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FEATURES

w Guaranteed Filter Specification for +2.37V and
+5V Supply
® QOperates up to 30kHz
= [ow Power and 88dB Dynamic Range at + 2.5V Supply
= Center Frequency Q Product up to 1.6MHz
® Guaranteed Offset Voltages
® Guaranteed Clock to Center Frequency Accuracy over
Temperature
0.3% for LTC1060A
0.8% for LTC1060
m Guaranteed Q Accuracy over Temperature
m Low Temperature Coefficient of Q and Center
Frequency
= Low Crosstalk, 70dB
» Clock Inputs TTL and CMOS Compatible

APPLICATIONS

= Single 5V Supply Medium Frequency Filters

= Very High Q and High Dynamic Range Bandpass,
Notch Filters

= Tracking Filters

= Telecom Filters

Single 5V, Gain of 1000 4th Order Bandpass Filter

vin__| L3 16K
1mV(RMS) | A

+ OUTPUT

Universal Dual Filter
Building Block

DESCRIPTION

The LTC1060 consists of two high performance, switched
capacitor filters. Each filter, together with 2 to 5 resistors,
can produce various 2nd order filter functions such as low-
pass, bandpass, highpass notch and allpass. The center
frequency of these functions can be tuned by an external
clock, or by an external clock and resistor ratio. Up to 4th
order full biquadratic functions can be achieved by cas-
cading the two filter blocks. Any of the classical filter con-
figurations (like Butterworth, Chebyshev, Bessel, Cauer)
can be formed.

The LTC1060 operates with either a single or dual supply
from +£2.37V to +8V. When used with low supply (i.e.
single 5V supply), the filter typically consumes 12mW and
can operate with center frequencies up to 10kHz. With
+5V supply, the frequency range extends to 30kHz and
very high Q values can also be obtained.

The LTC1060 is manufactured by using Linear Tech
nology’s enhanced LTCMOS™ silicon gate process. Be-
cause of this, low offsets, high dynamic range, high center
frequency Q product and excellent temperature stability
are obtained.

The LTC1060 is pinout compatible with MF10.

LTCMOS™™ is a trademark of Linear Technology Corp.
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LTC1060

ABSOLUTE MAXIMUM RATINGS

SupplyVoltage.......ccovvvviieiiiiiiiiiinnnnns 18V
Power Dissipation...........covvineiniinnennns 500mwW
Operating Temperature Range
LTC1060AC, LTC1060C............. -40°C<Tp<85°C
LTC1060AM, LTC1060M.......... -55°C<Tp<125°C
Storage Temperature Range............. -65°Ct0 150°C
Lead Temperature (Soldering, 10sec)).............. 300°C

‘PACKAGE/ORDER INFORMATION

TOP VIEW
el 5 s ORDER PART
P2 EES NUMBER

N/aPHP, 3] (1] N/AP/HPg

VA [2] [17] iNve
Sials 16] Stg
Sase E LTC1080 % AGND LTC1060ACJ
va+[7] [14] va- LTC1060MJ
o+ [E] ] Vo~ LTC1060ACN
tsh 2] [72] 50/100/H0LD LTC1060AMJ
o [ - LTC1080CN
LTC1060CJ
J PACKAGE N PACKAGE
CERDIP MOLDED DIP

€ELECTRICAL CHA RACTERISTICS (Complete Filter) Vg = + 5V, T =25°C unless otherwise specified.

PARAMETER CONDITIONS MIN TYP MAX UNITS
Center Frpqugncy Range _ f, x Q<400kHz, Mode 1, Figure 4 0.1-20K Hz
(see Applications Information) t,x Q<1.6MHz, Mode 1, Figure 4 0.1-16K Hz
Clock to Center Frequency Ratio
LTC1060A Mode 1, 50:1, fo = 260kHz, Q=10 L 50 +0.3%
LTC1060 Mode 1, 50:1, fo = 260kHz, Q=10 ® 50+0.8%
LTC1060A Mode 1, 100:1, fo x =500kHz, Q=10 ® 100£0.3%
LTC1060 Mode 1, 100:1, for = 500kHz, Q=10 ® 100+0.8%
Qaccuracy
LTC1060A Mode 1,50:1 or 100:1, f,=5kHz ® 205 3 %
LTC1060 Q=10 e +05 5 %
f, Temperature Coefficient Mode 1, fo < 500kHz -10 ppm/°C
Q Temperature Coefficient Mode 1, fg  <500kHz, Q=10 +20 ppmi°C
DC Offset Vgsy ° 2 15 mV
Voso foLk = 260kHz, 50:1, Spg High ® 3 30 mV
Vos fouk =500kHz, 100:1, S5 High ® 6 60 mv
Vos2 fouk = 250kHz, 50:1, Sy Low ® 2 20 mV
Vosz forx = B00kHz, 100:1, S5 Low ® 4 40 mv
Voss fork = 250kHz, 50:1, Sy Low ® 2 20 mv
Voss foL = 500kHz, 100:1, Syg Low ® 4 40 mv
DC Low Pass Gain Accuracy Mode 1, R1=R2 =50k +0.1 2 %
BP Gain Accuracy at f, Mode 1,Q=10, f,=5kHz +0.1 %
Clock Feedthrough folk<1MHz 10 mV(p-p)
Max. Clock Frequency 1.5 MHz
Power Supply Current 3 5 8 mA
° 12 mA
Crosstalk 70 dB



LTC1060

ELECTRICAL CHRRACTERISTICS (Complete Filter) Vs = +2.37V, Ty =25°C

PARAMETER CONDITIONS MIN TYP MAX UNITS
Center Frequency Range fox Q< 100kHz 0.1-10k Hz
Clock to Center Frequency Ratio

LTC1060A Mode 1,50:1, f x = 250kHz, Q=10 ° 50 £0.5%

LTC1060 Mode 1,50:1, fc = 250kHz, Q = 10 50+0.8%

LTC1060A Mode 1, 100:1, fo x = 250kHz, Q=10 [ 100£0.5%

LTC1060 Mode 1, 100:1, f¢ = 250kHz, Q=10 100+ 0.8%
Q Accuracy

LTC1060A Mode 1, f,=2.5kHz, Q=10 +2 %

LTC1060 +4 %
Max Clock Frequency 500 kHz
Power Supply Current 25 4 mA
ELECTRICAL CHARACTERISTICS (internal 0p Amps) To=25°C
PARAMETER CONDITIONS MIN TYP MAX UNITS
Supply Voltage Range +2.37 *+8 v
Voltage Swings

LTC1060A +4 +4 v

LTC1060 Vg= £5V, R =5k {Pins 1,2, 19, 20) +3.8 *4 v

LTC1060, LTC1060A R, =3.5k(Pins 3, 18) o +36 x4 v
Output Short Circuit Current Vg= 25V

Source 25 mA

Sink 3 mA
Op Amp GBW Product Vg= %5V 2 MHz
Op Amp Slew Rate Vg= 25V 7 Vius
Op Amp DC Open Loop Gain R =10k, Vg= 5V 85 dB

The @ denotes the specifications which apply over the full operating
temperature range.
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LTC1060

TYPICAL PERFORMANCE CHARACTERISTICS
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LTC1060

TYPICAL PERFORMANCE CHRRACTERISTICS

DEVIATION FROM 100:1(%)
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LTC1060

TYPICAL PERFORMANCE CHRRACTERISTICS

Graph 19. Mode 3 (R2= R4): Graph 20. Mode 3 (R2=R4):

Graph 21. Mode 3 (R2=R4).
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LTC1060

~

PIN DESCRIPTION AND APPLICATIONS INFORMATION

Power Supplies

The V¥and V3 (pins 7 and 8) and the Vg, Vj (pins 14 and 13)
are, respectively, the analog and digital positive and nega-
tive supply pins. For most cases, pins 7 and 8 should be
tied together and bypassed by a 0.1xF disc ceramic
capacitor. The same holds for pins 14 and 13. If the
LTC1060 operates in high digital noise environment, the
supply pins can be bypassed separately. Pins 7 and 8 are
internally connected through the IC substrate and should
be biased from the same DC source. Pins 14 and 13 should
also be biased from the same DC source.

The LTC1060 is designed to operate with +2.5V supply (or
single 5V) and with £5V to +8V supplies. The minimum
supply, where the filter operates reliably, is £2.37V. With
low supply operation, the maximum input clock frequency
is about 500kHz. Beyond this, the device exhibits exces-
sive Q enhancement and center frequency errors.

Clock Input Pins and Level Shift

The level shift (LSh) pin 9 is used to accommodate T2L or
CMOS clock levels. With dual supplies equal or higher to
+4.5V, pin 9 should be connected to ground (same poten-
tial as the AGND pin). Under these conditions the clock
levels can be T2L or CMOS. With smgle supply operation,
the negative supply pins and the LSh pin should be tied to
the system ground. The AGND, pin 15, should be biased at
112 supplies, as shown in the “Single 5V Gain of 1000 4th
Order Bandpass Filter” circuit. Again, under these condi-
tions, the clock levels can be T2L or CMOS. The input
clock pins (10, 11) share the same level shift pin. The clock
logic threshold level over temperature is typically
1.5V £ 0.1V above the LSh pin potential. The duty cycle of
the input clock should be close to 50%. For clock frequen-
cies below 1MHz, the (foLk/fo) ratio is independent from
the clock input levels and from its rise and fall times. Fast
rising clock edges, however, improve the filter DC offsets.
For clock frequencies above 1MHz, T2L level clocks are
recommended.

50/100/Hold (Pin 12)

By tying pin 12 to (V£ Vg), the filter operates in the 50:1
mode. With £5V supplies pin 12 can be typically 1V below
the positive supply without affecting the 50:1 operation of

the device. By tying pin 12 o 1/2 supplies (which should be
the AGND potential), the LTC1060 operates in the 100:1
mode. The 1/2 supply bias of pin 12 can vary around the 1/2
supply potential without affecting the 100:1 filter opera-
tion. This is shown in Table 1.

When pin 12 is shorted to the negative supply pin, the filter
operation is stopped and the bandpass and lowpass out-
puts act as a S/H circuit holding the last sample. The hold
step is 20mV and the droop rate is 1504V/second!

Table 1
Voltage Range of Pin 12
Total Power Supply for 100:1 Operation
+5v 25V£0.5v
+10V +5VE1V
+15V +75V+1.5V

$14, S1g(Pins 5 and 16)

These are voltage signal input pins and, if used, they
should be driven with a source impedance below 5kQ. The
S1, S1g pins can be used to alter the CLK to center fre-
quency ratio (fcLk/fo) of the filter (see Modes 1b, 1c, 2a, 2b)
or to feedforward the input signal for allpass filter con-
figurations (see Modes 4 and 5). When these pins are not
used, they should be tied to the AGND pin.

Sg (Pin 6)

When Spg is high, the S2 input of the filter's voltage sum-
mer (see Block Diagram) is tied to the lowpass output. This
frees the S1 pin to realize various modes of operation for
improved applications flexibility. When the Sag pin is con-
nected to the negative supply, the S2 input switches to
ground and internally becomes inactive. This improves the
filter noise performance and typically Iowers the value of
the offset Vos.

AGND (Pin 15)

This should be connected to the system ground for dual
supply operation. When the LTC1060 operates with a
single positive supply, the analog ground pin should be
tied to 1/2 supply and bypassed with a 0.1x4F capacitor, as
shown in the application, “Single 5V, Gain of 1000 4th Or-
der Bandpass Filter”. The positive inputs of all the internal
op amps, as well as the reference point of all the internal

LT
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LTC1060

APPLICATIONS INFORMATION

switches are connected to the AGND pin. Because of this,
a “clean” ground is recommended.

foLk/fo Ratio

The (fcLk/fo) reference of 100:1 or 50:1 is derived from the. . .

filter center frequency measured in mode 1, with a Q=10
and Vg=+5V. The clock frequencies are, respectively,
500kHz/250kHz for the 100:1/50:1 measurement. All the
curves shown in the Typical Performance Characteristics
section are normalized to the above references.

Graphs 1and 2 in the Typical Performance Characteristics
show the (fok/fo) variation versus values of ideal Q. The
LTC1060 is a sampled data filter and it only approximates
continuous time filters. In this data sheet, the LTG1060 is
treated in the frequency domain because this approxima-
tion is good enough for most filter applications. The
LTC1060 deviates from its ideal continuous filter model
when the (foLk/fo) ratio decreases and when the Q’s are
fow. Since fow Q filters are not selective, the frequency
domain approximation is well justified. In graph 15 the
LTC1060 is connected in mode 3 and its (foLk/fo) ratio is
adjusted to 200:1 and 500:1. Under these conditions, the
filter is over-sampled and the (fc/fo) curves are nearly in-
dependent of the Q values. In mode 3, the (fcLk/fo) ratio
typically deviates from the tested one in mode 1
by £0.1%.

fo x Q Product Ratio

This is a figure of merit of general purpose active filter
building blocks. The foxQ product of the LTC1060
depends on the clock frequency, the power supply volt-
ages, the junction temperature and the mode of operation.

At 25°C ambient temperature for +5V supplies, and for
clock frequencies below 1MHz, in mode 1 and its deriva-
tives, the f, x Q product is mainly limited by the desired f,
and Q accuracy. For instance, from graph 4 at 50:1 and for
foLk below 800kHz a predictable ideal Q of 400 can be
obtained. Under this condition, a respectable f, x Q prod-
uct of 6.4MHz is achieved. The 16kHz center frequency will
be about 0.22% off from the tested value at 250kHz clock
(see graph 1). For the same clock frequency of 800kHz and
for the same Q value of 400, the f, x Q product can be fur-
ther increased if the clock to center frequency ratio is low-

ered below 50:1. In mode 1¢ with R5=0 and R6="m, the
(foLk/fo) ratio is 502 The fox Q product can now be in-
creased to 9MHz since, with the same clock frequency and
same Q value, the filter can handle a center frequency of
16kHz X V2

For clock frequencies above 1MHz, the fo X Q product is
limited by the clock frequency itself. From graph 4 at
+ 7.5V supply, 50:1, and 1.4MHz clock, a Q of 5 has about
8% error; the measured 28kHz center frequency was
skewed by 0.8% with respect to the guaranteed value at
250kHz clock. Under these conditions, the fo X Q product
is only 140kHz, but the filter can handle higher input signal
frequencies than the 800kHz clock frequency-very high Q
case described above.

Mode 3, Figure 11, and the modes of operation where R4 is
finite, are “slower” than the basic mode 1. This is shown
in graph 16 and 17. The resistor R4 places the input op
amp inside the resonant loop. The finite GBW of this op
amp creates an additional phase shift and enhances the Q
value at high clock frequencies. Graph 16 was drawn with
a small capacitor, Cg, placed across R4 and as such, at
Vg= 15V, the (1/2xR4Cc)=2MHz. With Vg= 2.5V the
(1/2xR4C¢) should be equal to 1.4MHz. This allows the Q
curve to be slightly “flatter” over a wider range of clock
frequencies. If, at 5V supply, the clock is below 900kHz
(or 400kHz for Vg=+25V), this capacitor, Cg, is not
needed.

For graph 25, the clock to center frequency ratios are al-
tered to 70.7:1 and 35.35:1. This is done by using mode 1c
with R5=0, Figure 7, or mode 2 with R2=R4=10k0. The
mode 1c, where the input op amp is outside the main loop,
is much faster. Mode 2, however, is more versatile. At 50:1,
and for Tp =25°C the mode 1¢ can be tuned for center fre-
quencies up to 30kHz.

Output Noise

The wideband rms noise of the LTC1060 outputs is
nearly independent from the clock frequency provided that
the clock itself does not become part of the noise. The
LTC1060 noise slightly decreases with +2.5V supply. The
noise at the BP and LP outputs increases for high Q's.
Table 2 shows typical values of wideband rms noise. The
numbers in parentheses are the noise measurement in
mode 1 with the Sag pin shorted to V- as shown in
Figure 25.

7-22
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LTC1060

APPLICATIONS INFORMATION
Table 2. Wideband rms Noise

fork Notch/HP BP LP
v, fy (»Vrms) (sVrms) (uVrms) CONDITIONS
5V 50:1 49(42) 52 (43) 75(65) Mode1,R1=R2=R3
x5V 100:1 70(55) 80 (58) 90 (88) Q=1
+25V 50:1 33(31) 36(32) 48(43)
+25V 100:1 48 (40) 52 (40) 66 (55)
+5V 50:1 20(18) 150{125) 186 (155) Mode 1,Q=10
+5V 100:1 25(21) 220(160) 240(180) R1=R3 for BP out
+25V 50:1 16 (15) 100 (80) 106 (87) R1=R2for LP out
+25V 100:1 20(17) 150 (105) 150 (119)
+5V 50:1 57 57 62 Mode 3, R1=R2=R3=R4
+5V 100:1 72 72 80 Q=1
+25V 5011 40 40 42
+25V 100:1 50 50 53
+5V 50:1 135 120 140 Mode 3, R2=R4,Q=10
+5V 100:1 170 160 185 R3=R1 for BP out
+25V 50:1 100 88 100 R4 =R1for LP and HP out
+25V 100:1 125 115 130

1

Short Circuit Currents

Short circuits to ground, positive or negative power supply  short circuits to the negative power supply will cause ex-
are allowed as long as the power supplies do not exceed  cessive currents to flow. Under these conditions, the de-
+5V and the ambient temperature stays below 85°C.  vice will get damaged if the short circuit current is allowed
Above 5V and at elevated temperatures, continuous  toexceed 80mA. n

DEFINITION OF FILTER FUNCTIONS

Each building block of the LTC1060, together with an ex- Q = Quality factor of the complex pole pair. It is the
ternal clock and a few resistors, closely approximates 2nd ratio of fo to the ~ 3dB bandwidth of the 2nd or-
order filter functions. These are tabulated below in the fre- der bandpass function. The Q is always mea-
quency domain. sured at the filter BP output.
1. Bandpass function: available at the bandpass output

pins (2, 19), Figure 1. 2. Lowpass function: available at the LP output pins

sue/Q (1,20), Figure 2.
G(s)=Hosr — 7 2
S°+ (SCOOIQ) + wg G(S) - HOLP Yo 3
2
Hopp=Gainat w=w, 8¢+ S{wg/Q) +wp

fo=wol2; T is the center frequency of the complex HoLp=DC gain of the LP output.

pole pair. At this frequency, the phase shift be-
tween input and output is — 180°.
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DEFINITION OF FILTER FUNCTIONS |

3. Highpass function: available only in mode 3 at the out-

put pins (3, 18), Figure 3.
g2

G(s)=H
)= Howp 82+ {ug/Q) + 02

Honp = gain of the HP output for -

4. Notch function: available at pins 3 (18) for several

modes of operation.

(32+w2n)
G{s)=(H
B=tHond ol

feik
2

G(s)=Hoap

Hoap = gain of the allpass output for 0<f< ==

5. Allpass function: available at pins 3(18) for mode 4, 4a.
82~ S{ug/Q) + 63

s+ S{ug/Q) + o2

foLk
2

For allpass functions, the center frequency and the Q of

the numerator complex zero pair is the same as the
denominator. Under these conditions, the magnitude re-
sponse is a straight line. In mode 5, the center frequency
,, of the numerator complex zero pair, is different than f,.

foLk For high numerator Q's, the magnitude response will have
Hono = qai ULk ;
oN2 = gain of the notch output for f ) anotch at f,
Hon1 = gain of the notch output for f-0
fn = wnl27; fn is the frequency of the notch occur-
rence.
L BANDPASS OUTPUT ) LOWPASS OUTPUT 4  HIGHPASS OUTPUT
S S Howp < Honp
Z 0.707Hoge S 0.707 Hop 2 0.707 Howe
3 3 ]
fL fo tn i f¢ - e fp o
1(LOG SCALE) f(LOG SCALE) f(LOG SCALE)
0=1H'31L: fn=\/'—LTH fe =fox \/(1—2—(‘)-2) + (1_2%)2)2 +1 fe=1ox \/(1-5(‘)_2) + (1_2%2>2 H} -1
tL=tq <;—u1+ (%)2 +1) fp=fo 1—2%.2 fp=tox [\/%} -
fu=ty (2 + ()2 +1 Hop=Hoipx ! Hop=HaupX 1
<20 (20) ) % A‘ﬁz P=FHoHp % 1_4—10_2
Figure 1 Figure 2 Figure 3
Table 3. Modes of Operation: 1st Order Functions
Mode Pin2(19) Pin 3(18) fo fy
6a LP HP fox B2
100(50) ~ R3
6b LP LP fow_, R2
100{50) ~ R3
7 LP AP foux B2 fox  R2
100(50) * R3 100(50)  R3

7-24
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Table 4. Modes of Operation: 2nd Order Functions
Mode Pin 1 (20) Pin2(19) Pin3(18) fo f

1 LP BP Notch fox fo
100(50)

1a LP B8P BP fo
100(50)

1b LP BP Notch fok . \/ R6 fox 3 / R6
100(50) R5 + R6 100{50) R5+R6

¢ Lp BP Notch fork «\/1+ R6 fok 14 R6
100(50) RS+ R6 100(50) RS+ R6

2 LP BP Notch fowx <\ 14 R2 fouk
100(50) R4 100(50)

2a LP BP Notch fow <\ 4 R2_ R fak R6
100(50) R4 R5+R6 100(50) R5 + R6

2 LP BP Notch fouk y 2, RS fow T [ 6
100(50) R4 R5+R6 100(50) R5 + R6

3 LP BP HP fow % /;ng
100(50) R4

3a LP BP Notch fow y R fow X3 /_RL
100(50) R4 100{50) R

4 LP BP AP fow
100(50)

4a LP BP AP fox y R2
100(50) R4

5 LP BP cz fow R fow R
100(50) R4 100(50) R4

15 %LTC1060 ? %LTC1060
. ve T
f
- V#Kﬁ) : ta=to. HoLp= —B%: Hogp = — B gy = - B2 %—3 10=%&L’(50—); o=_B3RT; Hop1 = --2%2H0592= 1(NONINVERTING) Houp= —1

Figure 4. Mode 1: 2nd Order Filter Providing Notch, Bandpass,

Lowpass

Figure 5. Mode 1a: 2nd Order Filter Providing Bandpass, Lowpass

LT IR
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sA/B O
@ |?I§:| %LTC1060
v =
£ = foK R6 . _t. q=R3 [ R6 .
°=700(50) \ R6+R6" "~ ' “=R2\/R5+R6"

—0)= —tox) _ _R2. B,

Figure 6. Mode 1b: 2nd Order Filter Providing Notch, Bandpass,
Lowpass

? @ % LTC1060

v+
foLk R2 foik
fo="150(50) \/' * R4* 'n="To0(50)

_ f
Hop= —R3/R1; Honq(i—0)= WTWFM) : Honz (f~ %) = —R2/R1

B e, hypm =R
Q=g+ Rs HoP=13(Ra7Ra)

Figure 8. Mode 2: 2nd Order Filter Providing Notch, Bandpass,
Lowpass

%LTC1060

v+
tok / R6  .¢ _¢-g=R3
10-1 507 1+RS+R6"" fo: Q ) 1

g
Hom(f—-O)=H0N2<f %i) = - R oge=—B3: Howp= el gy A< 5k

RE_ .
*R5+R6"

Figure 7. Mode 1c: 2nd Order Filter Providing Notch, Bandpass,
Lowpass

? %LTC1060

vt =
foux: LK _
fo=106(50 1 +RE+ peeRs = 100(50)\[ oG 0= R2\/1+R4 e
- 1+-R6/(RS5 + R6) . o) _
Howi(! 0)‘—_[1+(R2/R4)+[R6/(R5+R6)] -“0“2< 2) = -Ro/Rt

o RARL Moo —R2/R1
Hogp=—RI/RY. HoLp= 7 1R2/R4)+ [R6/(R5 + O]

Figure 9. Mode 2a: 2nd Order Filter Providing Notch, Bandpass,
Lowpass

7-26

LT



LTC1060

MODES OF OPERATION

%.LTC1060

fp= ok fR2, R6 .¢ _ fuk [ R6 .o _R3 fR2. _R6
"~ 100(50)VRe R5+R6" " 100(50)VR5+R6’~ R2V R4 " R5+RE

—o—_R2 R6/(RS + RB) . LT T
Hontlt—0)=—g5 [(Rz/R4)+[R6/(R5+R6)]]'H°N2_(' 7)= ~Re/RI

Hogp= —R3/R1; Horp=

~R2/R1
(RZ7A3) ¥ [R6/(R5 +R6)|

Figure 10. Mode 2b: 2nd Order Filter Providing Notch, Bandpass,
Lowpass

R4

AAA
YVV

SaB °
%] |-3|§:| %LTC1060
vE
f
fo__fcLlk fR2.q_R3 fR2., . __ _ Moo Mo
9= 30050 W'Q‘ﬁ?‘/ﬂ' Hone= —R2/R1; Hogp= —R3/R1; HoLp= —R4/R1

Figure 11. Mode 3: 2nd Order Filter Providing Highpass,
Bandpass, Lowpass

R1
Vin
W
vy
Ry
SA/B lo v‘v‘v*
Y%LTC1060 EXTERNAL
? Es? A, A b—NOTCH
— ANN— +
ha

fo= fuk  /R2.¢ _ feik  [Ry

2

Rg, R4 fak) _Rg_R2 R R )
Hont(f—=0)= g X7 Howo ('—‘—— =g xqy Howlf=1g =0 R‘IQHOLP—WE Houp)»°= Ra /B2

Wk fre-f o= WR 7. Hoyp= —R2/R1; Hogp= —R3/R1, Hy p= —R4/R1
700(50) VRA" "~ T00B0}V R ¢ O 08P oLP

Rt 2 \ R4

Figure 12. Mode 3a: 2nd Order Filter Providing Highpass,

Bandpass, Lowpass, Notch

LT IER
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Vin—y

Sass R
S %LTC1060 WA

- #LTC1060 EXTERNACN 4
V- - 2R OP AMP,

- "‘V" +

v+ =
fCLK . o _R3. R, _ _ -
fo=w.0—ﬁ,ﬂw -RT HOLP“ 2 Hosp- 2 % 'CLK Rz 3 R ”

fo=—To0507 VR4 9= \/— Hoap= "ﬁ Hom‘=-f Hogp=—q3 - HoLP=—3y

Figure 13. Mode 4: 2nd Order Filter Providing Allpass, Bandpass, Figure 14. Mode 4a: 2nd Order Filter Providing Highpass,
Lowpass Bandpass, Lowpass, Allpass

Sne
? g?l %LTC1060
fo= ok V‘1+§% =k i-Blo= B, fre B2 v-
100(50) _ _tokRr? op=— -
o= 10000173 * R3/R1; Howp= —R2/R1

M

Aty /R1)—1 ok _R2.
0=\ /1~ fi: o ~0)= R “02( > =g
Hose=13 (1+ )HOLP— +laa/a)

Figure 15. Mode 5: 2nd Order Filter Providing Numerator Complex Figure 16. Mode 6a: 1st Order Filter Providing Highpass, Lowpass
Zeros, Bandpass, Lowpass
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Sam

LTC1060

?
= - _JowkR2 -1 -_R3
e = fe=1o0(s0yr3 + Howr=1: Howpe=—¢5

Figure 17. Mode 6b: 1st Order Filter Providing Lowpass

%LTC1060

Sass @

= HoLp=2xp3

T, _ IGLKR2 ., _ ICLKR2 . _ 1cLK
fp=roakbRey: 1= 1qSeRZ L GAIN AT AP OUTPUT =1 FOR 0515 '

Figure 18. Mode 7: 1st Order Filter Providing Allpass, Lowpass

COMMENTS ON THE MODES OF OPERATION

There are basically three modes of operation: mode 1,
mode 2, mode 3. In the mode 1, Figure 4, the input amplifi-
er is outside the resonant loop. Because of this, mode 1
and its derivatives (mode 1a, 1b, 1c) are faster than modes
2and 3. In mode 1, for instance, the Q errors are becoming
noticeable above 1MHz clock frequency.

Mode 1a, (Figure 5), represents the most simple hook-up of
the LTC1060. Mode 1a is useful when voltage gain at the
bandpass output is required. The bandpass voltage gain,
however, is equal to the value of Q; if this is acceptable, a
second order, clock tunable, BP resonator can be
achieved with only 2 resistors. The filter center frequency
~ directly depends on the external clock frequency. For high
order filters, mode 1a is not practical since it may require
several clock frequencies to tune the overall filter
response.

Mode 1, Figure 4, provides a clock tunable notch; the
depth is shown in graph 14. Mode 1 is a practical con-
figuration for second order clock tunable bandpass/notch
filters. In mode 1, a bandpass output with a very high Q, to-
gether with unity gain, can be obtained without creating
problems with the dynamics of the remaining notch and
lowpass outputs.

Modes 1b and 1c, Figures 6,7 are similar. They both pro-
duce a notch with a frequency which is always equal to
the filter building block center frequency. The notch and
the center frequency, however, can be adjusted with an ex-
ternal resistor ratio.

The practical clock to center frequency ratio range is:

@2m21@ orf’_0 ; mode 1b
1 fo 1 1

100 %0 fok, 100 S0 : mode 1¢

1T 1 f, V2 2

The input impedance of the S1 pin is clock dependent, and
in general RS should not be larger than 5k. Mode 1b can be
used to increase the clock to center frequency ratio be-
yond 100:1. For this mode, a practical limit for the (foLk/fo)
ratio is 500:1. Beyond this, the filter will exhibit large out-
put offsets. Mode 1c is the fastest mode of operation: In
the 50:1 mode and with (R5=0, R6 = ) the clock to center
frequency ratio becomes (50/2) and center frequencies
beyond 20kHz can easily be achieved as shown in graph
25. Figure 19, illustrates how to cascade the two sections
of the LTC1060 connected in mode 1c¢ to obtain a sharp
fourth order, 1dB ripple, BP Chebyshev filter. Note that the
center frequency to the BW ratio for this fourth order
bandpass filter is 20/1. By varying the clock frequency tp
sweep the filter, the center frequency of the overall filter
will increase proportionally and, so will the BW to main-
tain the 20:1 ratio constant. All the modes of operation
yield constant Q’s; with any filter realization the BW's will
vary when the filter is swept. This is shown in Figure 19,
where the BP filter is swept from 1kHz to 20kHz center
frequency.

LY ISR
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COMMENTS ON THE MODES OF OPERATION

Modes 2, 2a, and 2b have a notch output which frequency,
fn, can be tuned independently from the center frequency,
fo. For all cases, however, f,<f,. These modes are useful
when cascading second order functions to create an over-

LTC1060 - Vour
R61 asi | 4 < 0| Ase
=AM A LPy tPg A~
= A2 ap T LD W S
= VA A [ VWA <
Rl 3 18 R2 Roz A2
VWA Nj: Ng AAA
Rt 4 e AL =
VIN =AW, N3 “INVg
5 16
B4 .00t 81y
6 : 15
V+=+5V Shrgi . AGNDE=—
7)o aE
Vatoo' Vh_,j-V‘:—ﬁV
8 : 13
e vn'(‘ Vg"
] PP 12
I LS B0A100 L—+5V
21 HS R P
LKL CiKg —l
T2 OR CMOS CLK IN —8
PRECISE RES!STOR VALUES
R11=149.21k R12 =45 14k
R21=4.99% R22=5.001k
R31=149.12k R32 =142.64k
R51=2.55k R5=2.49k
R61=2.49k R62=4.29%

all elliptic highpass, bandpass or notch response. The in-
put amplifier and its feedback resistors (R2/R4) are now
part of the resonant loop. Because of this, mode 2 and its
derivatives are slower than mode 1’s.

L1
1
11 1
4
0dB -
50Hz —= 1c K=40kHZEE: E
-5d8
-10dB
—15dB
—20d8B
—25d8 H H
1
0.9xHz 1kHz 1.1kHz
L 1
J 1
17
0d8 H
—~5dB aewluime foLk=B00KHz FET
—10dB
—15dB
—20d8 H
—25d8
|| H
B T
18kHz 19kHz 20kHz 21kHz 22kHz

Figure 19. Cascading the 2 sections of the LTC1060 connected in mode 1¢ to obtain a clock tunable 4th order
1dB ripple bandpass Chebyshev filter with (center frequency) / (Ripple Bw)=20/1.

In mode 3, Figure 11, a single resistor ratio (R2/R4) can
tune the center frequency below or above the fe /100 (or
foLk/50) ratio. Mode 3 is a state variable configuration
since it provides a highpass, bandpass, lowpass output
through progressive integration; notches are obtained by
summing the highpass and lowpass outputs (mode 3a,
Figure 12). The notch frequency can be tuned below or
above the center frequency through the resistor ratio (Ry/
R)). Because of this, modes 3 and 3a are the most versatile
and useful modes for cascading second order sections to
obtain high order elliptic filters. Figure 20, shows the 2
sections of an LTC1060 connected in mode 3a to obtain a
clock tunable 4th order sharp elliptic bandpass filter. The
first notch is created by summing directly the HP and LP
outputs of the first section into the inverting input of the
second section op amp. The individual Q's are 29.6 and the
filter maintains its shape and performance up to 20kHz
center frequency, Figure 21. For this circuit an external op
amp is required to obtain the 2nd notch. The dynamics of

Figure 20 are excellent because the amplitude response at
each output pin does not exceed 0dB. The gain in the
passband depends on the ratio of (Rg/Rng) X (R22/Rh1) x
(R21/R11). Any gain value can be obtained by acting on the
(Rg/Rn2) ratio of the external op amp, meanwhile the
remaining ratios are adjusted for optimum dynamics of
the LTC1060 output nodes. The external op amp of Figure
20 is not always required. In Figure 22, one section of the
LTC1060 in mode 3a is cascaded with the other section in
mode 2b to obtain a 4th order, 1dB ripple, elliptic bandre-
ject filter. This configuration is interesting because a 4th
order function with two different notches is realized with-
out requiring an external op amp. The clock to center fre-
quency ratio is adjusted to 200:1; this is done in order to
better approximate a linear R,C notch filter. The amplitude
response of the filter is shown in Figure 23 with up to
1MHz clock frequency. The 0dB bandwidth to the stop
bandwidth ratio is 9/1. When the filter is centered at 1kHz,
it should theoretically have a 44dB rejection with a 50Hz

7-30
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COMMENTS ON THE MODES OF OPERATION

stop bandwidth. For a more narrow filter than the above, ject filters, the mode 3a approach as in Figure 20, yields
the unused BP output of the mode 2b section, Figure 22,  better dynamic range since the external op amp helps to
has a gain exceeding unity which limits the dynamicrange ~ optimize the dynamics of the output nodes of the
of the overall filter. For very selective bandpass/bandre-  LTC1060.

Rg
Riz
A A -
Ra1 1} R42 o EXTERNAL
A D 0P AMP our
VWA~ b +
R21 . R22
‘v‘v‘v 31 4 Rh? -
Rit 4% ‘v‘v‘
Vi ==
5F.
= j - 151 =
7.5V 8
V+=75V 1y 75y
s} 13
3 ! LY
= 10} g
T2 OR CMOS
CLOCK IN
RESISTOR VALUES
R11=155.93k R21="5k R31 =152k R41=5.27k
Rpy=13.2k  Rj=10.74  R22=5.26k  R32=151.8k
R42 =5k Rip=6.11k Rpg= 5k Rg=37.3k

NOTE:  FOR CLOCK FREQUENCIES ABOVE 700kHz A 12pF CAPACITOR ACROSS R41 AND A 20pF
CAPACITOR ACROSS R42 WERE USED TO PREVENT THE PASSBAND RIPPLE FROM ANY
ADDITIONAL PEAKING.

Figure 20. Combining mode 3 with mode 3a to make the 4th order BP filter of Figure 21 with improved
dynamics. The gain at each output node is <0dB for all input frequencies.

0dB 0dB
' ¥ fc[K=100kHZ-EEEE & X feLk=1MHz
r i
—10d8 —10dB i T
A 4
1
—20dB —20dB
N 2 X
1
3 b
3 1
-30d8 -30dB
) 1 b 1
i
| B
1
T [ 1
—40adB —40dB
—50d8 —50dB
11
1.5kHz 1.75kHz 2kHz 2.25kHz 2.5kHz 15kHz 17.5kHz 20kHz 22.5kHz 25kHz

Figure 21. The BP filter of Figure 20, when swept from a 2kHz to 20kHz center frequency.
\
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LTC10160

R11
V IN _AvAv‘v

> Vour

‘E-=1o
T2L OR CMOS
CLOCK IN
RESISTOR VALUES

R11 =60k R21=5k R31=54.75k
R41=28.84k  Rpy=5k Ryy=19.3k
R52 =5k R62=1.50k  R22=60k
R32=455.75k  R42=503.85k

Figure 2. Combining mode 3 with mode 2b to create a 4th order
BR elliptic filter with 1dB ripple and a ratio of 0dB to stop
bandwidth equal to 9/1.

al
). B

Vour/Viy (dB)

=
=
|
N
IA
=
F
1T

|

-50

0.7 0.8 0.9 fo=1.0 1.1 1.2 13
INPUT FREQUENCY NORMALIZED TO FILTER CENTER FREQUENCY

Figure 23. Amplitude Response of the notch filter of Figure 22.

\

LTC1060 OFFSETS

Switched capacitor integrators generally exhibit higher
input offsets than discrete R,C integrators.

These offsets are mainly due to the charge injection of the
CMOS switches into the integrating capacitors and they
are temperature independent. The internal op amp offsets
also add to the overall offset budget and they are typically
acouple of millivolts.

Because of this, the DC output offsets of switched capac-
itor filters are usually higher than the offsets of discrete
active filters.

Figure 24 shows half of an LTC1060 filter building block
with its equivalent input offsets Vos1, Vos, Voss. Al three
are 100% tested for both sides of the LTC1060. Vg is
generally the larger offset. When the Sy, pin 6, of the
LTC 1060 is shorted to the negative supply (i.e., mode 3),
the value of the Vosa decreases. Additionally, with Spp
low, a 20%-30% noise reduction is observed. Mode 1 can
still be achieved, if desired, by shorting the S1 pin to the
lowpass output, Figure 25.
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LTC1060 OFFSETS

(18) (16

Figure 24. Equivalent Input Offsets of 1/2 LTC1060 Filter Building

Block

Output Offsets |

The DC offset at the filter bandpass output is always equal
to Vos3. The DC offsets at the remaining two outputs
(Notch and LP) depend on the mode of operation and ex-

8P LP
2] 19) ﬁ‘;' (20)

%LTC1060

Figure 25. Mode 1(LN): Same Operation as Mode 1 but Lower

Vos2 Offset and Lower Noise

especially when the filter handles input signals with large
dynamic range. As a rule of thumb, the output DC offsets

ternal resistor ratios. Table 5 illustrates this.

increase when:
1. The Q’s decrease

2. The ratio (foy/fo) increases beyond 100:1. This is

done by decreasing either the (R2/R4) or the R6/

o R5 + R6) resistor ratios.
It is important to know the value of the DC output offsets, ( )
Table 5
Vosn ~ Vosse Vostp
Mode Pin3(18) Pin2(19) Pin1(20)
1,4 Vos1[(1/0) +1+4 IHOLP'] - VOSSIQ V053 VOSN - Vosg
1a Vosi[1+(1/Q)] - Vos3/Q Vos3 Vosn - Vos2
1b Vosil(1/Q) + 1+ RYR1] - Vogs/Q Voss ~(Vosn — Vosa) (1 + R5/R6)
1c Vosil(1/Q) + 1+ R2YR1] - Vos3/Q Vos3 ~Vosn=Vos) (R5 + R6)
0N~ 052 R6 + 2R6)
2,5 [Vosi(1 + R2IR1 + R2R3 + R2/R4) ~ Vea(R2/R3)] x Voss Vosn - Vosz
X [R4I(R2 + R4)] + Vosa[R(R2 + RY)]
2a [Vos1(1 + R2R1 + RYR3 + RUR4) ~ Vosa(R2/R3)| X Vos3 (Vo -Vosy (R5 + R6)
« R4(1 +Kk) Vg2 [ R2 = R6 0sN — Vos (5 + 2R6)
| R2+ R4(1 +K) [R2+R4(1+K)| " R5+R6
2b [Vosi(1 + R2/R1+ R2IR3 + R2/R4) - Vosa (R2IR)]
o [ Pa Vos; R2 ] K= R6 Voss ~(Vosn - Vosa) (1 + R5/R6)
| R2+ Rék R2+R4k | "~ R5+R6
3, 4a Voso Voss R4 R4 R4 R4
v 1+—+—+—] -V —
® TR TR R3] % \Re
R4
-V b
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J Package
20 Lead CERDIP
o 1.060 o
h (26.924)
MAX

(] [5] [w] [7] [%] [%] (] (5] [ []

0.220-0.310 0.025
(5.588—7.874) 0.635)
l RAD TYP ]
L Lof B3 Ted [s] e (7] [ed [o] Do}
0.160
0.290 —0.320 {4.064) 0.005
{7.366-8.128) | gtﬁfﬁm max 0.127)
/‘ MIN ‘
Ty
£ 0.015-0.060 __ , 0.200
r \ {0.381—1.524) — 5.080)
¥ v MAX
Ny
0°-15° o A 4 f
Z K v I
0.008—0018 I 0.080 0.038 - 0.068 | 0.1002:0.010
(0.203-0457) 1" 0.1 o 203y || ™95 —1.727) {2.540 +0.254)
3.175) MAX
0.385+0.025 MIN 0.014—0.026
{9.77920.635) T (0,356 0.660) s0ise
TiMax 8a
150°C 70°CW
N Package
20 Lead Molded DIP
1,040 _
- (26.416) o
MAX

[20] [75] (i8] [G7] {76] [75] [74] [73] [G2] [T7]

0.250+0.010
(6.350 +0.254)

Ui RJDTLaT T el 2] L8] o] o]
0

0.130 +0.005 0.065
0.300 —0.320 3.302£0127) {1.651)

7e20-818) | 0.020
(0.508) & -~
MIN

[ H

? A
Y L]
0.009-0.015 0.045 —0.065
i |-t e ——————
” {0.229-0.381) (_g.% (1.143°1.651) 0.100+0.010
MIN {2.540 £0.259)
0305 +0.025
e _0.015 0.065 +£0.015 0.018£0.003
] 0015 0.065£0015 o 0.018+0.003
(b5 +ggg?) {1,651 20.381) "~ {0.457 20.075) N20188
TiMAX 8Ja
100°C 100°CW
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