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1
VARIABLE RESISTOR

RELATED APPLICATIONS

This is a continuation-in-part of an application enti-
tled “Variable Resistor” Ser. No. 267.630 filed June
29, 1972 now U.S. Pat. No. 3,760,322 and the benefit
of the filing date of that application is claimed.

BACKGROUND OF THE INVENTION

This invention relates to a variable resistor for use in
electrical circuits and, more specifically, to a variable
resistor including a film of resistive material having a
gradient of resistivity in a predetermined direction.

In a conventional variable resistor, terminals are pro-
vided at the ends of the resistive film and a brush is held
in slidable contact with the film to provide a variable
resistance between one of the terminals and the brush.
The resistance then depends on the position of the
brush with respect to the film.

One of the shortcomings of this type of variable resis-
tor is that the inductance component appearing in par-
allel with the variable resistance undergoes a consider-
able change depending on the resistance selected. A
principal object of the present invention is therefore to
provide a variable resistor capable of resistance varia-
tion without causing a change in the inductance com-
ponent.

SUMMARY OF THE INVENTION

The variable resistor of the present invention com-
prises a resistive element having a gradient of resistivity
that varys in a predetermined manner along its length
and at least two brushes separated by a predetermined
interval and held in slidable contact between the resis-
tive element. The desired gradient of resistivity can be
given to the resistive element by tapering its width or
gradually changing its composition. More than two slid-
able brushes may be used as required. When more than
two brushes are used, a different variable resistance
can be obtained across every two brushes. The brushes
are interconnected so that the distance between them
remains constant.

In the variable resistor of this invention, a desired
variable resistance is provided between the slidable
brushes, while maintaining the accompanying induc-
tance component at a fixed value.

Another feature of the present invention is that the
variable resistance never takes the value zero ohms.
This contributes to the simplification of a circuit in-
cluding a finite minimum resistance.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be described with ref-
erence to the accompanying drawings, in which:

FIGS. 1a and b show equivalent circuits of a conven-
tional variable resistor for the direct-current and ex-
tremely low frequency region and for the high fre-
quency region, respectively;

FIGS. 2a and b show equivalent circuits of an em-
bodiment of the invention for the direct-current and
low frequency region and for the high frequency re-
gion, respectively;

FIG. 3 is a cross-sectional view of a first embodiment
of the invention;
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FIG. 4 shows a circuit diagram of a bridged-T type
variable resistance attenuator to which this invention is
applicable;

FIG. 5§ shows a cross-sectional view of a second em-
bodiment of this invention adapted to the attenuator of
FIG. 4;

FIG. 6 is an equivalent circuit of a third embodiment
of the invention,

FIG. 7 is an equivalent circuit of a fourth embodi-
ment of the invention;

FIG. 8 shows diagramatically, the impedance varia-
tion characteristics of the invention as compared to
those of a conventional variable resistor;

FIG. 9 shows diagramatically, the frequency charac-
teristics of the conventional bridged-T type variable at-
tenuator and those of the attenuator of FIG. 4 in com-
parison with the second embodiment of the invention
shown in FIG. §;

FIG. 10 shows diagramatically, the attenuation val-
ues of a conventional attenuator and the attenuator of
FIG. 4 and the resistance values of variable resistors Rs
and Rp used therein, as a function of the movement of
brushes of the variable resistors; and

FIG. 11 shows diagramatically, the resistance varia-
tion of the variable resistors Rs and Rp which are used
in the variable resistance attenuator of FIG. 4, with re-
spect to the movement of the brushes of the variable
resistors.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1a shows an equivalent circuit for conventional
variable resistor comprising a resistive film 10 having
terminals 1 and 3 at its ends, and a slidable brush 2 op-
erating in the low frequency range. The desired vari-
able resistance is obtained between the brush 2 and the
terminal 3. The resistive film 10 has a uniform specific
resistance, and its inductance component is propor-
tional to the length, but negligibly small when a direct
current or extremely low frequency signal is applied.
Likewise, the capacitive component is also negligible.
Generally, the impedance Z, between the terminals 1
and the brush 2 is given by:

Z,=xR+jwXL ()

Zi=x VRE + wiL? 2)
where R stands for the resistance per unit length of the
resistive film 10; L, for the inductance per unit length
of the film 10; x, for the length of the section of the film
10 lying between the terminal 1 and the brush 2; and
w, for the angular frequency. Differentiating Eq. (2)
with respect to x and w, :

d| Z\|/dx= VR*+ wiL%_ 3
d|zll/dW=WL2X/ VRE + wiL? (4)

From Egs. (3) and (4), it is apparent that | Z,{in-
creases linearly with each successive increment of the
length x, and non-linearly with each successive incre-
ment of the angular frequency w.

The impedance Z, of an ideal variable resistor having
neither a capacitance component nor an inductance
component may be expressed as follows:

Z,=1Z,| =xR ()
where resistive film is assumed to have a uniform spe-
cific resistance R. The ratio 4, of | Zo}to | Z, | is given
by:
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More specifically, the absolute value of impedance is
always larger in the conventional variable resistor than
in the ideal variable resistor. Also. the larger the angu-
lar frequency w. or the smaller the specific resistance
R of the resistive film, the greater the ratio A, of Eq. (6)
becomes.

In other words, with the increase of the frequency,
the impedance has a greater effect on the variable resis-
tance, making the deviation from the ideal variable re-
sistor greater. An equivalent circuit for a conventional
variable resistor at high frequency is shown in FIG. 1b.

In the equivalent circuits of the variable resistor of
the invention shown in FIGS. 2¢ and 2b, slidable
brushes 5 and 6 are in contact with a resistive film 30.
The film 30 (resistive element) has a nonlinear gradient
of resistivity with respect to its length. Two brushes 5
and 6, spaced apart by a predetermined interval, are
held in slidable contact with the resistive film 30. The
interval between the brushes and the nonlinear gradi-
ent in the resistivity of the film 30 are selected so that
the resistance between the brushes 5 and 6 exhibits an
increase in linear proportion to the lengthwise move-
ment of the brushes. It will be appartent, however, that
the invention is not limited to this resistive film ar-
rangement. In general, the gradient may change contin-
uously, linearly or nonlinearly. For simplicity in this ex-
planation, it is assumed here that the incremental
change in the gradient, in other words, the rate of the
change of the resistivity of the film 30, is in linear pro-
portion to the position selected along its length.

Assuming that the distance from the lefthand end of
the resistive film 30 to the brush 6 is x, the resistance
therebetween is xR, and the spatial interval between
the brushes § and 6 is unity, then the impedance Z, be-
tween the brushes 5§ and 6 can be expressed as:

Z;,=xR+jwlL :

= 1z
A (z.]

(7

wil?

x:

| Zl= xR+ (%)
where v = | and the variables are the same as those in
Egs. (1) and (2). The ratio A,Yof the impedance | Z,|
of the present variable resistor to the impedance | Z,|
of the ideal variable resistor is given by:

5
where x = 1.

As in the case of Eq. (6), Eq. (9) indicates that the
impedance of the present variable resistor is always
larger than that of the ideal variable resistor, and that
the value of A, is increased with the increase in the an-
gular frequency w. Also, as the resistance xR is in-
creased, the present variable resistor approaches the
ideal variable resistor in its characteristics.

Derived from Eqgs. (2) and (3), the ratio 4; of the ab-
solute value of the impedance of the present variable
resistor to that of the conventional one is given by:

wi

(——)

xR

A
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[RI¢)]

I+ w2 R

It follows that

A, 1.0
where v 2 |,

In other words, in the range of x = 1.0, the variable
impedance Z, of the present variable resistor is smaller
than that Z, of the conventional resistor and closer to
that of the ideal resistor. FIG. 8 shows the value of A4,
given in Eq. (10) with respect to the length x.

In such a variable resistor, the resistance obtained
across the brushes 5 and 6 cannot take the value zero
ohms even under the state of unity thus maintaining a
certain minimum resistance value. The variable resistor
of this invention is therefore highly desirable for those
circuits which require a minimum constant resistance.

Referring now to FIG. 3, the first embodiment of the
invention, an equivalent circuit of which is shown in
FIG. 2, two brushes 106 and 107 are attached to a cy-
lindrical housing 105 and held in contact with an arcu-
ate resistive film 102 attached to a disc-shaped base
103. The film 102 may form a complete circle. The re-
sistive film 102 has a nonlinear gradient of resistivity in
the circumferential direction. This gradient is attained
by tapering the thickness or the width of the film 102.
Alternatively, it may be attained by varying the compo-
sition of the material of which the film is made. By the
expression gradient of resistivity it is meant that the re-
sistance per unit length of the film varies in a predeter-
mined manner as it is measured at different points
along its length. The base 103 is pressed downwardly
by a spring 104 thus permitting rotation under the con-
trol of a rotatable disc 101. The desired variable resis-
tance value is thus obtained between the brushes 106
and 107, by changing the relative position of the
brushes and the film 102.

Referring now to FIG. 4, a bridge-T type variable at-
tenuator using the variable resistors of the present in-
vention permits a variation in the attenuation depend-
ing on the selected resistance of two resistors Rs and
Rp. A variable resistor Rs is connected across the input
terminal 41 and the output terminal 43, and two fixed
resistors Ro and Ro, are connected in parallel with the
variable resistor Rs. A variable resistor Rp is con-
nected across the connection point 44 of the two
fixed resistors Ro and Ro;, and the input-output
common terminal 42. In each of the variable resistors
Rs and Rp, the interval between the brushes 45
and 46 (47 and 48) and the nonlinear gradient in the
resistivity of the film 49 (50) are selected so that
the resistance between the brushes 45 and 46 (47
and 48) exhibits an increase in logarithmic propor-
tion to the lengthwise movement of the brushes
45 and 46 (47 and 48). Moreover, the variable re-
sistors Rs and Rp are interlocked to operate so that
when one resistance is increasing, the other is de-
creased. When conventional variable resistors are used
in this attenuator, the voltage standing wave ratio
(VSWR) is unavoidably increased with an increase in
the frequency. This tends to cause an increase in the
impedance Z,.

Referring now to FIG. 5, a second embodiment is
shown which is adapted to the variabie attenuator of
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FIG. 4 and has a dual variable resistor which may be
viewed as two separate variable resistors. Each of these
variable resistors is the equivalent to one resistor of the
circuit shown in FIG. 2. The dual variable resistor has
two brushes 116 and 117 fixed to a base 119 which also
serves as a cover. Two arcuate resistive films 112 and
112’ having nonlinear resistivity gradients are attached
to bases 113 and 114 and kept in slidable contact with
the brushes 116 and 117, The resistive films 112 and
112’ are moved as a disc 101 on which the bases 113
and 114 are mounted is rotated. These elements are
contained in a cylindrical housing 105 and a closure in-
cluding a base 119. A pair of brushes are provided for
each of the resistive films 112 and 112’

With the dual variable resistor of FIG. 5§ used as the
resistors Rs and Rp of the bridged-T type variable at-
tenuator of FIG. 4, the impedances of the resistors Rs
and Rp exhibit virtually no change in the inductive
components, as indicated by Eq. (7). Therefore, the
voltage standing wave ratio (VSWR) can be kept un-
changed as shown in FIG. 9, which illustrates two
groups of curves showing the attenuation vs. frequency
and the voltage standing wave ratio (VSWR) vs. fre-
quency characteristics of the present variable attenua-
tor as compared with those of a conventional variable-
resistor-based attenuator.

In the bridged-T type variable attenuator of FIG. 4,
the resistances r, and r, of the resistors Rs and Rp can
be expressed as a function of the attenuation value € as
follows:

r,=¢€(e"— 1) }

ro=¢€ (e — 1)
where a is given in neper.

The zero attenuation value is achieved by making the
resistance 7, and r, zero and infinity, respectively. Con-
versely, infinite attenuation is achieved by making r,
and r, inifinity and zero, respectively. Practically, how-
ever, these requirements cannot be met, because infi-
nite impedance is difficult to achieve with a conven-
tional variable resistor. This results in a residual attenu-
ation which causes a high voltage standing wave ratio.
Therefore, to achieve a satisfactorily low voltage stand-
ing wave ratio with the conventional device, at least
one resistor must be in series with either Rs or Rp or
both. In contrast, the variable resistor of the invention
never takes the value zero ohms. This makes it possible
to dispense with any additional resistance elements and
consequently to simplify and miniatuarize the attenua-
tor as a whole. This applies to any apparatus or device
in which the present invention finds application.

Now, other advantages of the variable attenuator of
FIG. 4 will be explained.

It is required for the purpose of inserting a bridged-T
type variable resistance atienuator into a transmission
line without changing the characteristics of the trans-
mission line that resistors of the attenuator satisfy the
following equation

rlxrn=roz (13)
where r, stands for a resistance value of each fixed re-
sistor Ro. In general, an attenuation value of the bridge-
T type attenuator is adjusted by changing the resist-
ances r, and r, of the variable resistors Rs and Rp.
Therefore, the above equation (13) should be satisfied
regardless of the adjusted attenuation value, for the
mention purpose. In order to meet equation (13), the
conventional bridged-T type attenuator employs a vari-
able resistor Rs of such a type that the resistance in-
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6

creases in linear proportion to the movement of the
brushes and a variable resistor Rp of such a type that
the resistance increases in inverse proportion. In such
conventional attenuators, it is difficult to provide a
variable resistor Rp having the desired inverse resis-
tance variation, because strict controls are needed for
the area resistance and width of the resistance film
thereof. Therefore, the yield and manufacturing effi-
ciency are small. and the manufacturing cost is usually
about two or three times higher than that of the vari-
able resistor Rs having a linear resistance variation.
Also, since variable resistors Rs and Rp have different
resistance variations, it is not possible to interchange
the variable resistor Rs with Rp or vice versa, where at-
tenuation value or characteristic impedance is
changed.

In contrast, both the variable resistors Rs and Rp of
the attenuator of FIG. 4 have a structure such that re-
sistance increases or decreases in logarithmic propor-
tion to the movement of brushes. Therefore, the vari-
able resistors Rs and Rp can be interchanged, and,
moreover, the attenuator of FIG. 4 always satisfies
equation (13).

FIG. 10 shows the attenuation values (ATT) of a
conventional attenuator and the attenuator of FIG. 4
and the resistance values of variable resistors Rs and
Rp used in the conventional attenuator and in the at-
tenuator of FIG. 4, all as a function of the movement
of the brushes of the variable resistors Rs and Rp. As
will be understood from FIG. 10, the variable resistor
Rp having the logarithmic variation of the resistance
value r, (dotted line) has a smaller variation gradient
of the resistance than that of the resistor having the re-
ciprocal variation of the resistance value r, (solid line).
This reveals the ease of manufacture of the resistor Rp
of the invention.

In designing electronic equipment such as transmis-
sion equipment, it is preferable, to avoid the use of vari-
able resistance attenuators. If the use of such attenua-
tors is not avoidable, they should be used in a region
where the attenuation value thereof is small. In this re-
spect, as will be apparent from comparison of the ATT
curves of FIG. 10, the variable resistance attenuator of
this invention is more suited for selecting a small atten-
uation value than the conventional attenuator. Hence
the attenuator or this invention is suitable for use in
transmission equipment.

FIG. 11 shows the resistance variation of the resistors
Rs and Rp of the attenuator of this invention; the move-
ment of the brushes of the variable resistors is pres-
ented along the abscissa and the resistance value is rep-
resented along the ordinate on a logarithmic scale to
show the resistance values r,, and r, of the variable resis-
tors Rp and Rs. Both the resistances r, and 7, are se-
lected to vary logarithmically with respect to the move-
ment of the brushes, but their variations are in opposite
directions. Hence, in FIG. 11, resistances r, and r, are
shown as straight lines declining in opposite directions.

In FIG. 11, three pairs of resistances r,, and rg, 7pa
and ry, and 7,3 and 7 are shown. However, for resist-
ances r, and r, belonging to either the same pair or dif-
ferent pairs the value of r,; X ry (both i and j stand for
1,2 or 3) is always equal to the second power of the re-
sistance value at an intersection of the straight lines 7,;
and ry. In effect, for a variable resistance attenuator
having a characteristic impedance of 75 ohms (corre-
sponding to r, of equation 13), variable resistors Rs and
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Rp having resistance values r,, and r,,, respectively,
may be selected. In the same way, for the characteristic
impedance of 50 ohms, variable resistors Rs and Rp
having resistance values r,; and r,, respectively, may
be selected, and for the characteristic impedance of
300 ohms, variable resistors Rs and Rp having respec-
tively resistances r,, and r,; may be selected.

An additional advantage of the resistance attenuator
of FIG. 4 is that one variable resistor may be used as ei-
ther Rs or Rp. It can be pointed out as another advan-
tage that one variable resistor can be used in a variable
resistance attenuator having any characteristic imped-
ance. These advantages are attributed to the fact that
the variable resistors having a logarithmic resistance
variation are used as both variable resistors Rs and Rp
of the variable resistance attenuator. This allows mass
production of variable resistance attenuators having
one or more characteristics with fewer kinds of variable
resistors and contributes to reduced losses.

Referring now to FIG. 6, a third embodiment of this
invention has four brushes 202, 203, 204, and 205
spaced at predetermined intervals and held in slidable
contact with a resistive film 201. This variable resistor
makes it possible to obtain two desired variable resis-
tance values from one resistive film 201, one from the
brushes 202 and 203 and the other from the brushes
204 and 20S. In other words, a dual variable resistor
can be constructed using one resistive film 201.
Brushes 203 and 204 may be connected to each other
when these two brushes are to be at an equal potential.
It will be apparent that more than four brushes can be
used.

Referring now to FIG. 7, the fourth embodiment of
the invention includes a resistive film 301 having termi-
nals 304 and 305 at its ends, respectively, and brushes
302 and 303 held in slidable contact with the resistive
film 301 with a voltage is applied between the terminals
304 and 305, the desired voltage is derived from the
brushes 301 and 303. In this variable resistor, the in-
ductive component of the output impedance is small
and constant. Therefore, the use of this variable resis-
tor in a high frequency device will contribute substan-
tially to better performance.
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8

In the foregoing description, we have explained the
present invention with reference to several exemplary
embodiments and their application. However it will be
apparent to those skilled in the art that other modifica-
tions are possible without departing from the spirit and
scope of the invention.

We claim:

1. A variable resistance attenuator comprising an
input terminal, an output terminal, a common terminal,
a first variable resistor connected between said input
terminal and said output terminal, first and second re-
sistors connected in series between said input terminal
and said output terminal, and a second variable resistor
connected to the series connection between said first
and second resistors and connected at its opposite ter-
minal to said common terminal, said first and second
variable resistors each comprising an electrically resis-
tive element, the incremental resistance of which varies
along its length, to form a gradient of resistivity, and
two brushes spaced apart by a constant distance in slid-
able contact with each said resistive element, said gra-
dient being such that the resistance between the
brushes varies logarithmically, but the inductance be-
tween them remains substantially constant as they are
moved with respect to the gradient.

2. A variable resistor comprising an electrically resis-
tive element the incremental resistance of which varies
along its length to form a gradient of resistivity, and two
moveable brushes spaced apart by a fixed distance and
in slidable contact with the resistive element, the resis-
tive element providing a substantially constant induc-
tance and a linearly variable resistance as the position
of the brushes with respect to the gradient is varied.

3. A variable resistor comprising an electrically resis-
tive element the incremental resistance of which varies
along its length to form a gradient of resistivity, and two
moveable brushes spaced apart by a fixed distance and
in slidable contact with the resistive element, the resis-
tive element providing a substantially constant induc-
tance and a logarithmically variable resistance as the
position of the brushes with respect to the gradient is

varied.
* * * * *



