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achieves a temperature difference of up 
to 60o C or more. It is specified for a 
maximum current of 7 A at 0. 7 V. Indi­
vidual units are available for $10.40 
each. In 1000 lot orders, the cost falls to 
$5.95. 

Figure 7 shows a 3-stage thermoelec­
tric module also made by Cambion (# 
801-1006-01). This unit can achieve a 
temperature drop of !!5° Cor more. Its 
maximum operating current is 6 A at 
3.2 V. The dark rectangles atop the vari­
ous stages are copper pads that permit 
the attachment by direct soldering of 
additional stages. The copper pads are 
not in electrical contact with the couples 
beneath them. 

Applications. Thermoelectric modules 
are used in a surprisingly diverse array 
of applications. Modules such as those 
shown in Figs. I, 6 and 7 are used to 
make solid-state refrigeration and heat­
ing systems. One Cambion thermoelec­
tric cooling/heating assembly comes 
complete with a blower fan and can be 
used to make a portable refrigerator 
that can double as a food warmer when 
the power connections are reversed. 
Several such systems designed to be 
powered by the 12-V supply of trucks 
and cars have been marketed. 

Thermoelectric ice makers, baby bot­
tle cooler/ warmer units, and even room 
air conditioners have also been devel­
oped. Westinghouse's Advanced Ener­
gy Systems Division developed a noise­
free 5-ton cooling capacity air-condi­
tioning system for the Navy's USS 
Dolphin submarine. This system con­
sists of ten modules, each measuring 
23" X 21 " X 4. 25" and incorporating 
120 couples. 

Thermoelectric modules also have 
many applications in engineering and 
research . For example, thermoelectric 
coolers extract excess heat from com­
puter cabinets and microwave wave­
guides. They also are used to cool laser 
diodes, far-infrared detectors, CCD im­
aging arrays, avalanche photodiodes, 
and photomultiplier tubes. Medical re­
searchers and chemists use thermoelec­
tric coolers to chill and thus immobilize 
objects and substances being observed 
with a microscope. 

Though still limited to specialized ap­
plications, thermoelectric power gener­
ators show considerable promise. Sever­
al companies in various countries have 
developed I 0-to-! 00-W thermoelectric 
generators fueled by propane, gasoline, 
or kerosene burners. A system designed 
to power communications systems in re­
mote regions of the Soviet Union deliv­
ers 200 W when fueled with 4 to 5 
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pounds of firewood per hour. Smaller 
thermoelectric generators installed in 
the chimneys of kerosene lamps provide 
power for radio receivers in remote 
Russian homes. 

Many kinds of compact nuclear pow­
er generators use thermoelectric mod­
ules to convert the heat produced by ra­
dioactive decay to electricity. Such 
generators power remote lighthouse 
beacons in England, unmanned weather 
monitoring systems floating at sea and 
installed at remote sites near the north 
and south poles, and the electrical sys­
tems of various kinds of satellites and 
space probes. Thermoelectric modules 
can also convert sunlight into 
electricity. 

Finally, a thermoelectric module can 
convert alternating current into direCt 
current. The alternating current is 
passed through a heating element at­
tached to one side of a module. If the op­
posite side is kept at a cooler tempera­
ture, the module will generate a 
ripple-free direct current. 

For More Information. You can find 
out much more about thermoelectrics 
by researching the subject at a good li­
brary. Specific articles you may find 
particularly helpful have appeared in 
EDN ("Thermoelectric Coolers Tackle 
Jobs Heat Sinks Can't," Jim Mc­
Dermott, May 20, 1980, pp. lll-117) 
and Electronics ("Thermoelectric Heat 
Pumps Cool Packages Electronically," 
Dale Zeskind, July 31 , 1980, pp. I 09-
113). The Encyclopedia Britannica has a 
very thorough article on the subject. 

Thermoelectric module manufactur­
ers have published helpful literature 
about their field. By far the most com­
plete reference guide is Cambion's 
"Thermoelectric Handbook." Specifi-

cation sheets from Cambion and other 
manufacturers include helpful design, 
installation, and application informa­
tion. Prices for the Cambion modules 
given above are contingent upon a mini­
mum order of $100. However, Cambion 
distributors do not necessarily impose 
an order minimum. 

Melear is another good source of in­
formation about thermoelectric mod­
ules. Its applications information is very 
understandable and well illustrated. 
Best of all are the performance curves 
for each of the firm's modules. Melear's 
modules range in cost from $8.95 to $48 
each in small quantities. The company 
requires a minimum billing of $25. 

Before ordering thermoelectric mod­
ules, you should first request specifica­
tion sheets and pricing information 
from the various manufacturers. In ad­
dition to Cambion and Melear, thermo­
electric module manufacturers include 
Borg-Warner Thermoelectrics (3570 N. 
Avondale Ave., Chicago, II 60018) and 
Marlow Industries, Inc. (1021 S. Jupiter 
Rd., Garland, TX 75042). 

An Easy-to-Use 
Universal 
Active Filter 

Imagine a single-chip active filter that 
can be tuned with a single resistor, uses 
no external capacitors, and simultane­
ously functions as a lowpass, bandpass 
and notch filter. Such a filter could save 
countless hours of design and bread­
board evaluation time. 

Happily a new generation of such fil­
ters is now available. They are collec-
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tively known as switched capacitor fil­
ters, and their operating paramaters are 
easily tuned by a few external resistors. 
No external capacitors, the nemesis of 
conventional active filters, are required. 

After I wrote about this topic in the 
November 1982 installment of "Solid­
State Developments," an engineer with 
National Semiconductor sent some 
samples of his company's MF-10 uni­
versal switched capacitor filter. The 
MF-10 contains two independent filters 
in a 20-pin DIP. 

To say the MF-10 is easy to use is an 
understatement. In only a few short 
hours of bench time, I've used this new 
chip in as many roles as all the conven­
tional active filter circuits I've built over 
the past ten years. 

Of course conventional active filters 
have many important applications in 
both digital and analog circuits. For ex­
ample, they are used to block undesir­
able signals and to detect touch-tone 
and modem signals. In these and many 
other roles, active filters are far superior 
to passive filters since they incorporate 
gain-restoring operational amplifiers. 

But, while conventional active filters 
are exceptionally useful, they can be 
very tricky to design. If you've never de­
signed one, you might wish to take a 
quick tour through the pages of any of 
the many excellent books on the subject. 
You'll find numerous circuit arrange­
ments, some fairly complex, and enough 
design equations to wear out your calcu­
lator finger. 

Even if you successfully wade 
through the circuits and equations and 
design you own filter, you will almost 
certainly find that the first breadboard 
version you build has a resonant fre­
quency that differs, perhaps substantial­
ly, from your design frequency. That's 
because the resonant frequency of all 
such filters is only as accurate as the 
tolerances of the circuit's resistors and 
capacitors. Precision resistors are rela­
tively cheap and easy to find. But preci­
sion capacitors are much more 
expensive. 

All these design drawbacks are over­
come by a switched capacitor filter like 
the MF-10. In this column we'll cover in 
some detail the operation and use of this 
device. Then we'll experiment with a 
tunable MF-10 combination 
lowpass/notch/bandpass filter. Before 
finding out how the MF -10 works, how­
ever, let's review some active filter 
basics. 

Active Filter Basics. Depending upon 
their function, most active filters are 
designated lowpass, highpass, bandpass 
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or notch filters. The role of the filter is 
defined by its name. For example, a 
lowpass filter passes with little or no at­
tenuation all frequencies below a speci­
fied cutoff point while blocking all other 
frequencies. A notch filter attenuates 
only a very narrow band of frequencies 
while passing with little or no attenua­
tion those frequencies outside the notch. 

Figure 8 illustrates in graphical form 
the operation of the four basic filter 
types. Other active filters can also be 
implemented. For instance, the allpass 
filter shifts the phase of a signal without 
causing attenuation. 

The operation of an active filter is de­
scribed by a number of terms. Some of 
the more important ones are: 

Passband- band of frequencies 
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passed with little or no attenuation 
through the filter. 

Stopband- band of frequencies atten­
uated by the filter. 

Bandwidth (BW) of a bandpass filter 
is the difference between the upper and 
lower frequencies at points 0.707 times 
the filter's maximum response (- 3-dB 
points). 

Center frequency (f0 )- pass and at­
tenuation regions for, respectively, 
bandpass and notch filters . 

Cutoff frequency (fc)-the point at 
which the gain in the passband of a filter 
falls to 0.707 times the attenuated gain 
( - 3 dB point). 

Q or quality factor of a bandpass or 
notch filter is f0 /BW. A high Q filter im­
plies a very sharp or narrow frequency 

response at the center frequency . 
Figures 9 and 10 show representative 

plots of the response of typical lowpass 
and bandpass active filters made in the 
conventional fashion with operational 
amplifiers. Note that the graphs are 
scaled logarithmically. 

Both filters show a 0-dB (gain = 1) 
response in their passbands. This coin­
cides with a voltage gain of 1. The "ide­
al" cutoff (Fig. 9) and response (Fig. 1 0) 
are included to illustrate that no active 
filter has a perpendicular cutoff. 

The MF·1 0. The best conventional ac­
tive filters typically require several op 
amps, at least two capacitors, and from 
three to seven resistors. The MF-10 con­
tains two completely independent active 
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filters, each of which performs five basic 
filter functions (lowpass, highpass, 
bandpass, notch and all pass) with only a 
few external resistors and no external 
capacitors- well, almost no capacitors. 
Unlike conventional active filters, the 
MF-10 requires an input clock, and 
clock circuits usually incorporate a ca­
pacitor or two. The clock capacitor 
poses no tolerance problem, however, 
since the clock's frequency can be easily 
tuned by changing the value of a single 
resistor. 

The MF-10 is exceedingly easy to use 
since all five outputs are brought out of 
the chip. Furthermore, the two second­
order filters in a single MF-10 can be 
cascaded to provide a fourth-order fil­
ter. Experienced active-filter designers 
will be happy to know such classical fil­
ter responses as the Butterworth, 
Chebyshev, Bessel and Cauer are easily 
implemented with the MF-10. 

Another advantage of the MF-10 is 
its CMOS construction. This is why its 
typical power-supply current demand is 
only 8 rnA. The supply voltage can 
range from ± 4 to ± 7 Y when operated 
from a dual-polarity supply and 0 to 
+ 10 Y when operated from a single-po­
larity supply. 

Finally, as we'll observe firsthand in 
the test circuit that follows, the MF-10's 
response is easily tuned across a wide 
spectrum by simply varying the clock 
frequency. In applications requiring a 
precisely controlled notch or bandpass, 
the clock can be crystal controlled. 

How the MF·1 0 Works. The key cir­
cuits in the MF-10 are a pair of 
noninverting integrators whose time 
constants are determined by their re­
spective feedback capacitors and the 
clock frequency. A conventional inte­
grator like the one in Fig. 11A has a 
time constant of RC. The precision of 
the circuit is therefore only as good as 
the tolerances of the RC components. 

The integrators in the MF-10 replace 
the resistor of the integrator in Fig. 11A 
with a capacitor. This capacitor is alter­
nately switched by the clock signal, first 
to the input voltage and then to the feed­
back capacitor, Yin and Cp respectively. 
As shown in Fig. 11B, the switched ca­
pacitor performs the role of the resistor 
in 11A by transferring the voltage at the 
input to Cp. 

The amount of charge transferred by 
Cin to Cp is determined by the time Cin 
is allowed to charge to Yin• and the time 
Cp is allowed to charge to the voltage 
Cin· In his paper "Introducing the MF-
10," Tim Regan, a National Semicon­
ductor applications engineer, shows 
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how the current transferred through Cp 
to the output of the integrator is Yin Cin 
divided by the clock period or Yin Cin 
times the clock frequency, Fclk· There­
fore, the effective resistance ofCin is the 
reciprocal of Cin Fclk· In other words, 
the effective resistance of Cin can be var­
ied simply by altering the clock frequen­
cy. The time constant of the circuit is 
Cp/Cin Fclk· 

Since the switched capacitor integra­
tor employs on-chip capacitors, you 
may be wondering why its performance 
is bt;tter than a standard integrator with 
external RC components. The reason is 
that the time constant of the switched 
capacitor integrator is entirely depen­
dent upon the ratio of Cin and Cp, both 
of which are fabricated on the same die 
and thus have precisely controlled di­
mensions and values. 

Incidentally, Tim Regan notes in his 
paper that the integrators in the MF-10 
are noninverting. This requires a some­
what more complex switching arrange­
ment than that shown in Fig. liB 
wherein both sides of Cin are alternately 
switched. As shown in Fig. 11 C, first 
the upper and lower sides of Cin are 
switched, respectively, to Yin and 
ground. Then the upper and lower sides 
of Cin are switched, respectively, to 
ground and Cp. This reverses the polari­
ty of the charge on cin that's applied to 
Cp, thereby preserving the polarity of 
Yin at the integrator's output. 

For additional details about how the 
MF-10 works, see the application note 
for this chip and Tim Regan's paper. 
We'll now look at some practical as­
pects of using the MF-10 and experi­
ment with an MF-10 in a typical circuit. 

Using the MF-10. Figure 12 shows a 
simplified block diagram of one of the 
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filters in an MF-10 and the pin outline 
for the actual chip. The MF-10 applica­
tion note describes in detail the function 
of each pin. What follows is a brief 
summary. 

LP, BP, N/AP/HP are, respectively, the 
lowpass, bandpass, notch/allpass/ 
highpass outputs of each filter. 

INV is the inverting input of each filter. 
S1 is used as a signal input pin when the 

filter is in the allpass mode. 
SA/8 activates the internal switch that 

connects the input of the filter's second 
summer amplifier (see Fig 13) to analog 
ground AGND (SA/8 = low) or the lowpass 
output (SA/8 = high). 

V +A and V + 0 are the analog and digital 
positive supply pins. They can be intercon­
nected if desired. They should be by­
passed with a capacitor (two if separate 
supplies are used). 

V-A and V- 0 are the analog and digit.al 
negative supply pins. 

LsH is the level shift pin. It allows the 
user to use the MF-1 0 with a variety of 
power-supply and clock voltages. For ex­
ample, when powered by a dual ± 5V sup­
ply and driven by a CMOS clock (± 5V), 
the LsH pin should be tied to ground or 
V-A, V-o· 

CLK is the clock input to each filter. The 
clock should have a duty cycle of close to 
50% for optimum results. 

50/1 00/CL determines the ratio of 
clock frequency to filter center frequency 
(50:1 when high and 100:1 when at analog 
ground). 

AGND is the analog ground pin. 

Sample: 
V+A and V+ 0 are the analog and digital 

positive supply pins. They can be intercon­
nected if desired. They should be by­
passed with a capacitor (two if separate 
supplies are used). 

V-A and V-0 are the analog and digital 
negative supply pins. 

1/2 
MFIO t-'2~----BP_A__ 

+5V 3 3 

-ri4~ R53~ 2 ~ :~~~:------·-t"-1 -----L:: 
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WITH .OI~F 

BPGAIN = - R2 / RI 
LP GAIN z - R3 / RI 
f0 =fctk / IOO (PIN 12 = LOW) 
fnotch = fo 
Q"' f0 / BW = R3/R2 

Fig. 13. An MF-1 0 active filter and clock circuit. 

Again, be sure to refer to the MF-10 
application note for additional informa­
tion about these pin functions. The ex­
planations given are but brief 
summaries. 

A Tu~able Lowpass/Bandpass/ 
Notch Filter. Figure 14 is the circuit for 
a straightforward LP / BP I N filter made 
from one-half an MF-10 and an external 
clock. The clock is made from two in­
verters in a 4049. Its frequency, and 
thus the frequency response of the MF-
10, can be altered by changing R5's set­
ting. Incidentally, while you may have 
often seen in this column simple oscilla­
tors such as this made from two NAND 
gates in a 4011, be sure to use the 4049 
in this circuit. The 4011 may not oscil­
late at Y00 = +5 Y. (If you must use 
the 4011, try buffering its output with a 
third gate.) 

The MF-10 is connected in what the 
application note calls the Mode 1 con­
figuration. At least eight other modes 
are available. Some of the circuit's key 
parameters are defined in Fig. 13. The 
circuit is extremely easy to use. The 
only significant constraints are to ob­
serve power supply limits and CMOS 
handling precautions. Otherwise, oper­
ating the circuit is a snap. 

For example, with the other values 
given in Fig. 13, the LP gain is - 0.1 
(near f0 = 0 Hz), the BP gain is - 1 (at 
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Fig. 14. Response of MF-10 (mode 1-
at clock frequency of 99.435 kHz. 
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Fig. 15. Logarithmic plot of the same 
bandpass curve as shown in Fig. 14. 
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f0 ), and the BP / notch Q is 10. The cir­
cuit can easily be tuned out to a maxi­
mum f0 of 30kHz simply by altering the 
clock frequency (where the ratio of 
clock frequency-to-f0 is approximately 
100: 1). The gain and Q values can easily 
be altered by changing the resistors. 

When the clock frequency of the test 
circuit was 99.435 kHz, I measured a f0 

for the bandpass and notch outputs of 
1050Hz. This is outside the clock-to-f0 

ratio specified for the MF-10. The 
rounded clock-to-f0 ratios (pin 12) are 
50:1 and 100:1. The actual ratios given 
in the data sheet are 49.94: 1 and 
99.35:1. In both cases and depending 
upon the grade of the chip, the actual ra­
tios have a typical and maximum toler­
ance range of, respectively, ± 0.2 and 
± 1.5% . 

My tests, made on successive days 
with careful attention to detail, gave a 
ratio of94.7:1 (pin 12low). I therefore 
tried two additional MF-10's and ob­
tained almost exactly the same results. 
While I cannot account for the apparent 
discrepancy in clock-to-f0 ratio, the 
three MF-10's exhibited virtually iden­
tical tolerances. 

Figure 14 is a plot superimposing on a 
linear scale the LP, BP and notch fre­
quency response of the circuit in Fig. 13. 
The bandpass and notch curves appear 
quite normal, but the lowpass curve 
peaks sharply at f0 • This apparent 
anomaly results from the LP output be­
ing programmed by R3/R l for a gain of 
-0.1 at f = 0 Hz. This means the LP 
output should approximate the -0.26 
V peak-to-peak at f = 0 Hz when V;0 is 
2.6 V peak-to-peak. Figure 14 confirms 
this is indeed the case. 

Recall that frequency response 
curves for active filters are normally 
plotted on a logarithmic scale. Figure 15 
is a log plot of the bandpass response in 
Fig. 14. The dashed plot represents the 
bandpass when the Q was increased 
from 10 to 100 by reducing R2 to 100 
ohms. Both of these plots as well as the 
linear scale plots in Fig. 14 are based 
upon actual measurements. 

Going Further. While exceptionally 
versatile and easily tuned, the multipur­
pose filter in Fig. 13 is only one of sever­
always you can use the MF-10. Anoth­
er way it can be operated is in a 
noninverting mode, or it can be config­
ured for simultaneous highpass, band­
pass and lowpass filtering. Indeed, the 
versatility and operating simplicity of 
this filter convince me that such filters 
will soon obsolete shelves of conven­
tional active filter books, design notes, 
and computer programs. <> 
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Eng.) 
6:00-6:25 a.m. (+ ) 1100-1125 R. Finland c 15400,17600 (exc. Sun.) 
6:00-6:30 a.m. 1100-1130 R. Japan B 9505, 15195 
6:00-6:30 a.m. 1100-1130 V. of Vietnam c 12036, 10080 
6:00-6:30 a.m. 1100-1130 Kollsrael c 17630, 15605, 15585, 13745 
6:00-6:56 a.m. 1100-1156 R.RSA c 25790, 21535, 15220 
6:00-7:00 a.m. 1100-1200 R. Korea B 9750, 15575 
6:00-7:00 a.m. 1100-1200 R. Malaysia, Sarawak c 4950 
6:00-7:00 a.m. 1100-1200 V. of Asia, Taiwan c 5980 (Sun. 1030-1040) 
6:00-7:50 a.m. 1100-1250 R. Pyongyang c 9977,9745 
6:00·6:00 a.m. 1100-1300 AFRTS, Los Angeles A 6030 
6:00-8:00 a.m. 1100-1300 VOA B 21840,11715,9760,9565,6110 
6:00-6:30 a.m. 1100-1300 TWA-Bonaire A 11615 (Sat. & Sun. 1100-1330) 
6:00-8:00 a.m. 1100-1300 R. Australia A 9560 
6:00-8:30 a.m. 1100-1330 BBC A-B 25650, 21710, 21660, 21550, 

21470, 17790, 15070, 11775, 
11750, 9740, 9510, 6195 

6:00-9:00 a.m. 1100-1400 4VEH, Haiti c 11635,9770 
6:00-12:00 a.m. 1100-1700 AFRTS, Los Angeles A 15430, 15330, 11605, 9700 

' 6:15-6:30 a.m. 1115-1130 Vatican Radio c 21485, 17640 
6:30-6:55 a.m. 1130-1155 RRI, Yogyakarta c 5047 
6:30-6:55 a.m. 1130-1155 R. Nacional, Angola D 11955, 9535 (Mon.·Fri.)(irreg). 
6:30-7:10 a.m. 1130-1210 R. Polonia D 17865, 11640, 9525 
6:30-7:30 a.m. 1130-1230 R. Thailand c 11905, 9655 or 9650 
6:45-7:15 a.m. 1145-1215 R. Malaysia Sabah c 5980, 4970 
7:00-7:15 a.m. 1200-1215 V. Of Kampuchean People c 11938, 9694 (vary) 
7:00-7:20 a.m. 1200-1220 Vatican Radio B 21485, 17840, 21725, 17665 
7:00-7:25 a.m. (+ ) 1200-1225 R. Canada International A 17620, 15440, 11955, 11655, 9650 

(Mon.-Fri.) 
7:00-7:25 a.m.(+) 1200-1225 R. Finland B 15400, 17600 (not Sun.) 
7:00-7:30 a.m. 1200-1230 R. Tashkent c 15460,11765,9715,9650, 

5950 
7:00-7:35 a.m. 1200-1235 R. Ulan Bator c 12070, 6383 (not Sun.) 
7:00-7:55 a.m. 1200-1255 R. Beijing B 15520, 15525, 15180, 11900 
7:00-9:30 a.m. 1200-1430 HCJB, Ecuador A 26020, 17890, 15115, 11740 
7:30-7:55 a.m. 1230-1255 R. Tirana D 11960, 9515 
7:30-7:57 a.m. 1230-1257 Austrian R. c 15165 
7:30-6:00 a.m. 1230-1300 R. Bangladesh D 15282 (variable) 
7:30-6:15 a.m. 1230-1315 V. of Germany c 21600, 17800, 17765 
7:30-6:15 a.m.(+) 1230-1315 R. Berlin International c 21465 
7:30-9:30 a.m. 1230-1430 SLBC, Sri Lanka c 15425, 9720 
7:30-9:25 a.m. ( + ) 1230-1425 R. Finland c 17600, 15400 (Sun.) 
7:35-7:45 a.m. 1235-1245 V. of Greece c 17910, 15205, 11645 (Mon.-Sat.) 
6:00-8:25 a.m. ( + ) 1300-1325 R. Finland c 25950, 15400 (Mon-Sat.) 
6:00-6:30 a.m. 1300-1330 R. Bucharest c 17650, 15250, 11940 
6:00-8:30 a.m. 1300-1330 R. Norway c 25730, 25015 (Sun.) 
8:00-6:45 a.m. 1300-1345 R. Japan B 9505 
6:00-9:00 a.m. 1300-1400 VOA A 21840, 15205, 11715, 9760, 9565 
8:00-9:00 a.m. 1300-1400 R. Australia c 9770 
8:00-10:00 a.m. 1300-1500 WYFR A 9535 
8:00-10:00 a.m. (+) 1300-1500 WRNO, New Orleans A 11940 (Sun.) (not all 

Eng.) 
6:00-10:55 a.m. 1300-1555 R. Beijing c 17700, 15225, 11900, 11600 
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