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ABSTRACT OF THE DISCLOSURE 
The disclosed thin-film resistors include a basic resistor 

intercoupled with a network of selectively intercoupled 
individual trimming resistors which add or subtract se 
lected increments of resistance to that of the basic resistor. 
The smallest value trimming resistor provides a predeter 
mined impedance Z, while each other trimming resistor 
provides an impedance equal to a different power of two 
times Z1. A severable electrical conductor is associated 
with each trimming resistor to selectively effectively elec 
trically connect or not connect the associated resistor into 
the network. The trimming resistors may be connected in 
series, with each severable conductor in parallel with a 
different trimming resistor; or the trimming resistors may 
be connected in parallel, with each severable conductor 
in series with a different trimming resistor. 

wame."...wm 

This invention relates to thin-film microelectronics 
and especially to improved thin-film resistors for use in 
thin-film integrated circuitry and the like. More partic 
ularly, the invention relates to methods and means for 
fabricating thin-film resistors of highly precise values. 

In the past, great difficulty has been encountered in 
economically mass producing thin-film resistors within 
commerically acceptable tolerances. Thin-film resistors 
having close tolerances have been created in the labora 
tory; however, prior design techniques have not resulted 
in high quality thin-film resistors which may be mass 
produced. While basic or primary thin-film resistors have 
been provided with secondary or trimming resistive por 
tions that could be added to basic thin-film resistors to 
fabricate thin-film resistors of highly precise values, that 
approach has not produced high quality thin-film resistors 
susceptible to mass production techniques. Nor has it 
produced high quality thin-film resistors which may be 
monitored by automated fabrication techniques. 

Accordingly, it is an object of the present invention 
to provide a method of making high quality thin-film 
resistors which lends itself readily to mass production 
techniques. 

It is a further object of the present invention to provide 
improved thin-film resistors of highly precise values. 

It is a still further object of the present invention to 
provide a type of high quality thin-film resistor which, 
when mass produced, results in a high yield of commerci 
ally acceptable thin-film resistors. 

It is another object of the present invention to provide 
a type of high quality thin-film resistor which is suscep 
tible to automated fabrication techniques which enhances 
economic manufacturing thereof. 
To achieve these and other objects, there is provided, 

according to one embodiment of the present invention, a 
thin-film component comprising a basic or primary re 
sistor in the form of a thin-film of resistor material dis 
posed on a suitable substrate. Each primary resistor is in 
series with one or more current-severable conductive 
areas, hereinafter called “fuses'. Each fuse is in parallel 
with a respective secondary or trimming thin-film resistor 
likewise in the form of a thin-film of resistive material. 
The resistance values of the secondary thin-film resistors 
are related to each other in a binary number sequence. 
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The opening of one or more of the fuses make it possible 
to add 127 increments of resistance to the basic or 
primary thin-film resistor in order to provide a thin 
film resistor of highly precise value. 

Additional objects, advantages, and characteristic fea 
tures of the present invention will become readily ap 
parent from the following detailed description of several 
embodiments of the invention when taken in conjunction 
with the accompanying drawings in which: 
FIGURE 1 is a perspective view of a thin-film struc 

ture in accordance with the present invention; 
FIG. 2 is a plan view of a series of unconnected thin 

film resistors arranged in a binary number sequence in 
accordance with the present invention; 

FIG. 3 is a schematic diagram of a basic thin-film re 
sistor in series with a parallel arrangement of several 
thin-film trimming resistors and fuses in accordance with 
the present invention; 

FIG. 4 is a schematic diagram of a basic thin-film re 
sistor in parallel with a series arrangement of several 
thin-film resistors and fuses in accordance with the pres 
ent invention; 
FIG. 5 is a plan view of a basic thin-film resistor in 

Series with a parallel arrangement of thin-film trimming 
resistors and fuses in accordance with the present inven 
tion; 

FIG. 6 is a plan view of a basic thin-film resistor hav 
ing Several thin-film trimming resistors connected in series 
With it, in accordance with the present invention; and 

FIG. 7 is a view of a portion of the thin-film trimming 
resistors of FIG. 6. 

Referring now to FIG. 1, a monolithic structure 10 
comprising a thin-film resistor, two terminals and a sub 
strate is shown. The monolithic structure 10 may be part 
of a thin-film network or part of a sheet containing nu 
merous thin-film resistors. The monolithic structure 10 in 
cludes a thin-film resistor 11 which may be made of any 
of a number of current limiting materials, such as, a 
metal, an alloy or a metal-dielectric combination. A pre 
ferred alloy that is commonly utilized is nickel-chromi 
um. The two terminals, the conductive portion of the 
structure, attached to opposite ends of the thin-film re 
sistor 11 include respective layers of a protective material 
13a and b, a highly conductive material 14a and b, and 
a current limiting material 15a and b, respectively. The 
Substrate 12 may be made of any of several insulative ma 
terials, such as, glass or a ceramic material. While the 
invention will be described with particular reference to 
materials having resistive impedances, it should be under 
stood that the practice of this invention is not necessarily 
limited thereto, but may be practiced to equal advantage 
utilizing oher impedance, such as, capacitive or inductive. 
A preferred method of constructing the monolithic 

structure 10 is by a photoetching process, commonly 
known as the "wet' process. In this process, a thin-film of 
current limiting material, such as, nickel-chromium, is 
bonded to the entire surface of a substrate. Then a thin 
film of highly conductive material, approximately forty 
times the thickness of the current limiting material, is 
bonded to the entire surface of the current limiting ma 
terial. The next layer bonded to the entire surface of the 
highly conductive material is a layer of the protective 
material, Such as, gold, which is approximately twice the 
thickness of the layer of the current limiting material. As 

65 stated earlier, nickel-chrimoium is a preferred alloy that 
is commonly utilized in constructing thin-film resistors. 
The nickel-chromium is preferred not only for its current 
limiting properties, but also because of its adhesive prop 
erties which ensure proper bonding to the insulative sub 

70 strate 12. Thus, nickel-chromium is utilized to form both 
the thin-film resistor 11 and the respective lower layers 
115a and b of the terminals. The respective middle layers 
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14a and b of the terminals are commonly formed of cop 
per. The respective top layers 13a and b are commonly 
formed of gold which is known for its ability to withstand 
atmospheric corrosive impurities. 
The final step in creating the monolithic structure 10 in 

cludes the photoetching of the unwanted gold, copper, 
and nickel-chromium in order to form the thin-film re 
sistor 11. The electrons that traverse the thin-film re 
sistor 11 will follow the path of least resistance upon 
striking either junction 16a or 16b, depending upon the 
direction of current flow. In the present construction, the 
electrons will choose a path provided by the copper, thus, 
the thin-film resistor 11 will end abruptly at the junc 
tions 116a and 16b. The construction of a thin-film struc 
ture similar to that of the monolithic structure 10 is not 
limited to the aforementioned photoetching process, other 
methods, such as, a masking process, commonly known 
as the “dry” process, may be employed. 

It is conventional to discuss thin-film resistors in terms 
of sheet resistance. The sheet resistance of a thin-film ma 
terial has the resistance measured between two terminals 
molecularly bonded to the entire sides of the opposite 
ends of a thin-film resistor. The value of a thin-film re 
sistor made of a material with a given sheet resistance 
will be determined by the size of the resistor and is usual 
ly expressed in ohms per square. Assuming that the width 
of the thin-film resistor i is equal to the length of the 
thin-film resistor 11 and the sheet resistance of the ma 
terial is 100 ohms per square, then the resistance between 
the terminals would measure 100 ohms. If the resistor 
area of a thin-film resistor constructed of the same ma 
terial as that of the thin-film resistor 11 is four times as 
wide as it is long, the value of the resistance of the thin 
film resistor would be 25 ohms. This would be analogous 
to placing four resistors similar to thin-film resistor 11 in 
parallel. On the other hand, if the resistor area of a thin 
film resistor constructed of the same material as that of 
the thin-film resistor 11 is four times as long as it is wide, 
the value of the resistance of the thin-film resistor would 
be 400 ohms. This would be analogous to placing four 
resistors similar to the thin-film resistor 1 in series. Thus, 
the resistance of a given thin-film resistor is determined 
by the ratio of the length to the width of such resistor. 

Referring now to FIG. 2, there is shown a series of 
seven thin-film resistors, 17-23, inclusive. All seven of 
these thin-film resistors are assumed to have been con 
structed of a material having a sheet resistance of 100 
ohms per square. The thin-film resistor 17, having two 
terminals 17a and 17b attached to its opposite ends, has 
a width which is four times its length. In light of the fore 
going discussion, it follows that the resistive impedance 
or resistance of the thin-film resistor 17 between the at 
tached terminals 17a and 17b would measure 25 ohms. 
The adjacent thin-film resistor 18 has the same width as 
that of the thin-film resistor 17, however, its length is 
twice as long as that of the thin-film resistor 17. Thus, the 
value of the resistive impedance between the terminals 
attached to the thin-film resistor 18 would be 50 ohms. 
The next three thin-film resistors 19, 20 and 21 are 

the same length as the thin-film resistor 18, however, 
their widths are 2, 4 and /8 the width of the thin 
film resistor 18, respectively. Thus, the value of the 
resistive impedance between the respective terminals 
attached to the thin-film resistors 19, 20 and 21 would 
be 100, 200 and 400 ohms, respectively. The last two 
resistors in the series, the thin-film resistors 22 and 23, 
are the same width of the thin-film resistor 21, however, 
their lengths are 2 and 4 times the length of the thin 
film resistor 21, respectively. Thus, the value of the 
resistive impedance between the respective terminals 
attached to the thin-film resistors 22 and 23 would be 
800 and 1,600 ohms, respectively. 

It should be apparent at this time that the thin-film 
resistors 17-23, inclusive, are arranged in a binary num 
ber sequence. If these seven thin-film resistors are 
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properly connected to a basic or primary thin-film resistor, 
it would be possible to provide 127 increments of resist 
ance to facilitate the trimming of the basic resistor within 
a prescribed tolerance. 

Prior design techniques have included the use of thin 
film trimming resistors in conjunction with a basic thin 
film resistor so that a thin-film resistor having close 
tolerances could be created. However, the prior thin-film 
trimming resistors were consistently the same size, thus, 
only multiples of a given resistance could be added to or 
taken away from the resistance of the basic thin-film 
resistor. By utilizing a series of thin-film resistors arranged 
in a binary number sequence, a relatively large number of 
increments of resistance are made available by several 
thin-film trimming resistors. Thus, higher quality thin 
film resistors may be created. Furthermore, a greater yield 
of commercially acceptable thin-film resistors may be 
realized from a given number of manufactured thin-film 
resistors. 

Referring now to FIG. 3, there is shown a schematic 
diagram which includes a basic thin-film resistor, and a 
series of thin-film trimming resistors, each trimming 
resistor having a conducting path in parallel with its 
resistance path. It is noted that the series of secondary 
or trimming resistors 33-39, inclusive, are arranged in a 
binary number sequence similar to that of FIG. 2. While 
the invention will be described with particular. reference 
to a series of secondary or trimming resistors comprising 
seven resistors having different values of impedance 
related to each other in a binary number sequence it 
should be understood that the practice of this invention is 
not necessarily limited thereto, but may be practiced to 
equal advantage utilizing other combinations, Such as, 
five or nine resistors. 
As the circuit is shown, theoretically the resistance be 

tween the terminals 31 and 32 is the resistance of the 
basic resistor 30, i.e., approximately 500 ohms. The fuses 
40-46, inclusive, though illustrated schematically as fuses, 
are only strips of thin-film material having properties of 
conductivity. In the physical components, the width of 
the current-severable conductive areas at the locations 
illustrated as the fuses 40-46, inclusive, is usually more 
narrow than the width of the thin-film material that con 
nects the fuses in parallel with their respective trimming 
resistors. This design is illustrated by FIG. 5. The narrow 
ing of the thin-film material at the location of a fuse 
facilitates the opening of such fuse, however, this design 
may not be necessary under all circumstances. 
A basic thin-film resistor may be created to within a 

tolerance of +5% in the laboratory. However, when 
mass producing thin-film resistors the yield of Such 
resistors is usually quite low. When basic thin-film resistors 
are mass produced it is usually necesary to produce 
resistors having tolerances of +10% in order to provide 
a high yield of acceptable resistors. Therefore, it is neces 
sary to incorporate trimming resistors with the latter type 
basic thin-film resistor to provide resistors within com 
mercially accepted tolerances of t-1%. 
As stated earlier, the binary number Sequence of the 

resistors 33-39, inclusive, provides 127 increments of 
resistance to facilitate the trimming of the basic resistor 
30 to obtain a desired value of resistance. The resistance 
of basic thin-film resistor having trimming resistors in 
series with it is usually designed to be somewhat lower 
than the resistance desired so that trimming resistors may 
be added to the basic resistor 30 to obtain the desired 
value of resistance, i.e., 500 ohms. For example, if the 
basic resistor 30 was measured to read 424 ohms, the 
fuses 40, 43 and 44 could be opened, then if one were to 
measure the resistance between the terminals 31 and 32 
he would be measuring the resistance of the basic thin-film 
resistor 30 and the trimming resistors 33, 36 and 37. The 
resistance measured between the terminals 31 and 32 
would now theoretically read 50 ohms. Thus, a thin-film 
resistor having a d.13% tolerance could be mass 
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produced and then trimmed to within .--1% of the value 
of the desired resistance. 

Numerous means may be utilized to open a fuse which 
is parallel to a trimming resistor, for example, electrically 
burning, manually handscribing or sandblasting the fuse 
to add a resistor. A preferred method is the electrically 
burning of the fuse to add a trimming resistance to the 
basic resistor. The electrically burning method is more 
susceptible to mass producing thin-film resistors because 
exterior monitoring equipment may be utilized to check 
the resistance of the basic resistor, add the necessary 
trimming resistors to the basic resistor, and the monitor 
the final resistance. By automating the manufacture of 
high quality thin-film resistors, the present cost of Such 
resistors can be greatly reduced. 
When electrically burning the fuse, care must be 

taken in order that the resistor is not harmed. The 
applicant has utilized a method whereby an electrical 
pulse having a predetermined level of current is applied 
to the fuses for a controlled period of time. Thus, the 
fuse is opened, the resistor is not harmed, and the resistor 
is now added to the basic resistor. 

Referring now to FIG. 4, there is shown a schematic 
diagram which includes a basic thin-film resistor, and a 
number of thin-film trimming resistors in parallel with 
the basic thin-film resistor, each trimming resistor hav 
ing a fuse which is in series with a respective trimming 
resistor and also being in parallel with the basic thin-film 
resistor. The parallel arrangement of the trimming re 
sistors 53-59, inclusive, are arranged in a binary number 
sequence, i.e., the values of resistance decrease from 
10,000 ohms to 156.25 ohms, respectively. As the circuit 
is shown, theoretically the value of resistance between the 
terminals 51 and 52 is approximately 20 ohms. As in the 
schematic arrangement of FIG. 3, the fuse 60-66, inclu 
sive, though illustrated schematically as fuses, are only 
strips of thin-film material having properties of conduc 
tivity. Also, as in the schematic arrangement of FIG. 3, 
the binary number sequence of the resistors 53-59, in 
clusive, provides 127 increments of resistance to facilitate 
the trimming of the basic resistor 50 to within a pre 
scribed tolerance. 

If a basic thin-film resistor has a value of 200 ohms 
or less, the trimming resistors would necessarily occupy 
a high percentage of the area of the substrate; therefore, 
when creating basic thin-film resistors having a low re 
sistance value, the trimming resistors having a higher 
value of resistance are connected in parallel to the basic 
thin-film resistor. Thus, a greater packaging density of a 
given substrate may be achieved. The resistance of the 
basic thin-film resistors having trimming resistors in par 
allel with it is usually designed to be higher than the re 
sistance desired. For example, if it is desired to have the 
value of the resistance between the terminals 51 and 52 
be 20 ohms, then the basic resistor 50 would be designed 
to have a value of resistance of approximately 22 ohms, 
10%. Thus, if the basis resistor 50 was just within its 

upper tolerance and had a value of approximately 24 
ohms, the connected trimming resistors Would adjust the 
value of the resistance between the terminals 51 and 52 
to below 20 ohms. If the value of the resistance between 
the terminals 51 and 52 with all the trimming resistors 
included between those terminals is less than 20 ohms, 
then one or more of the fuses 60-66, could be opened, 
and one or more of the respective thin-film trimming re 
sistors could be uncoupled from the circuit, thus the re 
sistance would be increased to the desired value, i.e., 20 
ohms. 
As in the series arrangement of FIG. 3, the fuses of 

the parallel arrangement of FIG. 4 can be opened by 
electrically burning, manually handscribing or sandblast 
ing the fuses, however, in the latter case a resistance is 
now eliminated from the resistive component. One ad 
vantage of the parallel arrangement of trimming resistors 
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6 
is that no trimming resistors can be harmed when elec 
trically opening the fuses. 

Referring now to FIG. 5, a plan view of a thin-film 
Structure 70, including a thin-film resistor, conducting 
Strips, and terminals which have been created on a sub 
strate 71 by the aforementioned "wet' process as de 
scribed earlier, is shown. The substrate 71 may consist 
of any of a number of insulative materials, for example, 
glass. The electrical components of the thin-film struc 
ture 70 illustrate the physical layout of the schematic dia 
gram of FIG. 3. 
A basic thin-film resistor 73 consisting of a strip of 

current limiting material, such as, nickel-chromium, is 
shown between the terminals 72 and 74. A series of seven 
thin-film trimming resistors 80-86, inclusive, are con 
nected in series between the terminals 74 and 75 as shown 
earlier by the schematic illustrated in FIG. 3. The fuses 
90-96, inclusive, are connected in parallel with respec 
tive thin-film trimming resistors 80-86, inclusive. 

After the thin-film structure, or thin-film component, 
has been created, the resistance of the basic thin-film re 
sistor 73 should be less than 500 ohms. The value of the 
resistance of the basic resistor 73 is usually designed to 
be somewhat lower than the desired value of resistance so 
that one or more of the 127 increments of resistance 
made available by the binary number arrangement of 
thin-film trimming resistors 80-86, inclusive, may be 
added to the basic thin-film resistor to obtain the desired 
resistance. One or more of the trimming resistors 80-86 
inclusive, may be added to the resistance between the 
terminals 72 and 75 by opening the respective fuses, 
90-96, inclusive. 
The construction of a high quality thin-film resistor 

of the type described above may be fully automated. In 
developing such a resistor a computer and associated cir 
cuitry could be utilized to measure the resistance of the 
basic thin-film resistor 73. Then the appropriate fuses are 
opened so that the proper resistance is added to the basic 
resistor to obtain the desired resistance. Finally the total 
resistance between the terminals 72 and 75 is measured, 
then, the thin-film resistor 70 may be accepted or re 
jected depending upon whether the value of the resistance 
is within the proper tolerances. 

Furthermore, the thin-film structure 70 may then be 
inserted into an electronic circuit, not shown. If the char 
acter of the electronic circuit necessitates increasing the 
resistance provided by the basic thin-film resistor 73 and 
the trimming resistors which have coupled to the basic 
resistor, then one or more additional fuses may be opened 
to couple one or more respective trimming resistors to 
the basic resistor. 

Referring now to FIG. 6, another embodiment of this 
invention is shown. A thin-film structure 100 includes an 
insulative substrate 101, a basic resistor 111, nine ter 
minals 102-110, inclusive, and seven trimming resistors 
112-118, inclusive. The thin-film structure 100 has been 
created by the forementioned “wet' process as described 
earlier. The substrate 101 may be made from any of a 
number of insulative materials, for example, glass. The 
basic thin-film resistor 111 and the seven thin-film trim 
ming resistors 112-118, inclusive, may be made from 
several current limiting materials, such as, nickel-chro 
mium. The terminals 102-110, inclusive, may consist of 
the materials as described in FIG. 1. 

If the desired value of the resistance of the thin-film 
structure 100 is 500 ohms, then the resistance of the basic 
thin-film resistor 111 should be designed to be less than 
500 ohms. For example, if the actual resistance of the 
basic thin-film resistor 11 is 485 ohms, when inserting 
the thin-film structure 100 within a circuit respective leads 
may be connected to the terminals 102 and 107 to obtain 
the desired value of resistance, i.e., 500 ohms. 

Referring now to FIG. 7, another embodiment of this 
invention is shown. A portion of the thin-film structure 
100, including the thin-film trimming resistors 112-114, 
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inclusive, and the terminals 103-106, inclusive is shown. 
A shunting bar 120 is shown connecting the terminals 
104 and 105. The shunting bar 120 may be made from 
any of a number of highly conductive materials, Such as, 
silver. The purpose of the shunting bar 120 and any ad 
ditional shunting bars that may be utilized is to shunt out 
one or more of the thin-film trimming resistors illustrated 
in FIG. 6 so that 127 increments of resistance may be 
available to be added to the basic thin-film resistor 111. 
One of the advantages of this particular embodiment is 

that the values of the trimming resistors may be measured 
prior to their being shunted out of the circuit. Thus, one 
would more likely be assured that the addition of trim 
ming resistors to the basic resistor would result in obtain 
ing a thin-film resistor within a prescribed tolerance than 
in the aforementioned method of opening fuses to add a 
trimming resistor to the basic resistor. However, the afore 
mentioned method of opening the fuses is more suscep 
tible to automation than the method of adding shunting 
bars to shunt out resistance from the thin-film structure. 
Thus, although the present invention has been shown 

and described with reference to particular embodiments, 
nevertheless, various changes and modifications obvious 
to a person skilled in the art to which the invention per 
tains are deemed to lie within the spirit, scope, and con 
templation of the invention as set forth in the appended 
claims. 
What is claimed is: 
1. An electrical component comprising: 
a supporting member of electrically insulating material; 
a number n of intercoupled individual impedance ele 

ments formed on said member, where n is a positive 
integer not less than two, a first one of said im 
pedance elements providing a predetermined im 
pedance value Z1, each other of said impedance ele 
ments providing a different impedance value Z given 
by the relation Z=2(k-1)Z, where k is a positive 
integer not less than two and not greater than in 
identifying the impedance element in question; and 

a number n of severable electrically conductive means, 
each associated with a different one of said impedance 
elements, for effectively electrically coupling selected 
ones of said impedance elements into a desired cur 
rent flow arrangement. 

2. An electrical component according to claim 1 where 
in each of said impedance elements is a thin-film resistor 
bonded to said supporting member, and each said elec 
trically conductive means includes a strip of electrically 
conductive material formed on said supporting member 
and in electrical contact with the associated one of said 
impedance elements, each said strip having a notched por 
tion to facilitate severing thereof. 

3. An electrical component comprising: 
a supporting member of electrically insulating mate 

rial; 
a number n of individual impedance elements formed 

on said member and connected in series between first 
and second terminals, where n is a positive integer 
not less than two, a first one of said impedance ele 
ments providing a predetermined impedance value 
Z1, each other of said impedance elements provid 
ing a different impedance value Z given by the rela 
tion Z=(k-1) Z, where k is a positive integer not 
less than two and not greater than n identifying the 
impedance element in question; and 

a number n of severable electrically conductive means, 
each connected directly across a different one of said 
impedance elements, for selectively effectively elec 
trically connecting or not connecting the associated 
impedance element into a desired current flow path 
between said first and second terminals. 
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4. An electrical component according to claim 3 where 
in an additional impedance element is connected in series 
with said individual impedance elements, said additional 
impedance element providing an impedance value sub 
stantially greater than that of any of said individual im 
pedance elements, whereby said individual impedance ele 
ments add selected increments of impedance to the im 
pedance of said additional impedance element to produce 
a desired net impedance value. 

O 
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20 

5. An electrical component comprising: 
a supporting member of electrically insulating material; 
a number n of individual impedance elements formed 
on said member and adapted to be connected in 
parallel between first and second terminals, where n 
is a positive integer not less than two, a first one of 
said impedance elements providing a predetermined 
impedance value Z1, each other of said impedance 
elements providing a different impedance value Zk 
given by the relation Z=2(k-1)Z, where k is a posi 
tive integer not less than two and not greater than in 
identifying the impedance element in question; and 

a number n of severable electrically conductive means, 
each connected in series with a different one of said 
impedance elements, for selectively elctrically con 
necting or not connecting the associated impedane 
element between said first and second terminals. 

6. An electrical component according to claim 5 where 
in an additional impedance element is connected between 
said first and second terminals in parallel with connected 
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ones of said individual impedance elements, said addi 
tional impedance element providing an impedance value 
substantially less than that of any of said individual im 
pedance elements, whereby said individual impedance 
elements substract selected increments of impedance from 
the impedance of said additional impedance element to 
produce a desired net impedance value between said first 
and second terminals. 

7. An electrical component comprising: 
al Eporting member of electrically insulating mate 

rial; 
a number n of individual impedance elements formed 
on said member and connected in series between first 
and second terminals, where n is a positive integer 
not less than two, a first one of said impedance ele 
ments providing a predetermined impedance value 
Z1, each other of said impedance elements providing 
a different impedance value Z given by the relation 
Zk=2k921, where k is a positive integer not less 
than two and not greater than n identifying the im 
pedance element in question; and 

a number n of electrically conductive means, each 
adapted to be connected directly across a different 
one of said impedance elements, for effectively elec 
trically shortcircuiting the impedance element across 
which it is connected. 
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