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INTROD UCTION 
The testing of communication 
systems in accordance with a 
certain test specification famil- 
iar to most ITEM readers re- 
quires the use of many different 
passive inductor/capacitor (LC) 
filters for defining the 6-dB 
bandwidths of non-turiable 
detection systems. These fil- 
ters are also useful for provid- 
ing preselection in front of low- 
level, broadband preainplifiers 
used with tunable detection 
systems. Although many ar- 
ticles have been published on 
the simplified design of suit- 
able filters, ' ' relatively few ar- 
ticles have been published on 
the simplified construction of 
these filters. For example, an 
ITEM 1982 article provided 
examples of filter construction 
using small tinned steel boxes. ' 
Unfortunately, the box manu- 
facturer needs several weeks 
for fabrication and delivery, and 
quantities of 250 or more must 
be ordered to be cost-effective. 
This article will demonstrate a 
quicker, simpler and less ex- 
pensive construction technique 
where only several scrap pieces 
of one-sided printed-circuit 
board (PCB) are needed for the 
mounting of the filter parts. 

In many instances, the. more 
complex fQter assemblies in- 
volvingboxes with partitions or 
microstrip lines on PCBs are 
unnecessary, and the simpler 
and less expensive procedure 
of securing the filter compo- 

nents with a few dabs of RTV 
(silicone rubber) on a PCB is 
adequate. This is especially 
true in the 1-kHz to 5-MHz fre- 
quency range, where the in- 
ductors and capacitors are small 
enough so they do not need 
special mounting ~ements. 
Also, below 5 MHz, satisfactory 
lowpass Alter stopband perform- 
ance and highpass filter pass- 
band performance are possible 
without partitions or micros- 
trip lines, respectively. Thus, 
in the 1-kHz to 5-MHz range, 
simpler construction is quite 
practical using cheap PCB 
material as a base, and this 
article will demonstrate some 
techniques that may be used. 
In addition, suitable capacitor 
and inductor types and con- 
venient sources will be recom- 
mended to facilitate obtaining 
the parts for filter construction. 

By using the construction tech- 

niques and recommended 
components discussed in this 
article, passive LC filters can be 
assembled faster, easier and 
cheaper than before. Conse- 
quently, building these filters 
for non-stringent applications 
may become a more attractive 
alternative as compared to 
buying them from commercial 
filter manufacturers. 

FILTER DESICN SELECTION 
The choice of a suitable low- 
pass or highpass filter design 
depends on either calculating 
the 6-dB frequencies in accor- 
dance with the instructions 
provided in the test specifica- 
tion being used or selecting the 
6-dB cutoff frequencies for a 
particular application. Once 
the 6-dB cutoff frequencies are 
known, the precalculated filter 
design tables in one of the first 
four references can be searched 
for designs having cutoff fre- 
quencies closest to the desired 
cutoff frequencies. However, 
because these tables do not in- 
clude the 6-dB frequencies, an 
approximation must be made 
by using the tabulated 3-dB 
frequencies. Although this 
procedure will usually suffice, 
filter tables with the 6-dB fre- 
quencies are preferable, and 
lowpass and highpass tables 
with the 6-dB frequencies are 
listed in Appendix A. 

Appendix A lists 48 7-element 
50-ohm Chebyshev computer- 
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calculated designs, with 24 
designs for lowpass filters and 
24 designs for highpass filters. 
Seven-element designs were 
used for a skirt selectivity of 
better than 42 dB per octave, 
and only designs having VSWRs 
(voltage standing wave ratio) less 
than 1. 2:1 were tabulated so 
that lowpass and highpass fil- 
ters could be cascaded for a 
bandpass response with mini- 
mum interaction. In addition 
to the ripple cutoff frequency 
(F-co) and 3-, 20- and 40-dB 
frequencies, the 6-dB Irequency 
and the minimum return loss 
for each design are also listed. 
Only the E12 capacitor values 
are tabulated to mixxlmize the 
number of designs. 

Although the tabulated designs 
cover only the 1 to 10-MHz 
decade, the same tables may be 
used for the 1 to 10-kHz decade 
by changing all frequencies to 
kHz and the C and L values to 
nF and mH, respectively. The 
VSWR and return loss values 
remain unchanged. The com- 
ponent values for other fre- 
quency decades may be read 

directly from the tables by in- 
spection. For example, to 
change the 1 to 10-MHz tables 
to 0. 1 to 1-MHz or 0. 01 to 0. 1- 
MHz, the listed frequencies are 
divided by 10 or 100 and the 
capacitor and inductor values 
are multiplied by the same 
number. For example, the C 
and L values for a 6-dB, 0. 121- 
MHz lowpass filter are 27000 
pF (0. 027 lxF), 109 lxH, 56000 
pF (0. 056 lxF) and 126 lxH. 

'4 

To find a suitable filter design 
with a specific 6-dB cutoff fre- 
quency, the 6-dB frequency 
column of Table Al or A2 is 
scanned and the correspond- 

are connected together as shown 
in Figures Al or A2. 

Choosing a suitable design is 
the easy parti Selecting and 
ordering appropriate capacitors 
and toroidal cores for the in- 
ductors, followed by correctly 
winding the cores and then 
assembling the filter is much 
more diQ'icult. The remainder 
of this'article will provide suffi- 
cient details so this aspect of 
filter construction will be as 
easy as choosing a design. 

RECOMMENDED 
COMPONENT TYPES AND 
SOURCES 
After deciding to build instead 
of buy a filter, the problem of 
finding suitable components can 
be quite confusing. For ex- 
ample, in addition to finding 
capacitors with suitable per- 
formance characteristics, a 
distributor must be found who 
has a wide selection of capaci- 
tor types and values and who is 

ing capacitor and inductor val- 
ues are read. The components Continued on page 154 

6. 8 p. 

0. 1 p, 

Miniature Metallized 

Polyester Film 

Type ECQ-E(F) 

10 
10 

100 
100 

EF1 685 
EF1 104 

21. 75 
2. 05 

0. 10 ix 

0. 01 lx 

Stacked Metallized Film 5 
V-Series 5 

100 
100 

P4725 
P4713 

2. 23 
1. 76 

0. 01 p. 

0. 001 p, 

Polypropylene 
P-Series 

2 
2 

50 
50 

P3103 
P3102 

4. 37 
4. 37 

820 p 
270 p 

Polypropylene 
P-Series 

5 
5 

50 
50 

P3821 
P3271 

2. 04 
2. 04 

NOTES: 1. All capacitors are manufactured by Panasonic and distributed by Digi-Key Corp. , P. O. Box 677, Thief River Falls, MN 56701-0677. 1-600-344-3439. 

2. The above. Panasonic capacitor types are recommended for the construction of towpass and highpass filters based on the capacitance ranges given in 

the first column. 

TABLE 1. Capacitors Suitable for 50-ohm Filter Construction, 1 kHz to 5 MHz. 
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capable of supplying small 
quantities within seven to ten 
days. In the case of inductors, 
toroidal cores will be hand- 
wound to get the exact design 
inductance values, and there- 
fore it is, necessary to obtain 
cores that not only have the 
proper magnetic characteristics 
but also are available in small 
quantities. 

The components and distribu- 
tors discussed in this article 
have been found to be suitable 
when constructing simple pas- 
sive LC filters intended for non- 
stringent application. Of course, 
minor changes may be neces- 
sary to suit individual situ- 
ations. 

with a one-percent maximum 
dissipation factor. 

Stacked metallized film offers 
high volumetric efficiency, a 
maximum dissipation factor of 
one percent and a five-percent 
tolerance, and is usually suit- 
able for replacing monolithic 
ceramic capacitors. 

Polypropylene is available in 
two- or five-percent tolerances, 
depending on capacitance. It 
has a low temperature coeffi- 
cient and a lower dissipation 
factor than the polyester types 
(0. 1 percent compared to one 
percent) which makes the pol- 
ypropylene type preferable for 
filter applications at the higher 

Key in the E12 series of pre- 
ferred values, that is, values of 
10, 12, 15, 18, 22, 27, 33, 39, 
etc. , and their decade multiples. 
The last two columns of Table 1 
list the Digi-Key p'art numbers 
with prices for quantities of ten. 
To use Table 1, scan the first 
and second columns to find the 
recommended capacitor type 
based on the capacitance range, 
and note the tolerance, voltage 
rating and price. Then obtain 
the catalog part number for the 
paiticular E12 value needed and 
order the part. All capacitors 
will be suitable for applications 
where the expected maximum 
rms voltage level is less than 
one-tenth of the capacitor volt- 
age rating. 

CAPACITORS 
Capacitors are available with a 
wide variety of values, dielec- 
trics, voltage ratings, tempera- 
ture coefficients, physical con- 
struction, prices, etc. Choos- 
ing a suitable capacitor and 
distributor can be difficult and 
time consuming. To assist the 
inexperienced filter construc- 
tor, a summary of selected 
capacitor values and types 
available is given in Table 1. A 
brief description of the charac- 
teristics of each capacitor type 
follows: 

Miniature metallized polyester 
film features a dual-sided met- 
allized polyester film with high 
dielectric constant and large C- 
values in small dimensions at 
low cost. The standard capaci- 
tance tolerance is ten percent 

cutoff frequencies (up to 10 or 
20 MHz). Because of increas- 
ing cost for higher capacitance 
values, this capacitor type is 
preferred for values less than 
0. 01 pF. . 

The capacitors in Table 1 are 
grouped into types that are most 
suitable for the capacitance 
ranges in the first column. For 
example, the metallized polyes- 
ter film type should be used for 
those designs requiring capaci- 
tors between 0. 1 pF and 6. 8IIF. 
For the smaller capacitance 
ranges of 0. 10 - 0. 01 pF, 0. 01— 
0. 001 pF and 820 - 270 pF, the 
listed types are more suitable 
than the miniature metallized 
film type because of a tighter 
capacitance tolerance and lower 
dissipation. All the capacitor 
types are available from Digi- 

To assure that the actual filter 
cutoff frequency will be close to 
the design value, capacitors 
having a two- or five-percent 
tolerance should be used. This 
is no problem with capacitors 
of less than 0. 1 pF, which have 
tolerances of two or five per- 
cent; however, capacitors larger 
than 0. 1 pF have a ten-percent 
tolerance. If the larger-valued 
ten-percent capacitors are 
measured and found to be too 
low by more than five percent of 
the design value, they should 
be paralleled with a smaller 
capacitor to bring the paral- 
leled value to within five per- 
cent of the design value. Digi- 
tal capacitance meters suitable 
for making these measurements 
cost less than $150. 

I ND UCTORS 
Unlike capacitors, the induc- 
tors recommended for filter 
construction are not bought 
ready to use, but must be first 
hand-wound on toroidal cores 
and then checked for proper 
inductance before installation. 
The toroidal winding configu- 
ration is used because the 
magnetic field is contained 
almost entirely within the toroid 
shape, and leakage inductance 
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F (6dB) 
1 k-4 k 

4 k-10 k 

10 k-40 k 

40 k-100 k 

15 m -3 m Molygermalloy 

Powder Cores 
3. 8 m-1. 3 m Magnetics 
1. 5 m-300 p. P. O. Box 391 

380 m -130 It Butler, PA 16003 
(412)282-8282 

0. 90 
0. 90 
0. 90 

55210-A2 125 900 Ii. 
55312-A2 26 190 p, 
55313-A2 14 99 p. 

0. 90 55305-A2 300 2. 16 m 264 118 (Note 1) 

205 120 (Note 1) 
281 118 (Note 1) 
196 115 (Note 1) 

100 k-500 k 

500 k-1 M 

1M-2M 
2M-5M 

150 p. - 30 p, Iron 0. 94 T94-1 (Blu) 
Powder Cores 

35'. - 13@, Micrometals, Inc. - 0. 80 T80-2 (Red) 
T68-7 (Wht) 
T50-7 (Wht) 

15'. -6p. 1190N. HawkCircle 0. 68 
8 p. - 2 p. Anaheim, CA 92807 0. 50 

(800)356-5977 

0 

20 160 p, 97 43 

55 p, 80 49 
52 p. 54 34 
43 p. 43 22 

10 
9 
9 

22-26 
24-26 
24-26 

F (6dB) 
1 k-4 k 

4 k-10 k 

10 k-40 k 

40 k-100 k 

5 m -1 m Moly-permalloy 

Powder Cores 
1. 2 m -400 m Magnetics 
500 )i -100 it P. O. Box 391 
120 p. -40 p, Butler, PA 16003 

(41 2)282-8282 

0. 90 55210-A2 125 900 p, 
0. 90 55312-A2 26 190 p, 
0. 90' 55313-A2 14 99 p. 

115 67 (Note 1) 
162 73 (Note 1) 
110 64 (Note 1) 

0. 90 55305-A2 300 2. 16 m 152 68 (Note 1) 

100 k-500 k 

500 k-1 M 

1M-2M 
2M-5M 

47)i, - 8 It 

10'. -4p. 
5p, -2p, 

2. 5p. -. 8p, 

Iron 0. 80 T80-1 (Blu) 20 
Powder Cores 

Micrometals, Inc. 0. 68 
1190 N. Hawk Circle 0. 50 
Anaheim, CA 92807 0. 44 

(800)356-5977 

115 p. 64 26 20-24 

57 p, 42 27 22-26 
43 p, 34 22 24-26 
46 p. 23 1324-26 

NOTES: 1. Use AWG ¹24 bifilar wire, MWS Part ¹B-2242111, for winding in one or two layers. After winding, connect the green start lead to 
the red finish lead andmeasure the inductance between the other two leads. Remove or add turns as required until the 
measured inductance is within three percent of the design value. 

2. For cutoff frequencies above 2 MHz, use a single layer winding for best Q. Remove or add turns to get near the design value 
and then squeeze or spread the turns for the final adjustment. 

TA8LE 2. Toroidal Cores Suitable for 50-ohm Alter Construction, I IcHz to 5 MHz. 

and stray capacitance are very 
small. Because of this, several 
toroidal inductors may be placed 
close together without any 
spurious coupling problems. It 
therefore is possible to assemble 
small, compact filters that would 
not be practical with the more 
common solenoid-wound in- 
ductors. 

The first step in assembling a 
toroidal inductor is to choose a 

core appropriate for the induc- 
tance and frequency range. After 
a core is chosen, a suitable wire 
type and size is selected to fa- 
cilitate the hand-winding proc- 
ess. All of the variables associ- 
ated with this process have been 
considered and a suitable se- 
lection of cores and wire sizes is 
summarized in Table 2. 

Table 2 is divided into two sec- 
tions, (A) and (B), for lowpass 

and highpass filters, respec- 
tively. Each section is divided 
into two parts -- the upper part 
lists moly-permalloy cores and 
the lower part lists iron powder 
cores. Both tables have ten 
columns of interrelated para- 
meters with appropriate column 
headings. 

The frequency range is listed in 
the first column and is broken 
into eight ranges between I kHz 
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and 5 MHz, with corresponding 
, 
core manufacturers and part 
numbers that are optimum for 
a particular frequency range. 
The inductance values in the 
second column were chosen by 
referring to Table Al (Lowpass) 
inAppendixAto find the maxi- 
mum and minimum inductance 
values corresponding to the 
lowest and highest 6-dB cutoQ 

. frequencies of each frequency 
range in the first column. For 
example, for the first range, 1k 
- 4k, Design Al-22 has a 6-dB 
cutoff frequency of about 1 kHz 
with a corresponding maximum 
inductance (IA) of about 15 mH. 
The 6-dB 4-kHz cutoff frequency 
is best met by design Al-13 
with a minimum inductance of 
about 3 mH. The other column 
headings are self-explanatory. 

An example demonstrates the 
use of Table 2 for selecting a 
toroidal core appropriate for 
building a lowpass filter. A 
lowpass Qlter is assumed to have 
a 6-dB cutoff frequency of about 
5 MHz. Referring to Table Al, 
design N15 has a 6-dB cutoff 
frequency of 5. 36 MHz which is 
close enough to be satisfactory. 
The recommended core for this 
design (as indicated by Table 2) 
is a Micrometals powered iron 
core, Part No. T50-7. Based on 
the L/100 turns for 43 pH, the 
number of turns for the design 
inductance values of 3. 01 and 
2. 43 IIH are calculated using 
the following equations: 

N()A) = 10))/3. 01/43 = 26 turns 
wound with AWG 424 or 26, 

N[L2, 6) = 100 ~2, 43/43 = 24 
turns wound with AWG 024 or 
26. 

Thus, once the 6-dB cutoff fre- 
quency is known, a suitable 
core is easily selected and then 
the proper number of turns is 
calculated. 

SOURCES FOR MAGNETIC 
CORES AND WIRE 
The source from which mag- 
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netic cores are obtained will 
depend on the number of filters 
built and whether this filter 
building capability will be a long- 
term responsibility. If only a 
few filters are needed, the most 
convenient procedure is to ob- 
tain the cores from a manufac- 
turer distributor who will- ac- 
cept small orders. 

For small quantity purchases 
(less than 20) of powdered iron 
cores, the best known distribu- 
tor of Micrometals cores is 
Amidon Associates, Inc. , located 
in Dominquez Hills, California. ' 

If the building of these passive 
LC filters are planned on a 
continuing basis for use in 
several test systems, then it is 
much more convenient and cost- 
effective to invest two or three 
hundred dollars and purchase 
a large number of cores from 
the manufacturers. Both Mag- 
netics and Micrometals have 
catalogs available providing 
useful information on the wind- 
ing and application of their 
cores. " 
WINDING OF TOROIDAL 
CORES 
The hand-winding of toroidal 
inductors requiring less than 
50 turns is easily done using 
standard film-insulated mag- 
net wire. Polyurethane insula- 
tion is recommended because 
it is solderable and requires no 
scraping. The appropriate wire 
sizes are given in Table 2. For 
frequencies above 2 MHz, a 
single wire layer is recom- 
mended for best Q. Below 2 
MHz, two or three layers maybe 
needed to get the required 
number of turns on the core. 

First, the length of wire to be 
used is estimated based on the 
number of turns and the length 
of one turn. A few inches is 
added for both leads. A length 
of magnet wire is cut and half of 
the wire is pulled through the 
core. The builder starts by 
winding half of the wire, and 

when the first half is nearly all 
on the core, continues winding 
the core with the second half. 
Winding only half of the total 
wire at a time minimizes the 
length of wire that needs to be 
pulled through the core. 

Although a heavier wire than 
listed in Table 2 can be used in 
winding the toroidal cores, the 
recommended wire should be 
used. By winding with a smaller 
diameter wire, sufficient open 
space will be left on the core to 
allow the turns to be squeezed 
together or spread apart for the 
final adjustment of inductance. 
If a heavier wire would be used, 
there would be no room to allow 
for final adjustment. The para- 
+aph on construction tech- 
niques discusses a procedure 
for tuning the three inductors 
in the lowpass and highpass 
filters. 

When an inductor requires more 
than 50 or 60 turns, the wind- 
ing process becomes more diffi- 
cult and tedious because of the 
increased number of turns and 
the much longer length of wire 
that must be handled. The dif- 
ficulty of winding many turns 
can be reduced by half by using 
a length of bifilar magnet wire 
consisting of two parallel- 
bonded lengths of diQ'erent col- 
ored wires. The bifilar wire 
handles like . a single strand, 
but winds twice as fast as a 
single strand because for every 
turn of bifilar wire, two turns 
are actually being put on the 
core. After the core is wound, 
the proper ends of the winding 
are soldered together to con- 
nect the two windings in series, 
aiding to give the required in- 
ductance. 

The bifilar magnetic wire rec- 
ommended for winding more 
than 50 or so turns on a toroidal 
core is available from MWS Wire 
Industries, Part SB 2XX2111. 
The B-2 designation in the MWS 
part number refers to multi- 
filar magnet wire consisting of 
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SIGNAL L11VE STLTERS. . . Continued 

two conductors. The third and 
fourth digits (XX) indicate the 
AWG wire size. The next digit 
(2) signifies a heavy insulation 
thickness. The three "ones" 
signify the insulation type 
(polyurethane), color coded 
conductors ( I =red/green) and 
the bonding film (polyvinyl 
butyral). Other combinations 
of wire numbers, insulation 
thickness, insulation type; col- 
ors and bonding illms are speci- 
fied in a General Product Infor- 
mation sheet available from 
MWS. s 

S IMP L IF I ED 
CONSTRUCTION 
TECHNIQUES 
The simplified construction 
techniques discussed in this 
article are suitable for the as- 
sembly of lowpass and high- 
pass filters having cutoff fre- 
quencies of less than five or six 
MHz. In these cases, the sim- 
pler open construction on a PCB 
is satisfactory because the 
passband or stopband perform- 
ance of the filter in the decade 
or so above the cutoff frequency 
is relatively unaffected as com- 
pared to filters having much 

, higher cutoff frequencies. An 
example of the assembly and 
testing of a lowpass and high- 

pass filter will demonstrate this 
simplified construction tech- 
nique, and plots of the pass- 
band and stopband responses 
will demonstrate the perform- 
ance that may be expected. 

LOWPASS FILTER ASSEMBLY 
AND RESPONSES 
A 7-element lowpass filter hav- 
ing a 6-dB cutoff frequency of 
5. 36 MHz (Design ¹15 from 
Table Al) was assembled and 
tested to demonstrate the sim- 
plified assembly procedure and 
the stopband and passband 
attenuation performance that 
can be expected when using 
simplified construction. 

Figure 1 shows the lowpass fil- 
ter components assembled on 
a single-sided piece of PCB. BNC 
connectors were fastened to the 
ends of the boards by soldering 
their ground lugs to the cop- 
per-clad. underside of the PCB. 
The capacitors and toroidal 
inductors (wound on Micro- 
metals T50-7 cores) were laid 
on the top of the board and 
their leads soldered in accor- 
dance with the schematic dia- 
gram shown in Figure Al. 
Because of the shortness and 
stiffness of the capacitor leads, 
they provide sufficient support 
for the inductors so additional 

support is not needed; how- 
ever, a few dabs of silicone 
rubber (RIV) around each in- 
ductor will make the whole 
assembly more secure and less 
likely to be damaged by han- 
dling. If necessary, additional 
protection can be added by 
. wrapping the filter assembly 
with a layer of plastic tape. 

Normally, such a simple form of 
assembly is not acceptable, but 
this filter is assumed to be for 
personal use in a test labora- 
tory where the quick response 
to a testing requirement is more 
important than obtaining a 
professionally assembled filter 
that will meet all kinds of strin- 
gent environmental specifica- 
tions. As long as the filter pass- 
band and stopband perform- 
ance are in accord with individ- 
ual requirements and the c'om- 

ponents are securely fastened 
to a base, the filter assembly 
will be satisfactory. 

Figure 2 shows three plots 
depicting the 5-MHz lowpass 
filter stopband, transition band 
and passband responses that 
were measured with a spectrum 
analyzer and tracking genera- 
tor. The stopband attenuation 
response was measured up to 
200 MHz and is shown in Fig- 
ure 2(A). The stopband response 
is greater than 70 dB up to 
about 100 MHz, after which the 
attenuation gradually drops to 
about 50 dB at 200 MHz. Even 
with the open construction, the 
filter stopband is quite satis- 
factory for more than a decade 
above the cutoff frequency. This 
stopband performance clearly 
demonstrates that this simpli- 
Iied form of construction is quite 
practical. The stopband per- 
formance will, of course, be 
poorer for filters having sub- 
stantially higher cutoff Irequen- 
cies. 

FIGURE 1. Yhe5. 4-MHz, 7-element Lawpass Alter. 1t is assembled on a small 
piece of single-sided PCB to simplify construction. Solder lugs on both BNC 
connectors are soldered to the copper foil on the underside of the board. tn spite of 
the open construction, the fitter stopband of 70 dB or more extends to 140 MHz. 

Figure 2(B) shows the filter 
transition response between 4 
and 9 MHz. The 6-dB, 20-dB 
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Figure 2(C) shows the filter 
attenuation and return loss in 
the 1 to 5-MHz passband. The 
passband attenuation and re- 
turn loss curves have vertical 
scales of 1 and 10 dB, respec- 
tively. As expected, the filter 
passband is less than one dB 
up to about 4. 2 MHz, after which 
the attenuation @adually starts 
to rise. Over'most of the same 
range, the return loss is greater 
than 30 dB with three peaks. 

The return loss peak and valley 

10 do/ '(A) STOPBAND ATTENUATION 

10 

5 do/ 

ASI 500 AS ~ EQUENCYSS 

N BAN 

HS) 0200 

D ATTEN 

200. 0 Sas 

UATION (B) T RANSITIO 

and 40-dB measured frequen- 
cies are within one percent of 
the design frequencies, indicat- 
ing that the capacitor values 
are correct and the inductors 
were properly tuned. With care 
in assembly, similar, agreement 
between the measured and 
design frequencies should be 
expected with all similar filters 
of this type. 

frequencies can be calculated 
relative to the ripple cutoff fre- 
quency because the normalized 
values are already known and 
are the same for all 7-element 
Chebyshev filters. For example, 
the normalized return loss peak 
frequencies for a 7-element 
Chebyshev design occur at 
0. 9749, 0. 782, and 0. 434 times 
the ripple cutoff frequency. 
Because the ripple cutoff fre- 
quency of filter design ¹Al-15 
is 4. 13 MHz, the return loss 
curve in Figure 2(C) should have 
peaks at 4. 03, 3. 23, and 1. 79 

'MHz. ' In a similar way, the 
return loss valley frequencies 
should occur at 0. 901, 0. 6235 
and 0. 223 times 4. 13 MHz, or 
at 3. 72, 2. 58 and 0. 92 MHz. 
Also, the return loss theoreti- 
cally should be not less than 35 
dB. Examination of Figure 2(C) 
shows the theoretical return loss 
response is approached but not 
achieved. For example, although 
there are three return loss peaks, 
they differ quite a bit from the 
theoretical peak frequencies. 
Also, the return loss should dip 
to a minimum of 35 dB, but at 1 
NIHi, the minimum is about 31 
dB and at 2. 6 and 3. 6 MHz, the 
return loss minimum is about 
39 dB. 

The plotted return loss response 

was obtained with a return loss 
bridge connected to one end of 
the filter with the other end of 
the filter terminated in a 50- 
ohm load. The detector output 
of the bridge was connected to 
the input of a spectrum ana- 
lyzer while a tracking generator 
was connected to the source 
input of the bridge. When the 
inductor tuning was first started 
by squeezing and spreading 
turns, only two return loss peaks 
were observed, and the first peak 
closest to the cutoff frequency 
was completely absent. While 
tuning the coils, the first peak 
appeared, and after a suitable 
return loss was obtained over 
most of the passband, further 
tuning attempts were stopped. 
If the fixed capacitors could also 
have been adjusted, the exact 
theoretical response of the fil-' 
ter could have been duplicated; 
however, for the intended filter 
application, it was concluded 
that additional tuning was not 
necessary. 

When making final adjustments 
to a filter, the passband return 
loss r'esponse. provides much 
better indication of correct fil- 
ter tuning than does the pass- 
band attenuation response. 
This is because passband re- 
turn loss is a much more sensi- 

5" 
10 

5. 0 2. 0 0. 0 

SYARI 1. 000 050 FREQUENCY SSHS) OROS 5. 000 SSS 

FIGURE 2. Attenuatfon and Return 
Loss Responses of Lowpass Design 
¹A1-15, F-co = 4. 13 MHz, F6 = 5. 36 
MHz. 
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FIGURE S. The 4. 8-MHz, 7-element Highpass Filter. It is assembled on a small 
piece of single-sided PCB to simplify construction. In spite of the simple 
construction, the filter passband return loss of 27 dB or more extends to 42 MHz, 
fndfcatfng that up to this frequency, more than 99 percent of the input power fs 
transmitted through the filter to fts 50-ohm loacL 
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tive indication of correct tuning 
than is the passband attenu- 
ation response. For example, 
passband attenuation changes 
of a few hundredths of a dB are 
hardly discernable, whereas the 
corresponding change of sev- 
eral dB of return loss is easily 
observed. 

Figure 3 shows the highpass 
filter components assembled on 
a single-sided piece of PCB. 
Small rectangular pieces of PCB, 

(A) TRANSITION (E STOPRAND ATTENUATION 

CO Sll 5. 0 
FREQUENCY(MHOI seoe S. ~ 00 Nes 

($) PASSSAND RETURN LOSS 

10 
SYSRY 1. 00 ISI ~ 

10 55 50 
FREQUENCY(MHS) 0000 01. 00 NRS 

(C) PASSBAND ATTENUATION 

STIRS 5. 0NS ~ FREQUENCY(ISHSI 0000 105. 0 NSO 

FIGURE 4. Attenuation and Return 
' Loss Responses of Highpass Design 
¹A2-1 9, F-co = 6. 07 MHz, $8 = 4. 75 
MHz. 

HIGHPASS FILTER ASSEMBLY 
AND RESPONSES 
A 7-element highp ass filter 
having a 6-dB cutoff frequency 
of 4. 75 MHz (Design ¹19 from 
Table'A2) was assembled and 
tested to demonstrate the sim- 
plified assembly procedure and 
to demonstrate the stopband 
and passband attenuation re- 
sponses that can be expected 
when using simplified construc- 
tion. 

each with a hole for a BNC 
connector, were soldered at right 
angles to each end of the base. 
BNC connectors were mounted 
in the holes and the capacitors 
and inductors were installed 
between the connectors in ac- 
cordance with the highpass fil- 
ter schematic diagram in Fig- 
ure A2. There is no advantage 
in this method of BNC connec- 
tor mounting over the method 
used in the lowpass filter as- 
sembly. For satisfactory high 
frequency passband response 
in highpass filters, microstrip 
construction is usually required; 
however, because the cutoff 
frequency of this particular 
design example is low enough, 
the passband response is satis- 
factory. up to a decade above 
the 6-dB cutoff frequency of 
4. 75 MHz. Consequently, it 
may be concluded that the 
simplified construction tech- 
nique is suitable. 

Figure 4 shows three plots 
depicting the 5-MHz highpass 
filter stopband/transition band, 
passband return loss and pass- 
band attenuation. These re- 
sponses were measured using 
the same procedures as used in 
the lowpass filter evaluation. 
The frequencies of the meas- 
ured stopband/transition band 
response shown in Figure 4(A) 
agree within two percent of the 
theoretical frequencies. The 
passband return loss shown in 
Figure 4(B) is also satisfactory, 
with the expected three peaks 
being present and with a return 
loss of greater than 27 dB up to 
42 MHz. A return loss of greater 
than 20 dB at the filter input 
means that more than 99 per- 
cent of the input power to the 
filter is delivered to the load. , 

Figure 4(C) shows that the 
passband attenuation is about 
one-tenth dB and remains rela- 
tively flat to 75 MHz, after which 
it begins to slowly increase. 

In a manner similar to that used 
with the lowpass filter, the fre- 

quencies of the passband re- 
turn loss peaks for the high- 
pass filter can be calculated by 
multiplying the highpass filter 
ripple cutoff frequency (F-co = 
6. 07 MHz) by the reciprocals of 
the previously given lowpass 
normalized frequencies. Thus, 
for a lowpass normalized fre- 
quency of 0. 9749, the corre- 
sponding highpass normalized 
frequency is 1. 0257, and the 
frequency of the first peak is 
1. 0257*6. 07 = 6. 23 MHz. In a 
similar manner, the frequen- 
cies of the two other peaks can 
be calculated as 7. 76 MHz arid 
13. 99 MHz. Comparing these 
calculated peak return loss 
frequencies with the plotted 
frequencies shows varying de- 
grees of agreement. As with the 
lowpass filter return loss re- 
sponse, if the highpass filter 
capacitors could have been 
adjusted in addition to the 
inductors, the measured return 
loss response could have been 
made identical to the theoreti- 
cal response. However, for the 
intended application of this fil- 
ter, it may be concluded that 
the passband and stopband 
responses are satisfactory and 
additional tuning is unneces- 
sary. 

INDUCTOR FINAL 
TUNING PROCEDURE 
Even though inductors are 
wound with the calculated 
number of turns based on the 
manufacturer's value of L(ILH) / 
100 turns, a final adjustment is 
advisable, either by removing 
or adding a turn or by squeez- 
ing or spreading the turns. If 
an inductance bridge is avail- 
able, the final L2, L4 and L6 
inductance values can easily 
be checked and the necessary 
adjustments made. However, if 
such instrumentation is not 
available, alternative methods 
must be used. 

From about 1 kHzto 2MHz, the 
simplest alternative inductor 
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measurement method is to find 
the resonant frequency of the 
tuned circuit consisting of the 
inductor to be measured and 
one of the capacitors being used 
in the filter. This technique 
requires a frequency counter, a 
digital capacitance meter, a 
signal generator and a wide- 
band ac VTVM (vacuum tube 
voltmeter). Once the capacity 
is known to an accuracy of one 
percent and the resonant fre- 
quency is known to the nearest 
Hz, the inductance can be cal- 
culated. Turns are removed or 
added to the inductor until a 
resonant frequency is obtained 
which indicates the inductance 
is correct. The measurement 
circuit consists of the signal 
generator and the ac VIVM both 
coupled to a parallel-resonant 
circuit consisting of the meas- 
ured capacitor and the induc- 
tor being tuned. The coupling 
elements are two 'capacitors, 
each having a capacitance of 
about 0. 002 or less times the 
resonating capacitance. The 
common junction of the two 
capacitors connects to the "hot" 
end of the resonant circuit. The 
other end of one of the coupling 
capacitors connects to the sig- 
nal generator output and the 
end of the other capacitor con- 
nects to the VTVM. The ground 
end of the parallel-resonant cir- 
cuit connects to the signal gen- 
erator and VIVM grounds. Reso- 
nance is indicated by a sharp 
rise in voltage amplitude as the 
signal generator frequency is 
varied through the resonant 
frequency of the parallel-reso- 
nant circuit. For inductance- 
capacitance combinations hav- 
ing resonance above two mega- 
hertz, a different method using 
a dip meter is preferable. 

A dip meter (also known as a . 
"grid-dip meter" during the 
vacuum tube age) is a multi- 
purpose battery-operated active 
device widely used by amateur 
radio operators for finding the 
approximate resonant and 
operating frequencies of either 

energized or de-energized cir- 
cuits. By coupling the plug-in 
coil of the dip meter into the 
filter circuits, the resonance of 
a particular C/L combination 
can be found. If the resonant 
frequency is high relative to the 
calculated frequency based on 
the known C/L values, the 
inductance is increased, and if 
the reverse is the case, the 
inductance is decreased. For 
example, to check the values of 
L2 and L6 in the lowpass filter 
of design ¹15 in Table Al, in- 
ductor L4 is first removed. The 
dip meter coil is then coupled 
into the resonant circuit of C1, 
L2 and C3. The resonance of 
this circuit should be 5. 56 MHz 
based on the series connection 
of the 470 and 1200 pF capaci- 
tors across the 2. 43 pH induc- 
tor. Aturnisaddedorremoved 
to L2 and the turns are squeezed 
or spread until the resonant 
frequency becomes 5. 56 MHz. 
The dip meter is then coupled 
to the circuit consisting of C5, 
L6 and C7 and the same proce- 
dure is r'epeated. The leads of 
L2 and L6 are disconnected from 
C3 and C5, and L4 is connected 
to C3 and C5. The dip meter is 
coupled to this new circuit 
having a 3. 75-MHz resonant 
frequency and the procedure is 
repeated. In this way, all the 
inductors are made to resonate 
at known frequencies to obtain 
the correct inductance. The 
same procedure is used to ad- 
just the highpass filter induc- 
tors. 

The dip meter is a most useful 
and versatile test instrument 
and belongs in all laboratories 
involved in EMI/RFI work and 
other similar types of testing. A 
dip meter, Model 90651A, cov- 
ering the 1. 7 to 300-MHz range, 
is available from James Millen 
Electronics for $385. 00. " 
RETURN LOSS BRIDGE 
The usefulness of the return 
loss bridge (RLB) in making final 
adjustments to lowpass and 
highpass filters while observ- 

ing the passband return loss 
response was briefly discussed 
earlier in this article. Two re- 
turn loss bridges (RLB) from 
Eagle were used in making the 
plots shown in Figures 2 and 
4. " Eagle also provides an 
interesting application note, 
"High Performance VSWR Meas- 
urements, " at no charge. The 
final paragraph of this applica- 
tion note provides a nice sum- 
mary of the . RLB capabilities 
and is paraphrased as follows: 
The RLB is useful for making 
low power VSWR measurements 
and most bridges yield a 40-dB 
directivity which is equivalent 
to a 1. 02 VSWR. Performance 
in excess of this is only possible 
using slotted line techniques. 
RLBs can be used for charac- 
terizing passive networks, an- 
tennas and low-power amplifi- 
ers. Because of its small size, 
low cost, high performance and 
ease of use, the RLB should be 
a standard piece of test equip- 
ment in the RF laboratory. " 

SUMMARY 
The design and assembly of 
simple but effective 7-element 
Chebyshev lowpass and high- 
pass filters using a piece of PCB 
as a base was shown to be fea- 
sible as long as the cutoff fre- 
quency was not much greater 
than about 5 MHz; conse- 
quently, the more complicated 
assemblies involving closed 
boxes with partitions between 
filter sections (for lowpass fil- 
ters) or microstrip lines (for 
highpass filters) were concluded 
to be unnecessary. 

Two tables of computer-calcu- 
lated designs using standard- 
value capacitors were provided 
to simplify the design selection. 
A listing of capacitors and 
toroidal inductor cores includ- 
ing the names of several parts 
distributors was also provided 
to allow those unfamiliar with 
Ster components to quickly and 
conveniently select and order 
appropriate capacitors and 
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cores. How to hand wind the 
toroidal cores and fine tune the 
inductors was explained so the 
beginner could obtain a filter 
having a measured response 
that closely agreed with its cal- 
culated response. 

By using the simplified tech- 
niques discussed in this ar- 
ticle, the inexperienced elec- 
tronics, test technician will be 
able to quickly and conveniently 
design, assemble, and tune 
passive LC filters specifically 
designed for use in his or her 
test work, thereby avoiding the 
two-or three-week delay that is 
usually experienced when simi- 
lar filters are ordered from com- 
mercial sources. 
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APPENDIX A 

50Q~ ~ 50Q 

1 2 3 4 5 6 7 

FIGURE Al. Schematic Diagram of the 7-element Lowpass Atter. Each component fs identified by number at the bottom of the 
diagram See Table Al for the capacitor and inductor values. 

50Q~ ~ 50Q 

1 2 3 4 5 6 

FIGURE A2. Schematic Diagram of the 7-element Hlghpass Pilter. Each component is identified by number at the bottom of the 
diagram See Table A2 for the capacitor and inductor values. 
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APPENDIX A: 
SEVEN-ELEMENT 50-OHM CHEBYSHEV E12 SVC-FILTER DESIGNS FOR VSWR (1. 20. 

NO. 

8 
9 

10 
11. 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

--- FREQUENCY 
F-co 3-dB 6-dB 
1. 04 1. 16 1. 21 
1 . 03 1 . 30 1 . 36 
1. 21 1. 37 1. 42 
1. 25 1. 57 1. 65 
1. 44 1. 64 1. 71 
1. 68 1. 5'3 2. 01 
1. 7 2. 25 2. 37 
2. 02 2. 34 2. 44 
2. 16 2. 76 2. 5'1 

2. 52 2. 89 3. 01 
2. 67 3. 38 3. 56 
3. 09 3. 54 3. 69 
3. 17 4. 05 4. 26 
3. 69 4. 24 4. 42 
4. 13 5. 11 5. 36 
4. 72 5. 35 5. 57 
4. 93 6. 12 6. 43 
5. 65' 6. 44 6. 70 
5. 17 7. 52 7. 88 
7. 01 7. 89 8. 20 
7. 36 9. 04 9. 48 
8. 58 9. 59 9. 96 
8. 86 11. 0 11. 5 
10. 4 11. 6 12. 1 

&MHz ) 
20dB 40cIB 
1. 40 1. 79 
1. 63 2. 15 
1. 66 2. 13 
1. 97 2. 59 
1. 99 2. 6 
2. 35 3. 03 
2. 84 3. 75 
2. 86 3. 70 
3. 49 4. 60 
3. 52 4. 54 
4. 26 5. 61 
4. 31 5. 55 

. 12 6 75 
5. 17 6. 66 
6. 39 8. 3S 
6. 45' 8. 34 
7. 67 10. 1 

7. 80 1Q. O 

9. 36 12. 2 
5'. 53 12. 2 
11. 3 14. 8 
11. 6 14. 8 
13. 7 18. 0 
14. 0 17. 9 

USIAR 

1. 142 
1. Q30 
1. 119 
1. 031 
1. 109 
1. 095' 
1. 023 
I . 086 
1. 024 
1. 095' 
1. 027 
1 . 100 
1. 024 
1. 097 
1. 035 
1. 116 
1. 034 
1. 122 
1. 043 
1. 131 
1. 039 
1. 148 
1. 036 
1. 142 

MIN. 
RL(dB) 
23. 6 
36. 7 
25 ~ 0 
36. 4 
25. 7 
26. 5 
35'. I 
27. 7 
38. 6 
26. 5 
37. 6 
26. 4 
38 ' 5 
26. 7 
35 2 
25. 2 

24. 8 
33. 4 

34. 3 
23. 3 
35, (i 
23 ~ 6 

C1, 7 
(pF) 
2700 
1800 
2200 
1500 
1800 
1500 
1000 
1200 
820 

1000 
680 
820 
560 
680 
470 
560 
"i90 

470 
330 
390 
2?0 
330 
220 
270 

L2$6 
(uH) 
10. 9 
9. 52 
9. 27 
7. 5'0 

7. 73 

5. 45 
5. 41 
4. 44 
4. 38 
3. 64 
3. 59 
3. 03 
2. 99 
2. 43 
2. 37 
2. 03 
1. 97 
1. 66 
1. 61 
1. 38 
1. 32 
1. 14 
1. 09 

C3, 5 
(pF) 
5600 
4700 
4700 
3900 
3900 
3300 
27i) 0 
2700 
2200 
2200 
1800 
1800 
1500 
1500 
1200 
1200 
1000 
1000 

SiQ 
820 
680 
680 
560 
560 

L4 
(uH) 
12. 6 
11. 9 
10. 8 
9. 85 
9. 04 

6. 89 
6. 40 
5. 61 
5. 15 
4. . 7 
4. 21 
3. 82 
3. 52 
3. 01 
2. 76 
2. 51 
2. 29 
2. 04 
1. 86 
1. 70 
1. 52 
1. 40 
1. 26 

TABLE Al. Lowpass El 2 SVC filter Designs. 

NO. 

1 

2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

FREQUENCY 
F-co 3-dB 6-dB 
I . 00 . 880 . 845 
1. 16 . 922 . 878 
1. 22 1. 06 1. 02 
1. 39 1. 11 1. 05 
1. 55 1. 34 1. 28 
1. 82 1. 59 1. 3 
2. 15 1. 67 1. 59 
2. 22 1. 94 1. 86 
2. 61 2. 03 1. 93 
2. 69 2. 34 2. 25 
3. 10 2. 45 2. 33 
3. 19 2. 82 2. 71 
3. 81 2. 98 2. 83 
3. 79 3. 35 3. 22 
4. 35 3. 52 3. 35 
4. 52 4. 02 3. 86 
5. 27 4. 24 4. 04 
5. 26 4. 71 4. &3 

6. 07 4. 98 4. 75 
6. 46 5. 77 5. 55 
?. 50 6. 11 5. 82 
8 11 ?. 16 6. 89 
9. 28 7. 51 7. 16 
10. 0 8. 80 8. 45 

(I"IHz ) 
20dB 40cIB 
. 724 . 563 
. 734 . 5. 8 
. 871 . 676 
. 880 . 670 
1. 05' . 845 
I . 31 1 . 01 
1 . 32 1 . 00 
1. 59 1. 24 
I . 61 1 . 22 
1. 92 1. 49 
1. 94 . 1. 4? 
2. 32 1 . 81 
2. 36 1. 79 
2. ?6 2. 15 
2. 81 2. 14 
3. 32 2. 59 
3. 39 2. 58 
3. 91 3. 05 
4. 00 3. 06 
4. 78 3. 74 
4. 89 3. 74 
5. 91 4. 60 
6. 00 4. 58 
7. 24 5. 63 

MAX . 
V%JR 

1. 109 
1. 030 
1. 099 
1. 031 
1. 086 
1. 099 
1. 023 
1. 100 
1. 024 
1. 097 
1. 027 
1. 116 
1. 024 
1. 122 
1. 035 
1. 131 
1. 034 
1. 148 
1. 043 
1. 142 
I . 039 
1. 119 
1. 036 
1. 109 

MIN. 
RL&cIB) 
25. 7 
36. 7 
26. 5 
36. 4 
27. 7 
26 5 
39. 1 

26. 4 
38. 6 
26. 7 
37. 6 
25. 2 
38. 5 
24. 8 
3c. 2 
24. 2 
35 ' 5 
23. 3 
33. 4 
23. 6 
34. 3 
25. 0 
35. 0 
25. 7 

C1, 7 
(pF) 
3900 
4700 
3300 
3900 
2700 
2200 
2700 
1800 
2200 
1500 
1800 
1200 
1500 
1000 
1 20Q 

820 
1000 
680 
820 
560 
680 
470 
560 
390 

L2, 6 
(uH) 
5. 67 
5. 55 
4. 70 
4. 63 
3. 74 
3. 14 
3. 10 
2. 57 
2. 54 
2. 13 
2. 10 
1. 77 
1. 73 
1. 45' 

1. 45 
1. 24 
1. 20 
1. 06 
1. 02 

. 831 

. 65'7 

. 6?7 
c' 6 '7 

C3, 5 
(pF) 
1800 
1800 
1500 
1500 
1200 
1000 
1000 

820 
820 
680 
680 
5'0 
560 
470 
470 
390 
390 
330 
330 
270 
270 
220 
220 
180 

L4 
(uH) 
4. 86 
4. 45 
4. 01 
3. 71 
3. 16 

2. 45 
2. 19 
2. 01 
1. 81 
1. 67 

2 
1. 37 
1. 28 
1. 17 
1. 0? 
. 965' 
. 924 
. 829 
. 752 
. 6?5 
. 599 
. 548 
. 486 

TABLE A2. Highpass El 2 SVC filter l3esfgns. 
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