5.3 Frequency Dependence and Equivalent Circuits of Commeon Circuit Elements
*  resistors

Perhaps the most common circuil element, resistors usually belong to one of three basic
classes:

- carbon compaosition

The most common type of resistor consists of finely divided carbon particles {usually
graphite) which are mixed with a non-conductive material. This short cylinder of carbon is
then connected to two wire leads.

The carbon used in this type ofdevice has a high resstivity, therefore a relatively small carbon
resistor will have a resistance much greater than a very long wire (the reststance of carbon 15
about 2200 times greater than the resistance of copper).

Carbon resistors tend to be the most common due 1o low cost and ease of fabncation.
Carbon resistors usually are not designed to camy large currents, [ too much curment passes

through this type of resistor, it will heat to the point that permanent damage results. Even
currents that are slightly too large may cause changes m the resistivity of the carbon matenial.
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Figure 4. Carbon resistor.

= wire wound

Before the mvention of radio, nearly all resistors were of the wire-wound type, This device
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consisis of a resistive wire which is wound tightly around a hollow tube made of a non-
conductive, heat-dissipative material (usually porcelam). This assembly 15 coated with an
enamel-hke substance which protects the wire, and prevents oxidanon and changes due to
temperature and atmospheric humnidity,

Although expensive and more difficult to fabricate than carbon resistors, wire-wound resistors
are capable of withstanding large current loads which are required for applcations such as
powerful radio transmitiers.

Wirc-wound resistors can be fabricated to much tighter tolerances than carbon composiion
resistors, which typically have talerances of 5-10%,

Diue to the amount of tightly coiled wire present in a wire-wound resistor, this type of resistor
typically has a large mductance.

Figure 5. Vitrcous cnamel resistor,

thin film

This type of resistor is constructed by depositing a thin metallic film on an nsulating
substrpte. Leads are attached to the ends of the metallic film.

Thin film resistors often tend to meander over the surface of the substrate, and therefore have
inductances that are typically grester than carbon composition resistors, but less than wire
wound ressiors.

Thin film resistors can be fabricated to very precise values of resistance.
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The behavior of all real resistors begins to depart from the ideal response as the frequency of
uperation increases. The degree to which this occurs at any given frequency depends greatly upon
the type of resistor under consideration. For example, because a wite wound resistor contains
a lomg, tightly-wound wire element, it is expected that the inductance of this type of resistor
would be more dominant of high frequencies than for carbon resistors.  Maost resistors share
certam non-ideal behaviors, however. At lugher frequencies; charge tends to leak around the
resistor body, giving rise to a stray capacitance, although this effect is usually not significant. A
more pronounced effect ariges from the inductance and capacitance associsted with the leads
which are connected to the resistor.

= equivalent model of resistor

Despite differences in device construetion, a general equivalent circuit for resistors may be
constructed,

- A lumped lead inductance L, is considered to be in series with a parallel combination of the
lead capacitance €, . the ideal bulk resistance of the device itself R, and the stray leakage

capaciance Cy ...

Llm:l

ro— A & - tJ—-—--—l
& 0
AP — R —

/-

i + =P S

c
iahage

Figure 6. Equivalent cirount for resistor.

- This equivalent circuit may be simplified by combiring the lead and leakage capacitances, so
thas

- The mpedance of the equivalent circuit 15 determined by fisst finding the impedance of the
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parallel combination of the parasitic capacitance €. and the bulk resistance /
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Figure 7. Simplified equivalent cireuit for a resistor,
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The behavior of the peneralized equivalent cireuit for the resistor is determined by examining
this impedance expression for a wide range of frequencies,

- For de eperation (w=0), the impedance of the equivalent circuit is simply equal to the bulk

5-21



resistance #, as expected. This is physically due to the fact that at de the parasitic

Figure 8. Equivalent circuit for resistor operated at de.

capacitance behaves like an open circuit, and the lead inductance behaves like a shon

As the frequency of operation mcreases, the mmpedance associated with the parasitic
capacitance begins to decrease. At some point the impedance of this capacitance is equal to
the bulk resistance, or
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As the fequency mereases beyond this pomt, more coment bepms to flow through the
conducting path provided by the parasitic capacitance than flows through the bulk resistance.
In this regime, the lead inductance remains small {i.e.. nearfv a short circuit).

As the frequency mcreases further, the impedance of the equivalent circuit decreases until the
lead inductance and the parasitc capacitance cause the resistor to resonate. The eguivalent
circuit impedance is 8 minimum at the self resonant freguency of the resistor
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Above this frequency, the impedance of the lead mductance begins to dominate,
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Figure 9. Equivalent circuit for resistor below self-resonance,
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Figure 10. Equivalent circuit for resistor near self-rezonance.

- Finally, as the frequency begms to approach Infinity, the impedance of the lead inductor
becomes very large. and the impedance of the parusitic capacitance approaches zero. Thus
resistor behaves as an open circuit.

A plot of the response of the equivalent circuit for a 1000 ohm  resistor is shows in Figure
12. Here the lead inductance is 15 nH, and the parasitic capacitance is 1 pF, The resonant
frequency s seen 1o occur at 1299 GHz.
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Figure 11, Equivalent cwewmt for resstor  as frequency
approaches mfinity.
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Figure 12, Frequency dependent behavior of equivalent circuit for 1000 ohm resistor.
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Fig. 1. Actual resistors have
parasitic capacitance and -
inductance.



