passband gain HoLp = —R2/R;y. Since
MMMsignalisdrivingasumnﬁng)uncﬁonthrougth
the input impedance will be equal to Ry. Start by choosing a
value for Ry. 10k is convenient and gives a reasonable input
impedance. For HoLp = —2, we have:

Ry = —RyHoLp = 10k X 2 = 20k.

For Q = 0.707 we have:

Rz = RpQ = 20k X 0.707 = 14.14k. Use 15k.

For operation on +5V supplies, V+ is connected to +5V,
V- to —5V, and AGND to ground. The power supplies
should be “clean” (regulated supplies are preferred) and
0.1 pF bypass capacitors are recommended.
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3.0 Applications Information (continued)

" i,

+*
(8} AAA
= I = Ao
- 4
7 0 [ 4 3 2 1

L v L Ll L L} »

AA
W
B

20k
TV 0R Y TOW
FIGURE 16. 2nd-Order Butterworth Low-Pass Fiiter of Design
Exampl..For"-Lu‘ = 50, Connect Pin 9 to + 5V, and
(1

TL/H/5066~25

Ch Clock Freq y to 10 kHz.

L
v ;Er.‘
- R2, 20
7 B § 1] [jl-q' 3 e 2 1
LS Uid £ " n - L] L 4

OV T0 5V 08

e TL/H/5066-26

FIGURE 17. Butterworth Low-Pass Circuit of Example, but Designed for Single-Supply Operation
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3.0 Applications Information (continued)

{'Ad

vt =i0v

o
% S
I LN2831AZS.

-
-

N AAA G AAA

; . H -
] ¢ TYPCAL VALUES:
I X sRs100k = 100 oF
. A7 W FSCSAT0 F s
TL/H/5066-27 - TU/MH/5086-28 TU/H/5066-29
(a) Resistive Divider with (b) Voltage Regulator (c) Operational Amplifier
Decoupling Capaciter with Divider

.
FIGURE 18. Three Ways of Generating VT for Single-supply Operation

For a cutoff frequency of 200 Hz, the external clock can be
either 10 kHz with pin 9 connected to V+ (50:1) or 20 kHz
with pin 9 tied to Agnp of V~ (100:1). The voitage on the
Logic Level Shift pin (7) d ines the logic t id for
the clock input. The threshold is approximately 2V higher
than the voltage applied to pin 7. Therefore, when pin 7 is
grounded, the clock logic threshold will be 2V, making it
compatible with 0-5 volt TTL logic levels and +5 volit
CMOS levels. Pin 7 should be connected to a clean, low-im-
pedance (less than 100002) voltage source.

The complete circuit of the design example is shown for a
100:1 clock ratio in Figure 16.

3.2 SINGLE SUPPLY OPERATION

The MF5 can also operate with a single-ended power sup-
ply. Figure 17 shows the example filter with a single-ended
power supply. V+ is again connected to the positive power
supply (8 to 14 volts), and V= is connected to ground. The
AGND Pin must be tied to V+ /2 for single supply operation.
This half-supply point should be very “clean”, as any noise
appearing on it will be treated as an input to the filter. It can
be derived from the supply voltage with a pair of resistors
and a bypass capacitor (Figure 18a), or a low-impedance
half-supply voltage can be made using a three-terminal voit-
age regulator or an operational amplifier (Figures 18b and
18¢). The passive resistor divider with a bypass capacitor is
sufficient for many applications, provided that the time con-
stant is long enough to reject any power supply noise. It is
also important that the half-supply reference present a low
impedance to the clock frequency, so at very iow clock fre-
quencies the regulator or op-amp approaches may be pref-
erable because they will require smaller capacitors to filter
the clock frequency. The main power supply voitage should
be clean (preferably regulated) and bypassed with 0.1pF.
3.3 DYNAMIC CONSIDERATIONS

The maximum signal handling capability of the MF5, like
that of any active filter, is limited by the power supply voit-
ages used. The amplifiers in the MF5 are able to swing to
within about 1 volt of the supplies, so the input signals must
be kept small enough that none of the outputs will exceed

these limits. If the MF5 is operating on *5 volts, for exam-
ple, the outputs will clip at about 8Vp.p. The maximum input
voltage multiplied by the filter gain should therefore be less
than 8Vp.p.

Note that if the filter has high Q, the gain at the lowpass or
lighpaseomputswmboumhgreatumcnnw\indmw
gahV-praG).Asanewwle.lMpassﬁlterwhhaQol
10 will have a 20 dB peak in its amplitude response at fo. If
the nominal gain of the filter Hopp is equal to 1, the gain at
Iowillbew.Thomuim\mhpmdgmlniomtmlm
be less than 800 mVp.p when the circuit is operated on +5
volt supplies.

Also note that one output can have a reasonable small volt-
agoonnwhileanoﬂmbsauatad.mismoﬂlikamora
circuit such as the notch in Mode 1 (Figure 7). The notch
outpt.nwiﬂbevorysmallaﬂo.oonnightappearsavelo
applyalagesigmlloﬂwhputﬂowover.hebandpasswin
have its maximum gain at f,, and can clip if overdriven. If one
wmdips.mep«fonnmatmeomeroutp\mwm
dogaded,soavoidoverdﬁvimenyﬁnerucﬁon.evmonec
whose outputs are not being directly used. Accompanying
Flgtmlxnowhﬁueewaﬁaulabebd"mwnm
ics”, which relate the Q and the gains at the various outputs.
These should be consulted to determine peak circuit gains
and maximum allowable signals for a given application.
3.4 OFFSET VOLTAGE

The MF5’s switched capacitor integrators have a higher
eqivalominwlomclvonage(hanwouldbofoundina
typical continuous-time active filter integrator. Figure 19
shows an equivalent circuit of the MF5 from which the out-
put dc offsets can be calculated. Typical values for these
offsets are:

Vos1 = opamp offset = +5mV

Vos2 = —185mV @ 50:1 —310mV @ 100:1
Vosa = +115mV @ 50:1 +240mV @ 100:1
The dc offset at the BP output is equal to the input offset of
the lowpass integrator (Vos3). The offsets at the other out-
puts depend on the mode of operation and the resistor ra-
tios, as described in the following expressions.
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3.0 Applications Information (Continued)

Mode 1 and Mode 4 Mode 2 and Mode 5
1 Vw (Rz ) 1
- - -— - — K e
Vos) Vos1 (o +1+ HHou»") ) Vos) Rp +1)Vos1 X 7 Rro7Ra
Vos(er) LS
Vm -VOS(N)"VOS2 +v°sz1+R4/R2-
Mode 1a Rp = R1//R2//R4
VOS(N-|NV-BP) - (1 + 1) Vosi — L.§3_ VOS(BP) = VO&
Q Vosur,) = Vosn) — Vos2
Vos(INV.BP) Mode 3
Vos(LP) = Vos(N.INV.BP) — Vos2 Vosem =Vos2
Vos(ep) =Voss
R4 (R2 )
il — + +
Vos(Lp) R2 (mVOS:I Vosz
R4 R2
— =={1+ =) Vos1; Ry = R1//R3//R4
A2 (' R,) 0815

FIGURE 19. Block Diagram Showing MF5
Offset Voltage Sources

TL/H/5066-31

FIGURE 20. Method for Trimming Vos,
See Text, Section 3.4

TL/H/5066-30

Vosa .
QfitR2/R4
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3.0 Applications Information (continued)

For most applications, the outputs are AC coupled and DC
offsets are not bothersome unless large signals are applied
to the filter input. However, larger offset voltages will cause
clipping to occur at lower ac signal levels, and clipping at
any of the outputs will cause gain nonlinearities and will
change f, and Q. When operating in Mode 3, offsets can
become excessively large if Rz and R4 are used to make
fok/fo significantly higher than the nominal value, especial-
ly if Q is also high. An extreme example is a bandpass filter
having unity gain, a Q of 20, and fcik/fo = 250 with pin 9
tied to V= (100:1 nominal). R4/R2 will therefore be equal to
6.25 and the offset voltage at the lowpass output will be
about + 1.9V. Where necessary, the offset voltage can be
adjusted by using the circuit of Figure 20. This allows adjust-
ment of Vogy, which will have varying effects on the different
outputs as described in the above equations. Some outputs
cannot be adjusted this way in some modes, however
(Vo.(sp)inmodesnanda,forexample).

3.5 SAMPLED DATA SYSTEM CONSIDERATIONS

The MF5 is a sampled data filter, and as such, differs in
many ways from conventional continuous-time filters. An im-
portant ch istic of pled-data sy is their ef-
fect on signals at frequencies greater than one-half the
sampling frequency. (The MF5's sampling frequency is the
same as its clock frequency). If a signal with a frequency
greater than one-half the sampling frequency is applied to
the input of a pled data system, it will be “reflected” to
a frequency less than one-half the sampling frequency.
Thus, an input signal whose frequency is fs/2 + 100 Hz will
cause the system to respond as though the input frequency
was fs/2 - 100 Hz. This phenomenon is known as “alias-

ing”, and can be reduced or eliminated by limiting the input
signalspecmmwlessn\anl.lzmsmaylnsonwcases
require the use of a bandwidth-limiting filter ahead of the
MF5 to limit the input spectrum. However, since the clock
hmhmmmnwmtuhm.ﬁswm
often not be necessary.

Another characteristic of sampled-data circuits is that the
output signal changes amplitude once every sampling peri-
od.mu&mh"stepc”hthoouwmuoowhbhooalnl
the clock rate. Wgun:l)lfnecossuy.ltmmbo
“smoothed” with a simple R-C low-pass filter at the MF5
output.

The ratio of fck 1o fc (normally either 50:1 or 100:1) will
also affect performance. A ratio of 100:1 will reduce any
aliasing problems and is usually recommended for wide-
band input signals. In noise sensitive applications, however,
a ratio of 50:1 may be better as it will result in 3 dB lower
output noise. The 50:1 ratio also results in lower DC offset
voltages, as discussed in 3.4.

The accuracy of the fc k/fo ratio is dependent on the value
of Q. This is illustrated in the curves under the heading
“Typical Performance Characteristics”. As Q is changed,
the true value of the ratio changes as well. Unless the Q is
low, the error in foLi/fo Will be small. If the error is too large
for a specific application, use a mode that allows adjustment
of the ratio with external resistors.

it should also be noted that the product of Q and f, should
be limited to 300 kHz when o, < 5 kHz, and to 200 kHz for
fo > 5 kHz.

i 100:1

TU/H/5066-32

FIGURE 21. The Sampled-Data Output Waveform
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MF5 Universal Monolithic Switched Capacitor Filter
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ABSTRACT
This purpose of this paper is to present the use of a SC-filter IC as a positive feedback

SC-Oscillator, by adding the negative feedback to the band pass filter of the SC-filter IC. The
frequency of operation varies linearly with the change of frequency of the external clock signal, in the
range of 5 decades. As the operational frequency increases, the amplitude remains stable whilst the
Total Harmonic Distortion (THD) decreases. The type of SC-filter IC used in this experiment was the
IC-MFS5. This principle can be applied for both filter and oscillator . The experiment used to confirm

the validity of the theory is included in this paper.
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