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Glossary

Admittance (Y)—The reciprocal of impedance, measured in siemens (S).

Capacitance (C)—Theability to store electrical energy in an electrostatic field, measured in farads (F).
A device with capacitance is a capacitor.

Conductance (G)—The reciprocal of resistance, measured in siemens (S).

Current (1)—The rate of electron flow through a conductor, measured in amperes (A).

Flux density (B)—The number of magnetic-force lines per unit area, measured in gauss.

Frequency (f)—The rate of change of an ac voltage or current, measured in cycles per second, or hertz
(H2).

I mpedance (Z)—The complex combination of resistance and reactance, measured in ohms (Q).

Inductance (L)—The ability to store electrical energy in a magnetic field, measured in henrys (H). A
device, such as a coil, with inductance is an inductor.

Peak (voltage or current)—The maximum value relative to zero that an ac voltage or current attains
during any cycle.

Peak-to-peak (voltageor current)—Thevalue of thetotal swing of an ac voltageor current fromits peak
negative value to its peak positive value, ordinarily twice the value of the peak voltage or current.

Period (T)—The duration of one ac voltage or current cycle, measured in seconds (S).

Permeability (u)—The ratio of the magnetic flux density of an iron, ferrite, or similar core in an
electromagnet compared to the magnetic flux density of an air core, when the current through the
electromagnet is held constant.

Power (P)—The rate of electrical-energy use, measured in watts (W).

Q (quality factor)—The ratio of energy stored in a reactive component (capacitor or inductor) to the
energy dissipated, equal to the reactance divided by the resistance.

Reactance (X)—Opposition to alternating current by storage in an electrical field (by a capacitor) or in
a magnetic field (by an inductor), measured in ohms (Q).

Resistance (R)—Opposition to current by conversion into other forms of energy, such as heat, measured
in ohms (Q).

Resonance—Ordinarily, the condition in an ac circuit containing both capacitive and inductive reac-
tance in which the reactances are equal.
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RMS (voltage or current)—Literally, “root mean square;” the square root of the average of the squares
of the instantaneous values for one cycle of awaveform. A dc voltage or current that will produce the
same heating effect asthe waveform. For asine wave, the RMSvalueisequal to 0.707 timesthe peak
value of ac voltage or current.

Susceptance (B)—The reciprocal of reactance, measured in siemens (S).

Time constant (t )—The time required for the voltage in an RC circuit or the current in an RL circuit
to rise from zero to approximately 63.2% of its maximum value or to fall from its maximum value
63.2% toward zero.

Toroid—L.iterally, any donut-shaped solid; most commonly referring to ferrite or powdered-iron cores
supporting inductors and transformers.

Transducer—Any device that converts one form of energy to another; for example an antenna, which
converts electrical energy to electromagnetic energy or a speaker, which converts electrical energy
to sonic energy.

Transformer—A device consisting of at least two coupled inductors capable of transferring energy
through mutual inductance.

Voltage (E)—Electromotive force or electrical pressure, measured in volts (V).
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Alternating Current, Frequency and Wavelength

AC IN CIRCUITS

A circuit isacomplete conductiveroutefor electronsto follow from asource, through aload and back
to the source. If the source permits the electronsto flow in only one direction, the current isdc or direct
current. If the source permitsthe current periodically to change direction, the current isac or alternating
current. Fig 6.1 illustrates the two types of circuits. Drawing A shows the source as a battery, atypical
dc source. Drawing B showsamore abstract source symbol to indicate ac. In an ac circuit, not only does
the current changedirection periodically; thevoltage al so periodically reverses. Therate of reversal may
range from a few times per second to many billions per second.

Graphs of current or voltage, such as Fig 6.1, begin with a horizontal axis that represents time. The
vertical axisrepresentstheamplitude of thecurrent or the voltage, whichever isgraphed. Distance above
the zero line means a greater positive amplitude; distance below the zero line means a greater negative
amplitude. Positive and negative simply designate the opposing directions in which current may flow
in an alternating current circuit or the opposing directions of force of an ac voltage.

If the current and voltage never change direction, then from one perspective, wehaveadccircuit, even
if the level of dc constantly changes. Fig 6.2 shows a current that is always positive with respect to 0.
It varies periodically in amplitude, however. Whatever the shape of the variations, the current can be
called pulsating dc. If the current periodically reaches 0, it can be called intermittent dc. From another
perspective, we may look at intermittent and pulsating dc as a combination of an ac and a dc current.
Special circuits can separate the two currents into ac and dc components for separate analysis or use.
There are also circuits that
combineac and dc currentsand
voltages for many purposes.

We can combine ac and dc oc —
voltages and currents. Differ- e T
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Fig 6.1 — Basic circuits for

waveform in Fig 6.4 and the
combined ac-dc waveform in
Fig 6.2.

Alternating currents may

direct and alternating currents.
With each circuit is a graph of
the current, constant for the dc
circuit, but periodically chang-
ing direction in the ac circuit.

Fig 6.2 — A pulsating dc current
(A) and its resolution into an ac
component (B) and a dc compo-
nent (C).
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create high composite peaks: of widely different frequen- Fig 6.6 — The relationship of
this is the phenomenon of cies and amplitudes form a circular motion and the result-
beats. The beat note frequency composite wave in which one ant graph of ac current or

is 1.5f — f = 0.5f and is visible wave appears to ride upon voltage. The curve is sinusoidal,
in the drawing. the other. a sine wave.

take on many useful wave shapes. Fig 6.5 shows afew that are commonly used in practical circuits and
in test equipment. The square wave is vital to digital electronics. The triangular and ramp waves —
sometimes called “sawtooth” waves — are especially useful in timing circuits. The sine wave is both
mathematically and practically the foundation of all other forms of ac; the other forms can usually be
reduced to (and even constructed from) a particular collection of sine waves.

Thereare numerouswaysto generate alternating currents: with an ac power generator (an alternator), with
atransducer (for example, a microphone) or with an electronic circuit (for example, an RF oscillator). The
basis of the sine waveis circular motion, which underlies the most usual methods of generating aternating
current. The circular motion of the ac generator may be physical or mechanical, asin an alternator. Currents
in the resonant circuit of an oscillator may also produce sine waves without mechanical motion.

Fig 6.6 demonstrates the relationship of the current (and voltage) amplitude to relative positions of a
circular rotation through one complete revolution of 360°. Note that the current is zero at point 1. It risesto
its maximum value at a point 90° from point 1, whichispoint 3. At apoint 180° from point 1, whichis point
4, the current level fallsback to zero. Then the current beginsto rise again. The direction of the current after
point 4 and prior to its return to point 1, however, is opposite the direction of current from point 1 to point
4. Point 2 illustrates one of the innumerable intermediate values of current throughout the cycle.

Tracing theriseand fall of current over alinear time line produces the curve accompanying thecircle
in Fig 6.6. The curveissinusoidal or asine wave. The amplitude of the current varies as the sine of the
angle made by the circular movement with respect to the zero point. The sine of 90° is 1, and 90° isalso
the point of maximum current (along with 270°). The sine of 45° (point 2) is 0.707, and the value of
current at the 45° point of rotation is0.707 times the maximum current. Similar considerations apply to
the variation of ac voltage over time.

FREQUENCY AND PERIOD
With acontinuously rotating generator, alternating current will pass through many equal cycles over
6.4 Chapter 6



time. Select an arbitrary point on any onecycleand useit asamarker. For thisexample, the positive peak
will work as an unambiguous marker. The number of times per second that the current (or voltage)
reaches this positive peak in any one second is called the frequency of the ac. In other words, frequency
expressestherate at which current (or voltage) cycles occur. Theunit of frequency iscycles per second,
or hertz—abbreviated Hz (after the 19th century radio-phenomena pioneer, Heinrich Hertz).
Thelength of any cyclein unitsof timeisthe period of the cycle, as measured from and to equivalent
points on succeeding cycles. Mathematically, the period is simply the inverse of the frequency. That is,

1

Frequency(f)inHz= 1
& y() Period(T) in seconds 1)
and
. . 1
Period(T) in seconds= (2)

Fregquency(f) inHz
Example: What is the period of a 400-hertz ac current?

f 400Hz

Thefregquency of aternating currentsused in Amateur Radio circuitsvariesfrom afew hertz, or cyclesper
second, to thousands of millions of hertz. Likewise, the period of alternating currents amateurs use ranges
from significant fractions of asecond down to nanosecondsor smaller. In order to expressunits of frequency,
time and almost everything else in electronics compactly, electronics uses a standard system of prefixes. In
magnitudes of 1000 or 103, frequency is measurablein hertz, in kilohertz (1000 hertz or kHz), in megahertz
(2 million hertz or MHz), gigahertz (1 billion hertz or GHz) and even in terahertz (1 trillion hertz or THz).
For units smaller than one, asin the measurement of period, the basic unit seconds can become milliseconds
(1 thousandth of a second or ms), microseconds (1 millionth of a second or ps), nanoseconds (1 billionth of
a second or ns) and picoseconds (1 trillionth of a second or ps). See the M athematicsfor Amateur Radio
chapter for acomplete list of prefixes and their relationship to basic units.

The uses of acin Amateur Radio circuits are many and varied. Most can be cataloged by reference to
ac frequency ranges used in circuits. For example, ac power used in the home, office and factory is
ordinarily 60 Hz in the United States and Canada. In Great Britain and much of Europe, ac power is
50 Hz. For special purposes, ac power has been generated up to about 400 Hz.

Sonic and ultrasonic applications of ac run from about 20 Hz up to several MHz. Audio work makes
use of thelower end of the sonic spectrum, with communi cations audio focusing on the range from about
300 to 3000 Hz. High-fidelity audio uses ac circuits capable of handling 20 Hz to at least 20 kHz.
Ultrasonics — used in medicine and industry — makes use of ac circuits above 20 kHz.

Amateur Radio circuitsinclude both power- and sonic-frequency-range circuits. Radio communica-
tion and other electronics work, however, require ac circuits capable of operation with frequencies up
to the gigahertz range. Some of the applicationsinclude signal sourcesfor transmitters (and for circuits
inside receivers); industrial induction heating; diathermy; microwaves for cooking, radar and commu-
nication; remote control of appliances, lighting, model planes and boats and other equipment; and radio
direction finding and guidance.

AC IN CIRCUITS AND TRANSDUCED ENERGY

Alternating currents are often loosely classified as audio frequency (AF) and radio frequency (RF).
Although these designations are handy, they actually represent something other than the electrical
energy of ac circuits: They designate special forms of energy that we find useful.

Audio or sonic energy isthe energy imparted by the mechanical movement of a medium, which can
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be air, metal, water or even the human body. Sound that humans can hear normally requires the move-
ment of air between 20 Hz and 20 kHz, although the human ear loses its ability to detect the extremes
of thisrange aswe age. Some animal's, such as elephants, can apparently detect air vibrationswell below
20 Hz, while others, such as dogs and cats, can detect air vibrations well above 20 kHz.

Electrical circuits do not directly produce air vibrations. Sound production requires a transducer, a
device to transform one form of energy into another form of energy; in this case electrical energy into
sonic energy. The speaker and the microphone are the most common audio transducers. There are
numerous ultrasonic transducers for various applications.

Likewise, converting electrical energy into radio signals also requires atransducer, usually called an
antenna. In contrast to RF alternating currentsin circuits, RF energy isaform of electromagnetic energy.
The frequencies of electromagnetic energy run from 3 kHz to above 102 GHz. They include radio,
infrared, visible light, ultraviolet and a number of energy forms of greatest interest to physicists and
astronomers. Table 6.1 provides a brief glimpse at the total spectrum of electromagnetic energy.

All electromagnetic energy has one thing in common: it travels, or propagates, at the speed of light.
Thisspeedisapproximately 300000000 (or 3.00 x 108) meters per second in avacuum. Electromagnetic-
energy waves have a length uniquely associated with each possible frequency. The wavelength (A) is
simply the speed of propagation divided by the frequency (f) in hertz.

3.00x108M 0
f (Hz)= s o 3)

—

and

3.00x10° M

A(m)= f(HZ)DS s (@)

Example: What is the frequency of an 80.0-m RF wave?

3.00x10° Eg@
f (Hz)= > (m)
3.00x108
_ 0s 0
80.0m
f (Hz)=3.75%10° Hz

We could use a similar equation to calculate
the wavelength of a sound wave in air, but we

would have to use the speed of sound instead of Table 6'1_ _

the speed of light in the numerator of the equa- €Y Regions of the Electromagnetic Energy

tion. The speed of propagation of themechanical Spectrum

movement of air that we call sound varies con-  Region Name Frequency Range

siderably with air temperature and altitude. The  Radio frequencies 3.0 x 1031Hz to 3.0 x 101111 Hz

speed of sound at sea level is about 331 m/sat  !nfrared 3.0x 107 Hz to 4.3x10° 1 Hz

o o Visible light 43 x 104 Hz to 1.0x 1015 Hz

0°C and 344 m/s at 20°C. Ultraviolet 1.0x 1015 Hz to 6.0 x 1016 Hz
To calculate the frequency of an electromag-  X-rays 6.0 x 1016 Hz to 3.0 x 1019 Hz
i i i i Gamma rays 3.0x 1019 Hz to 5.0 x 1020 Hz

neticwavedirectly inkilohertz, changethe speed Cosmic rays 20102 He to 8.0 x 1021 Ha

constant to 300,000 (3.00 x 10°) km/s.
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3.00x105 HKMH

2° L (5)

A(m)

f (kHz)=

and

3.00x105 HMH

0s O
- 6
Mm) f (kHz) ©

For frequencies in megahertz, use:
Mm
SOOLH
Oos 0O

f(MHz)= ————— (7)

A(m)

and
SOOEMTmE
- 8
)\(m) f(MHz) (8)

Y ou would normally just drop the units that go with the speed of light constant, to make the equation
look simpler.
Example: What is the wavelength of an RF wave whose frequency is 4.0 MHz?

300 _ 300
f(MHz) 4.0MHz

At higher frequencies, circuit elements act like transducers. This property can be put to use, but it can
also cause problemsfor some circuit operations. Therefore, wavel ength cal cul ations are of someimpor-
tance in designing ac circuits for those frequencies.

Within the part of the electromagnetic-energy spectrum of most interest to radio applications, fre-
guencies have been classified into groups and given names. Table 6.2 provides areference list of these
classifications. To asignificant degree, the frequencieswithin each group exhibit similar properties. For
example, HF or high frequencies, from 3 to 30 MHz, all exhibit skip or ionospheric refraction that
permits regular long-range radio communications. This property also applies occasionally both to MF
(medium frequencies) and to VHF (very high frequencies).

Despitethe closerel ationship between RF €l ectromagnetic energy and RF ac circuits, it remainsimportant
to distinguish the two. To the ac circuit producing or amplifying a 15-kHz alternating current, the ultimate
transformation and use of the
electrical energy may make no

differencetothecircuit' sopera-  Table 6.2
tion. By choosingtherighttrans- ~ Classification of the Radio Frequency Spectrum

)\(m)z =75m

dUC_en onecan pro_duc_eeither an  Abbreviation Classification Frequency Range
audiotoneor aradiosignal —or v F Very low frequencies 3 to 30 kHz
both. Such was the accidental LF Low frequencies 30 to 300 kHz
i i1 A MF Medium frequencies 300 to 3000 kHz
fate of many _h(_)rlzqntal oscilla HF High frequencies 3 to 30 MHz
t‘?r_s and amplifiersinearly tele- Very high frequencies 30 to 300 MHz
vision sets; they found waysto  UHF Ultrahigh frequencies 300 to 3000 MHz
vibr t ibl toradi- SHF Superhigh frequencies 3 to 30 GHz
brate partsaudibly and to rad EHF Extremely high frequencies 30 to 300 GHz

ate electromagnetic energy.
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PHASE

When tracing asine-wave curve of an ac voltage or current, the
horizontal axisrepresentstime. Wecall thisthetimedomain of the
sine wave. Events to the right take place later; events to the left
occur earlier. Although timeis measurablein parts of asecond, it
ismore convenient to treat each cycle asacomplete time unit that
wedivideinto 360°. The conventional starting point for counting
degreesisthe zero point asthe voltage or current begins the posi-
tive half cycle. The essential elements of an ac cycle appear in
Fig 6.7.

The advantage of treating the ac cyclein thisway isthat many
calculations and measurements can be taken and recorded in a
manner that isindependent of frequency. The positive peak volt-
age or current occurs at 90° along the cycle. Relativeto the start-
ing point, 90° isthe phase of the ac at that point. Thus, acomplete
description of an ac voltage or current involvesreferenceto three
properties: frequency, amplitude and phase.

Phase rel ationships also permit the comparison of two ac volt-
ages or currents at the same frequency, as Fig 6.8 demonstrates.
Since B crossesthe zero point in the positive direction after A has
already doneso, thereisaphasedifferencebetweenthetwowaves.
In the example, B lags A by 45°, or A leads B by 45°. If A and B
occur in the same circuit, their composite waveform will also be
asine wave at an intermediate phase angle relative to each. Add-
ing any number of sine waves of the same frequency always re-
sultsin a sine wave at that frequency.

Fig 6.8 might equally apply to avoltage and acurrent measured
in the same ac circuit. Either A or B might represent the voltage;
that is,in someinstancesvoltagewill lead thecurrent andin others
voltage will lag the current.

Two important special cases appear in Fig 6.9. In Part A, line
B lags90° behind lineA. Itscyclebeginsexactly onequarter cycle
later thanthe A cycle. When onewaveis passing through zero, the
other just reaches its maximum value.

In Part B, lines A and B are 180° out of phase. In this case, it
does not matter which oneis considered to lead or lag. LineB is
alwayspositivewhileline A isnegative, and viceversa. If thetwo
waveforms are of two voltages or two currentsin the samecircuit
and if they have the same amplitude, they will cancel each other
completely.

MEASURING AC VOLTAGE, CURRENT AND POWER

Measuring the voltage or current in adc circuit is straightfor-
ward, asFig 6.10A demonstrates. Since the current flowsin only
one direction, for aresistive load, the voltage and current have
constant values until the circuit components change.

Fig 6.10B illustrates a perplexing problem encountered when
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measuring voltages and cur-
rentsinac circuits. The current
and voltage continuously
change direction and value.
Which values are meaningful ? -
In fact, several values of con- '

stant sine-wave voltage and (A)
currentinaccircuitsareimpor-
tant to differing applications °
and concerns.

Instantaneous Voltage 0 oo 0

and Current

Voltage or Current
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Time——
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Fig 6.11 shows a sine wave (B)
of some arbitrary frequency
and amplitude with respect to  Fig 6.10 — Voltage and current measurements in dc and ac circuits.
either voltage or current. The
instantaneous voltage (or cur-
rent) at point A onthe curveis
afunction of three factors: the
maximum value of voltage (or ’
current) along the curve (point
B), the frequency of the wave,

|
or
| Enst

N
. . 3 ’ | sr |
andthetimeelapsed in seconds 20 . | |
or fractions of a second. Thus, £ ‘ 0% "Teo®  180° 270° 360°
Considering just one sine 4 |
C C

wave, independent of fre-
guency, the instantaneous
value of voltage (or current)

Cycle 1 Cycle 2

becomes Fig 6.11 — Two cycles of a sine wave to illustrate instantaneous,
peak, and peak-to-peak ac voltage and current values.

where 0 is the angle in degrees through which the voltage has moved over time after the beginning of

the cycle.

Example: What is the instantaneous value of voltage at point D in Fig 6.11, if the maximum voltage
value is 120. V and the angular travel is 60.0°?

Einst = 120. V x sin 60.0° = 120. x 0.866 = 104 V

Peak and Peak-to-Peak Voltage and Current

The most important instantaneous voltages and currents are the maximum or peak values reached on
each positive and negative half cycle of thesinewave. In Fig 6.11, points B and C represent the positive
and negative peaks of voltage or current. Peak (pk) values are especially important with respect to
component ratings, which the voltage or current in a circuit must not exceed without danger of compo-
nent failure.

The peak power in an ac circuit is simply the product of the peak voltage and the peak current, or
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ThespanfrompointsBto CinFig6.11 representsthelargest voltageor current swing of thesinewave.
Designated the peak-to-peak (P-P) voltage (or current), this span isequal to twicethe peak value of the
voltage (or current). Thus,

Epp= 2Epk (12)

Amplifying devices often specify their input limits in terms of peak-to-peak voltages. Operational
amplifiers, which have almost unlimited gain potential, often require input-level limiting to prevent the
output signals from distorting if they exceed the peak-to-peak output rating of the devices.

RMS Voltages and Currents

Theroot mean square or RMSval ues of voltage and current are the most common values encountered
in electronics. Sometimes called the effective values of ac voltage and current, they are based upon
equating the values of ac and dc power required to heat aresistive element to exactly the same degree.
The peak ac power required for this condition is twice the dc power needed. Therefore, the average ac
power equivalent to a corresponding average dc power is half the peak ac power.

Pok
Pave = % (13)

Since acircuit with aconstant resistanceislinear — that is, raising or lowering the voltage will raise
or lower the current proportionally — thevoltage and current valuesneeded to arrive at average ac power
are related to their peak values by the factor J2 .

_ Epk _ Epx _
ERMS = _‘/E = —1414 = Epk x0.707 (14)
ka |p
|l ppga= —— = —— =1, x0.707

In the time domain of asinewave, the RM Svalues of voltage and current occur at the 45°, 135°,
225° and 315° points along the cycle shown in Fig 6.12. (The sine of 45° is approximately 0.707.)
The absolute instantaneous
value of voltage or current is
greater than the RMS value
for half the cycle and less

e -

than the RMS value for half +0707 1+ —— g —E s O Trus
the cycle. R E A \ A e Ere

The RM Svalues of voltage
and current get their name
from the means used to de-
rive their value relative to
peak voltage and current. o5
Square the individual values 063667
of all the instantaneous val-
ues of voltage or current in a -1
single cycle of ac. Take the

average of these squares and Fig 6.12 — The relationships between RMS, average, peak, and
then find the square root of peak-to-peak values of ac voltage and current.

Amplitude
o
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the average. This root mean square procedure produces the RMS value of voltage or current.
If the RMS voltageis th:e/geak voltage divided by the J2 , then the peak voltage must be the RMS

voltage multiplied by the /2 , or
Eok = Ervis x 1.414 (16)
lok = Irms X 1.414 (17)

Since circuit specifications will most commonly list only RMS voltage and current values, these
relationships are important in finding the peak voltages or currents that will stress components.

Example: What isthe peak voltage on acapacitor if the RM Svoltage of asinusoidal waveform signal
acrossit is 300. V ac?

Epk =300V x 1.414 =424V

The capacitor must be able to withstand this higher voltage, plus a safety margin. The capacitor must
also be rated for ac use. A capacitor rated for 1 kV dc may explodeif used in this application. In power
suppliesthat convert ac to dc and use capacitive input filters, the output voltage will approach the peak
value of the ac voltage rather than the RM S value.

Example: What is the peak voltage and the peak-to-peak voltage at the usual household ac outlet, if
the RMS voltageis 120. V?

Epk =120V x1.414=170V

Epp=2x170V =340 V.

Unless otherwise specified, unlabeled ac voltage and current values found in most electronics litera-
ture are normally RMS values.

Average Values of Voltage and Current

Certain kinds of circuits respond to the average value of an ac waveform. Among these circuits are
el ectrodynamic meter movements and power supplies that convert ac to dc and use heavily inductive
(“choke”) input filters, both of which use the pulsating dc output of afull-wave rectifier. The average
value of each ac half cycleisthe mean of all the instantaneous valuesin that half cycle. Related to the
peak values of voltage and current, average values are 2 / 1t (or 0.6366) times the peak value.

Eave = 0.6366 Epx (18)
e P Table 6.3
lave = 0.6366 Ik (19)  Conversion Factors for AC Voltage or Current
For convenience, Table 6.3  From To Multiply By
summarizes the relationships Peat ) Peat-tO-Peak g
Peak-to-Pea Pea .5
between allll 01; ”;]e comrlno_n L peak RMS 172 or 0.707
values. All of these relation-  pyg Peak V2 or 1.414
ships apply only to pure sine  peak-to-Peak RMS 1/(2x 2 )0r0.35355
waves. RMS Peak-to-Peak 2 x V2 or  2.828
Peak Average 2/mor 0.6366
Complex Waves and Average Peak T/ 2 or 1.5708
Peak-Envelope Values RMS Average (2 x J2 ) / tor 0.90
Average RMS T/ (2 x J2 )orl.11

Complex waves, as shown
earlier in Fig 6.4, differ from Note: These conversion factors apply only to continuous pure sine

. . waves.
puresinewaves. Theamplitude
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of the peak voltage may vary significantly from one cycle to the
next. Therefore, other amplitudemeasuresarerequired, especially
for accurate measurement of voltage and power with single side-
band (SSB) waveforms. Fig 6.13illustratesamultitone composite
waveform with an RF ac waveform as the basis.

The RF ac waveform has a frequency many times that of the
audio-frequency ac waveform with which it is usually combined
in SSB operations. Therefore, the resultant waveform appears as
an amplitude envel ope superimposed upon the RF waveform. The
peak envel ope voltage (PEV), then, isthe maximum or peak value
of voltage achieved.

Peak envel opevoltage permitsthe cal culation of peak envelope

Amplitude
| «——— O ———> +

Fig 6.13 — The peak envelope
voltage (PEV) for a composite
waveform.

power (PEP). The Federal Communications Commission (FCC) uses the concept of peak envelope
power to set the maximum power standards for amateur transmitters. PEP isthe average power supplied
to the antenna transmission line by a transmitter during one RF cycle at the crest of the modulation
envel ope, taken under normal operating conditions. Since cal cul ation of PEP requiresthe average power
of the cycle, multiply the PEV by 0.707 to obtain the RMS value. Then calculate power by using the

square of the voltage divided by the load resistance.

2
EP= (PEV x0.707)
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Capacitance and Capacitors

Without the ability to store electrical energy, radio would not be possible. One may build and hold an
electrical chargein an electrostatic field. This phenomenon is called capacitance, and the devices that
exhibit capacitance are called capacitors. See Chapter 10 for more information on practical capacitor
applications and problmes. Fig 6.14 shows several schematic symbols for capacitors. Part A shows a
fixed capacitor; one that has a single value of capacitance. Part B shows variable capacitors; these are
adjustable over a range of values. Ordinarily, the straight line in each symbol connects to a positive
voltage, while the curved line goes to a negative voltage or to ground. Some capacitor designs require
rigorous adherence to polarity markings; other designs are sym-
metrical and nonpolarized.

CHARGE AND ELECTROSTATIC ENERGY STORAGE i
Supposetwo flat metal platesare placed closeto each other (but
not touching) and are connected to a battery through a switch, as

Fixed Capacitor

GV

4 4

Trimmer
Capacitor

illustrated in Fig 6.15A. At the instant the switch is closed, elec-
trons are attracted from the upper plate to the positive terminal of
the battery, and the same number are repelled into the lower plate
from the negative battery terminal. Enough electrons move into
one plate and out of the other to make the voltage between the
plates the same as the battery voltage.

If the switch isopened after the plateshave been charged inthis
way, the top plate is left with a deficiency of electrons and the
bottom plate with an excess. Since there is no current path be-
tween the two, the plates remain charged despite the fact that the
battery no longer is connected. The charge remains due to the
electrostatic field between the plates. The large number of oppo-
site charges exert an attractive force across the small distance
between plates, asillustrated in Fig 6.15B.

If awire is touched between the two plates (short-circuiting
them), the excess electrons on the bottom plate flow through the
wire to the upper plate, restoring electrical neutrality. The plates
are discharged. =

These two plates represent an electrical capacitor, a device
possessing the property of storing electrical energy intheelectric
field between its plates. During the time the electrons are moving
— that is, while the capacitor is being charged or discharged — a
current flows in the circuit even though the circuit apparently is
broken by the gap between the capacitor plates. The current flows A
only during the time of charge and discharge, however, and this (( )> Electrostatic Force
time is usually very short. There can be no continuous flow of
direct current through a capacitor.

Fig 6.16 demonstratesthe voltage and current inthecircuit, first, ®
at the moment the switch is closed to charge the capacitor and,

Variable Capacitor

(®

Fig 6.14 — Schematic symbol for
a fixed capacitor is shown at A.
The symbols for a variable ca-
pacitor are shown at B.

[+

Metal Plates

(@)

Metal Plates

second, at the moment the shorting switchisclosed to dischargethe
unit. Note that the periods of charge and discharge are very short,
but that they are not zero. Thisfinite charging and discharging time
can be lengthened and will prove useful later in timing circuits.

AC Theory and Reactive Components

Fig 6.15 — A simple capacitor
showing the basic charging
arrangement at A, and the reten-
tion of the charge due to the
electrostatic field at B.
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Although dc cannot pass
through acapacitor, alternating
current can. Asfast asoneplate *
is charged positively by the l
positive excursion of the alter- = ging';gm\[
nating current, the other plate
is being charged negatively.

Positive charges flowing into
one plate causes a current to
flow out of the other plate dur-
ing one half of the cycle, re-
sulting in anegative charge on E
that plate. The reverse occurs
during the second half of the

Charge Switch

o o

[+

[
Ay
]
O

—_——_——— — — — - X

cycle. =
. ime — Time —
The Charge or quantlty Of Voltage Across C Current Through Circuit
el eCtI’iCi ty that can be held on Charge Cycle X=Instant Charge Switch Closed
the capacitor plates is propor- v Y
tional to the applied voltage | :
and to the capacitance of the | |
capacitor: E : 1
Q=CE (21) :
where: '
. Time — Time —
Q = Charge n COUI ombs, Voltage Across C Current Through Discharge Circuit
C= CapaCI tancein farads, and Discharge Cycle Y= Instant Discharge Switch Closed
E = electrical potential in
volts. Fig 6.16 — The flow of current during the charge and discharge of

The energy stored in a ca- @ capacitor. The charge graphs assume that the charge switch is
pacitor is also a function of closed and the discharge switch is open. The discharge graphs

. . j assume just the opposite.
electrical potential and capaci- : PP
tance:

E2C

where:

W = energy in joules (watt-seconds),

E = electrical potential in volts (some texts use V instead of E), and

C = capacitance in farads.

The numerator of this expression can be derived easily from the definitions for charge, capacitance,
current, power and energy. The denominator is not so obvious, however. It arises because the voltage
across a capacitor is not constant, but is afunction of time. The average voltage over the time interval
determines the energy stored. The time dependence of the capacitor voltage is a very useful property;
see the section on time constants.

UNITS OF CAPACITANCE AND CAPACITOR CONSTRUCTION

A capacitor consists, fundamentally, of two plates separated by an insulator or dielectric. Thelarger
the plate area and the smaller the spacing between the plates, the greater the capacitance. The capaci-
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tance al so depends on the kind of insulating material between the plates: it issmallest with air insulation
or a vacuum. Substituting other insulating materials for air may greatly increase the capacitance.

The ratio of the capacitance with a material other than a vacuum or air between the plates to the
capacitance of the same capacitor with air insulation is called the dielectric constant, or K, of that
particular insulating material. The dielectric constants of a number of materials commonly used as
dielectricsin capacitorsare givenin Table 6.4. For example, if asheet of polystyreneis substituted for
air between the plates of a capacitor, the capacitance will be 2.6 times greater.

The basic unit of capacitance, the ability to storeelectrical energy inan electrostaticfield, isthefarad.
Thisunit is generally too large for practical radio work, however. Capacitance is usually measured in
microfarads (abbreviated yF), nanofarads (abbreviated nF) or picofarads (pF). The microfarad is one
millionth of afarad (1078 F), the nanofarad is one thousandth of amicrofarad (10~° F) and the picofarad
is one millionth of a microfarad (10712 F).

In practice, capacitors often have more than two plates, the alternate plates being connected to form
two sets, as shown in Fig 6.17. This practice makes it possible to obtain afairly large capacitancein a
small space, since several plates of smaller individual area can be stacked to form the equivalent of a
singlelarge plate of the sametotal area. Also, all plates except the two on the ends are exposed to plates
of the other group on both sides, and so are twice as effective in increasing the capacitance.

The formula for calculating capacitance from these physical propertiesis:

_ 0.2248K A (n-1)

C 23
q (23)
where:
C = capacitance in pF,
K = dielectric constant of
material between plates,
A = area of one side of one '2pPl€ 6.4 _ _ _ _
plate in square inches, IF\Q/Ieltatl_vei Dielectric Constants of Common Capacitor Dielectric
d = separation of plate sur- aterials
facesin inches, and (O)rganic or
n = number of plates. Material Dielectric Constant (k)  (I)norganic
P Vacuum 1 (by definition) I
If.the area (A) isin square = 1.0006 |
centimeters and the separation  gpy mica 6.5-8.7 |
(d) is in centimeters, then the Glass (flint) 10 |
formula for capacitance be- Barium titanate (class ) 5-450 I
ap Barium titanate (class Il) 200 - 12000 I
comes Kraft paper =2.6 @]
Mineral Oil =2.23 0]
Castor Oil =47 0]
Halowax =52 0]
Chlorinated diphenyl =5.3 0]
Polyisobutylene =22 @]
Polytetrafluoroethylene =21 @]
Polyethylene terephthalate =3 0]
Polystyrene =2.6 0]
Polycarbonate =3.1 0]
Aluminum oxide =8.4 I
Tantalum pentoxide =28 I
Niobium oxide =40 I
Titanium dioxide =80 I
Fig 6.17 — A multiple-plate (Adapted from: Charles A. Harper, Handbook of Components for

capacitor. Alternate plates are Electronics, p 8-7.)
connected to each other.
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_ 0.0885K A (n-1)
B d (24)

If the platesin one group do not havethe same areaasthe platesin the other, usethe areaof thesmaller
plates.

Example: What is the capacitance of 2 copper plates, each 1.50 square inchesin area, separated by
a distance of 0.00500 inch, if the dielectricisair?

C

_ 0.2248K A (n-1)

d
_ 0.2248x1x1.50(2-1)
- 0.00500
C=67.4pF

C

KINDS OF CAPACITORS AND THEIR USES

The capacitors used in radio work differ considerably in physical size, construction and capacitance.
Representative kindsare shownin Fig 6.18. In variable capacitors, which are almost always constructed
withair for thedielectric, one set of platesismade movablewith respect to the other set so the capacitance
can bevaried. Fixed capacitors — those having asingle, nonadjustabl e value of capacitance — can also
be made with metal plates and with air as the dielectric.

Fixed capacitors are usually constructed from plates of metal foil with athin solid or liquid dielectric
sandwiched between, so arelatively large capacitance can be obtained in asmall unit. The solid dielec-
trics commonly used are mica, paper and special ceramics. An example of aliquid dielectric is mineral
oil. Electrolytic capacitors use aluminum-foil plates with a semiliquid conducting chemical compound
between them. The actual dielectric is avery thin film of insulating material that forms on one set of
plates through electrochemical action when a dc voltage is applied to the capacitor. The capacitance
obtained with agiven plate areain an electrolytic capacitor isvery large compared to capacitors having

Fig 6.18 — Fixed-value capacitors are shown at A. A large computer-grade unit is at the upper left.
The 40-uF unit is an electrolytic capacitor. The smaller pieces are silvered-mica, disc-ceramic, tanta-
lum, polystyrene and ceramic-chip capacitors. The small black cylindrical unit is a PC-board-mount
electrolytic. Variable capacitors are shown at B. A vacuum variable is at the upper left. The units with
visible plates are air-variable capacitors. Some tiny variable capacitors use a thin piece of mica as a
dielectric.
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other dielectrics, because the film is so thin — much less than any thickness practical with a solid
dielectric.

Theuseof electrolytic and oil-filled capacitorsisconfined to power-supply filtering and audio-bypass
applications because their dielectrics have high losses at higher frequencies. Mica and ceramic capaci-
tors are used throughout the frequency range from audio to several hundred megahertz.

New dielectric materials appear from time to time and represent improvements in capacitor perfor-
mance. Silvered-mica capacitors, formed by spraying thin coats of silver on each side of the mica
insulating sheet, improved the stability of mica capacitorsin circuits sensitive to temperature changes.
Polystyrene and other synthetic diel ectrics, along with tantalum el ectrol ytics, have permitted the size of
capacitors to shrink per unit of capacitance.

VOLTAGE RATINGS AND BREAKDOWN

When high voltageisapplied to the plates of acapacitor, considerableforceisexerted ontheelectrons
and nuclei of the dielectric. The dielectric is an insulator; its electrons do not become detached from
atoms the way they do in conductors. If the force is great enough, however, the dielectric will break
down. Failed dielectricsusual ly puncture and offer alow-resi stance current path between thetwo plates.

Thebreakdown voltage adiel ectric can withstand depends on the chemical composition and thickness
of thedielectric. Breakdown voltageisnot directly proportional to the thickness; doubling the thickness
does not quite double the breakdown voltage. Gas dielectrics also break down, as evidenced by a spark
or arc between the plates. Spark voltages are generally given with the unitskilovolts per centimeter. For
air, the spark voltage or Vs may range from more than 120 kV/cm for gaps as narrow as 0.006 cm down
to 28 kV/cm for gaps as wide as 10 cm. In addition, a large number of variables enter into the actual
breakdown voltagein areal situation. Among the variables are the el ectrode shape, the gap distance, the
air pressure or density, the voltage, impuritiesin theair (or any other dielectric material) and the nature
of the external circuit (with air, for instance, the humidity affects conduction on the surface of the
capacitor plate).

Dielectric breakdown occursat alower voltage between pointed or sharp-edged surfacesthan between
rounded and polished surfaces. Consequently, the breakdown voltage between metal platesof any given
spacing in air can be increased by buffing the edges of the plates. With most gas dielectrics such as air,
once the voltage is removed, the arc ceases and the capacitor is ready for use again. If the plates are
damaged so they are no longer smooth and polished, they may have to be polished or the capacitor
replaced. In contrast, solid dielectrics are permanently damaged by dielectric breakdown, and often will
totally short out and melt or explode.

A thick dielectric must be used to withstand high voltages. Since the capacitanceisinversely propor-
tional to dielectric thickness (plate spacing) for agiven plate area, a high-voltage capacitor must have
more plate areathan alow-voltage one of the same capacitance. High-voltage, high-capacitance capaci-
tors are therefore physically large.

Dielectric strengthisspecified intermsof adielectric withstanding voltage (DWV), giveninvolts per
mil (0.001 inch) at a specified temperature. Taking into account the design temperature range of a
capacitor and asafety margin, manufacturersspecify dc working voltage (dcwv) to expressthe maximum
safe limits of dc voltage across a capacitor to prevent dielectric breakdown.

Itisnot safeto connect capacitorsacrossan ac power lineunlessthey arerated for such use. Capacitors
with dc ratings may short the line. Several manufacturers make capacitors specifically rated for use
across the ac power line.

For use with other ac signal's, the peak value of ac voltage should not exceed the dc working voltage,
unless otherwise specified in component ratings. In other words, the RM S value of ac should be 0.707
times the dcwv value or lower. With many types of capacitors, further derating is required as the
operating frequency increases. An additional safety margin is good practice.
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Any two surfaces having different electrical potentials, and which are close enough to exhibit a
significant electrostatic field, constitute a capacitor. The arrangement of circuit components and leads
sometimes results in the creation of unintended capacitors. This is called stray capacitance: It often
results in the passage of signals in ways that disrupt the normal operation of a circuit. Good design
minimizes stray capacitance.

Stray capacitance may have a greater affect in a high-impedance circuit because the capacitive reac-
tance may be a greater percentage of the circuit impedance. Also, because stray capacitance often
appearsin parallel with the circuit, the stray capacitor may bypass more of the desired signal at higher
frequencies. Stray capacitance can often adversely affect sensitive circuits.

For further information of the physical and electrical characteristics of various types of capacitorsin
actual use, see the Real-World Component Char acteristics chapter.

CAPACITORS IN SERIES AND PARALLEL

When a number of capacitors are connected in parallel, asin Fig 6.19A, the total capacitance of the
group is equal to the sum of the individual capacitances:

Ciota =C1+C2+C3+C4+...+C, (25)

When two or more capacitors are connected in series, asin Fig
6.19B, thetotal capacitanceislessthan that of the smallest capaci-
tor in the group. Therulefor finding the capacitance of a number
of series-connected capacitors is the same as that for finding the Souree ¢ ARc2 ARes
resistance of a number of parallel-connected resistors.

1
1 1 1 1

e
Cl C2 C3 C, (26)

:

g

Ciota = ()

For only two capacitors in series, the formula becomes: l
_Cixcz of En
total ~ Cl1+C2 (27) T

S

The same units must be used throughout; that is, all capaci-
tances must be expressed in either puF, nF or pF. Different units ®
cannot be used in the same equation.

Capacitors are usually connected in parallel to obtain alarger  Fig 6.19 — Capacitors in parallel
total capacitancethanisavailableinoneunit. Thelargest voltage are shown at A, and in series at
that can be applied safely to aparallel-connected group of capaci- B.
torsisthe voltage that can be applied safely to the one having the
lowest voltage rating.

When capacitors are connected in series, the applied voltageis i ) 1.
divided between them according to Kirchhoff’ sVoltageLaw: The 11 KF
situation ismuch the sameaswhen resistorsarein seriesand there £ = 2000 v £2 c2
isavoltagedrop acrosseach. Thevoltage that appearsacrosseach AX— 2ur
series-connected capacitor isinversely proportional to its capaci- T i Tiir
tance, ascompared with the capacitance of thewholegroup. (This
assumes ideal capacitors.) _ .

Example: Three capacitors having capacitances of 1, 2 and  F'9 6:20 — An example of capaci-

. . . . . tors connected in series. The text
4 YF, respectively, are connected in seriesas shown in Fig 6.20.  shows how to find the voltage
The voltage across the entire seriesis 2000 V. What isthe total  drops, E1 through E3.
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capacitance? (Since thisis a calculation using theoretical values to illustrate a technique, we will not
follow the rules of significant figures for the calculations.)

1
Coad =71 1
P S R
Cl C2 C3
_ 1
1 1 1
+ +
1uF 2puF 4pF
Cmtd:%:‘l—;”::o.snw:
4uF

The voltage across each capacitor is proportional to the total capacitance divided by the capacitance
of the capacitor in question. So the voltage across Cl is:

El= 05714uF x2000V =1143V
1uF
Similarly, the voltages across C2 and C3 are:
E2= 0-5714uF x2000V =571V
2UF
and
E3= 05714uF x2000V =286V
4uF

The sum of these three voltages equals 2000 V, the applied voltage.

Capacitors may be connected in series to enable the group to withstand a larger voltage than any
individual capacitor israted to withstand. The trade-off isadecrease in thetotal capacitance. As shown
by the previousexample, the applied voltage doesnot divide equal ly between the capacitorsexcept when
all the capacitances are precisely the same. Use care to ensure that the voltage rating of any capacitor
in the group is not exceeded. If you use capacitors in series to withstand a higher voltage, you should
also connect an “equalizing resistor” across each capacitor. Use resistors with about 100 Q per volt of
supply voltage, and be sure they have sufficient power-handling capability for the circuit. With real
capacitors, the |eakage resistance of the capacitors may have more effect on the voltage division than
does the capacitance. A capacitor with ahigh parallel resistance will have the highest voltage acrossit.
Adding equalizing resistors reduces this effect.

RC TIME CONSTANT
Connecting a dc voltage source directly to the terminals of a

s R S
capacitor charges the capacitor to the full source voltage almost A[Q/
instantaneously. Any resistanceadded tothecircuit asinFig 6.21A =, . N o
limits the current, lengthening the time required for the voltage - <~
between the capacitor plates to build up to the source-voltage
value. During this charging period, the current flowing from the " ®
sourceintothecapacitor gradually decreasesfromitsinitial value.

Theincreasing voltage stored in the capacitor'selectric field of- ¢4 6 21 _ an illustration of the
fersincreasing opposition to the steady source voltage. time constant in an RC circuit.
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While it is being charged, the voltage between the capacitor

terminals is an exponential function of time, and is given by: o0

80

/'\~ Charge
e al—.

% _% 60
V()=Ed—e RC
0 C

40

(28)

20

where:

V(t) = capacitor voltage in volts at time t; ° RC RCIRC

E = potential of charging source in volts; iy

t = time in seconds after initiation of charging current;

e = natural logarithmic base = 2.718;

R = circuit resistance in ohms; and

C = capacitance in farads.

Theoretically, the charging processisnever really finished, but
eventually the charging current drops to an unmeasurable val ue.
For many purposes, it is convenient to let t = RC. Under this
condition, the above equation becomes: ° Re We - IRC

Time

®

% Voltage Across Capacitor

100

80

60

tDischarge
40 TN

20

% Voltage Across Capacitor

T~

V(RC) = E(1-e1) = 0.632 E (29)

The product of R in ohmstimes C in farads is called the time
constant of thecircuit andisthetimein secondsrequiredto charge
the capacitor to 63.2% of the supply voltage. (The lower-case
Greek letter tau [ T] is often used to represent the time constant
in electronics circuits.) After two time constants (t = 2t) the ca-
pacitor charges another 63.2% of the difference between the
capacitor voltage at one time constant and the supply voltage, for
atotal charge of 86.5%. After three time constants the capacitor
reaches 95% of the supply voltage, and so on, asillustrated in the
curve of Fig 6.22A. After 5 RC time periods, a capacitor is

Fig 6.22 — At A, the curve shows
how the voltage across a capaci-
tor rises, with time, when
charged through a resistor. The
curve at B shows the way in
which the voltage decreases
across a capacitor when dis-
charging through the same
resistance. For practical pur-
poses, a capacitor may be
considered charged or dis-
charged after 5 RC periods.

considered fully charged, having reached 99.24% of the source
voltage.

If a charged capacitor is discharged through a resistor, as indicated in Fig 6.21B, the same time
constant applies for the decay of the capacitor voltage. A direct short circuit applied between the
capacitor terminals would discharge the capacitor almost instantly. The resistor, R, limits the current,
so the capacitor voltage decreases only as rapidly as the capacitor can discharge itself through R. A
capacitor discharging through aresistance exhibitsthe same time-constant characteristics (calculated in
the same way as above) as a charging capacitor. The voltage, as afunction of time while the capacitor
is being discharged, is given by:

t
V(t)= E% RC C
U L

where t = time in seconds after initiation of discharge.

Again, by letting t = RC, the time constant of a discharging capacitor represents a decrease in the
voltage across the capacitor of about 63.2%. After 5 time-constant periods, the capacitor is considered
fully discharged, since the voltage has dropped to less than 1% of the full-charge voltage.

Timeconstant cal culationshave many usesinradiowork. Thefollowing examplesareall derivedfrom
practical-circuit applications.

6.20
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Example 1: A 100-uF capacitor in ahigh-voltage power supply is shunted by a 100-kQ resistor. What
is the minimum time before the capacitor may be considered fully discharged? Since full dischargeis
approximately 5 RC periods,

t=5xRC=5x100x 103 Q x 100 x 107° F = 50000 x 103 seconds

t=50.0s

(Look at the table of metric-system unitsinthe M athematicsfor Amateur Radio chapter to prove that
ohms times farads gives units of seconds.)

Note: Although waiting aimost a minute for the capacitor to discharge seems safe in this high-voltage
circuit, never rely solely on capacitor-discharging resistors (often called bleeder resistors). Be certain the
power sourceis removed and the capacitors are totally discharged before touching any circuit components.

Example 2: Smooth CW keying without clicks requires approximately 5 ms (0.005 s) of delay in both
the make and break edges of the waveform, relative to full charging and discharging of a capacitor in
the circuit. What typical values might a builder choose for an RC delay circuit in akeyed voltage line?
Since full charge and discharge require 5 RC periods,

Any combination of resistor and capacitor whose val ues, multiplied together, equaled 0.001 would do
the job. A typical capacitor might be 0.05 pF. In that case, the necessary resistor would be:

_0.001s
R=———"_
0.05x10°°F
=0.02x10% = 20000Q or 20kQ

In practice, abuilder would likely either experiment with values or use avariable resistor. The final
value would be selected after monitoring the waveform on an oscilloscope.

Example 3: Many modern integrated circuit (1C) devices use RC circuits to control their timing. To
match their internal circuitry, they may use a specified threshold voltage as the trigger level. For
example, a certain |C uses atrigger level of 0.667 of the supply voltage. What value of capacitor and
resistor would be required for a 4.5-second timing period?

First we will solve equation 28 for the time constant, RC. The threshold voltage is 0.667 times the
supply voltage, so we use this value for V(t).

-t [

V(t) = E%—e "5

O O

_t

0.667E = E%—e RC
O

OO

_t
e RC=1-0667

_t
m% RC %m(o.sss)
O O
t
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We want to find a capacitor and resistor combination that will produce a 4.5 s timing period, so we
substitute that value for t.

RC= 45s_ 41s
110

If we select avalue of 10. pF, we can solve for R.

R= 4.1516
10.x10 ° F

A 1% tolerance resistor and capacitor will give good precision. Y ou could also use avariabl e resistor
and an accurate method to measure the time to set the circuit to a 4.5 s period.

As the examples suggest, RC circuits have numerous applications in electronics. The number of
applicationsisgrowing steadily, especially with theintroduction of integrated circuits controlled by part
or all of a capacitor charge or discharge cycle.

=0.41x10%° Q = 410kQ

ALTERNATING CURRENT IN CAPACITANCE

Everything said about capacitance and capacitorsin adc circuit applies to capacitancein an ac
circuit with one major exception. Whereas a capacitor in adc circuit will appear as an open circuit
except for the brief charge and discharge periods, the same capacitor in an ac circuit will both pass
and limit current. A capacitor in an ac circuit does not handle electrical energy like a resistor,
however. Instead of converting the energy to heat and dissipating it, capacitors store electrical
energy and return it to the circuit.

In Fig 6.23 a sine-wave ac voltage having a maximum value of 100 is applied to a capacitor. In the
period OA, the applied voltage increases from 0 to 38; at the end of this period the capacitor is charged
to that voltage. In interval AB the voltage increasesto 71; that is, 33 V additional. During this interval
asmaller quantity of charge has been added than in OA, because the voltage rise during interval AB is
smaller. Consequently the average current during interval AB is smaller than during OA. In the third
interval, BC, the voltage rises from 71 to 92, an increase of 21 V. Thisisless than the voltage increase
during AB, so the quantity of electricity added isless; in other words, the average current during interval
BCisstill smaller. Inthefourthinterval, CD, thevoltageincreasesonly 8 V; the charge added issmaller
than in any preceding interval
and therefore the current also
issmaller. + ~q

By dividing the first quarter v
cycleintoavery large number of 1% \ vt
intervals, it could be shown that ;2
the current charging the capaci-
tor has the shape of asinewave, 38
just as the applied voltage does.
The current is largest at the be-
ginning of thecycleand becomes
zeroat themaximumvalueof the
voltage, so there is a phase dif-
ference of 90° between the volt-
age and the current. During the -
first quarter cycle the current is

flowing in the normal direction  Fig 6.23 — Voltage and current phase relationships when an alter-
through the circuit, since the nating current is applied to a capacitor.
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capacitor is being charged. Hence the current is positive, as indicated by the dashed linein Fig 6.23.

In the second quarter cycle — that is, in the time from D to H — the voltage applied to the capacitor
decreases. During thistimethe capacitor losesits charge. Applying the samereasoning, it isevident that
thecurrentissmall ininterval DE and continuesto increase during each succeeding interval. The current
isflowing against the applied voltage, however, becausethe capacitor isdischargingintothecircuit. The
current flows in the negative direction during this quarter cycle.

The third and fourth quarter cycles repeat the events of the first and second, respectively, with this
difference: the polarity of the applied voltage has reversed, and the current changes to correspond. In
other words, an alternating current flowsin the circuit because of the alternate charging and discharging
of the capacitance. AsshowninFig 6.23, the current startsitscycle 90° beforethe voltage, so the current
in a capacitor leads the applied voltage by 90°. Y ou might find it helpful to remember the word “ICE”
asamnemonic because the current (1) in acapacitor (C) comes before voltage (E). We can also turn this
statement around, to say the voltage in a capacitor lags the current by 90°.

CAPACITIVE REACTANCE

The quantity of electric charge that can be placed on a capacitor is proportional to the applied voltage and
the capacitance. Thisamount of charge moves back and forth in the circuit once each cycle, and so the rate
of movement of charge (the current) is proportional to voltage, capacitance and frequency. When the effects
of capacitance and frequency are considered together, they form aquantity that playsapart similar to that of
resistance in Ohm’s Law. This quantity is called reactance. The unit for reactance isthe ohm, just asin the
case of resistance. The formulafor calculating the reactance of a capacitor at a given frequency is.

“2mfc (31)

where:

X = capacitive reactance in ohms,

f = frequency in hertz,

C = capacitance in farads

= 3.1416
Note: In many references and texts, the symbol wisused to represent 2 1tf. In such references, equation
31 would read

1
Xe= wC

Although the unit of reactanceisthe ohm, thereisno power dissipated in reactance. The energy stored
in the capacitor during one portion of the cycle is simply returned to the circuit in the next.

The fundamental units for frequency and capacitance (hertz and farads) are too cumbersome for
practical useinradio circuits. If the capacitanceis specified in microfarads (UF) and the frequency isin
megahertz (MHz), however, the reactance cal culated from the previous formularetains the unit ohms.

Example: What is the reactance of a capacitor of 470. pF (0.000470 pF) at afrequency of 7.15 MHz?

21x7.15MHzx0.000470 pF

-_10 =47.4Q

©0.0211
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Example: What isthe reactance of the same capacitor, 470. pF (0.000470 pF), at afrequency of 14.30
MHz?

The rate of change of voltage in a sine wave increases directly with the frequency. Therefore, the
current into the capacitor also increases directly with frequency. Since, for agiven voltage, an increase
incurrentisequivalent to adecreaseinreactance, thereactance of any capacitor decreasesproportionally
asthefrequency increases. Fig 6.24 traces the decrease in reactance of an arbitrary-val ue capacitor with
respect to increasing frequency. Theonly limitation on the application of the graph isthe physical make-
up of the capacitor, which may favor low-frequency uses or high-frequency applications.

Among other things, reactance is a measure of the ability of a capacitor to limit the flow of acin a
circuit. For some purposes. it isimportant to know the ability of
acapacitor to pass current. Thisability is called susceptance, and
it corresponds to conductance in resistive circuit elements. In an
ideal capacitor with noresistivelosses— that is, no energy lost as
heat — susceptance is simply the reciprocal of reactance. Hence,

1
B=—
X (32)
where:
Xc is the reactance, and
B is the susceptance. Do
The unit of susceptance (and conductance and admittance) is 0 5f 10f 15f 20f 25f
the siemens (abbreviated S). Inliterature only afew yearsold, the Frequency
term mho is also sometimes given as the unit of susceptance (as _ _
wel| asof conductance and admittance). Theroleof reactanceand ~ F'9 6-24 — A graph showing the
. , . . general relationship of reactance
susceptance in current and o.ther Ohm’s Law calculations will {4 trequency for a fixed value of
appear in alater section of this chapter. capacitance.
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Inductance and Inductors

A second way to store electrical energy isin amagnetic field. This phenomenonis called inductance,
and the devices that exhibit inductance are called inductors. Inductance depends upon some basic
underlying magnetic properties. See Chapter 10 for more information on practical inductor applications
and problems.

MAGNETISM

Magnetic Fields, Flux and Flux Density

Magnetic fields are closed fields that surround amagnet, asillustrated in Fig 6.25. Thefield consists
of linesof magneticforceor flux. It exhibitspolarity, whichisconventionally indicated as north-seeking
and south-seeking poles, or north and south poles for short. Magnetic flux is measured in the SI unit of
the weber, which isavolt second (Wb =V s). In the centimeter gram second (cgs) metric system units,

we measure magnetic flux in maxwells (1 Mx = 108 Wb).

The field intensity, known as the flux density, decreases with the
squareof thedistancefromthesource. Flux density (B) isrepresented
in gauss (G), where one gauss is equivalent to one line of force per
square centimeter of areaacrossthefield (G = Mx / cm?). The gauss
isacgsunit. In Sl units, flux density isrepresented by the tesla (T),
which is one weber per square meter (T = Wb/ m?).

Magnetic fields exist around two types of materials. First, cer-
tain ferromagnetic materials contain molecules aligned so as to
produce a magnetic field. Lodestone, Alnico and other materials
with high retentivity form per manent magnets becausethey retain
their magnetic properties for long periods. Other materials, such
as soft iron, yield temporary magnets that lose their magnetic
properties rapidly.

The second type of magnetic material isan electrical conductor
with acurrent throughit. Asshown in Fig 6.26, moving electrons
are surrounded by a closed magnetic field lying in planes perpen-
dicular totheir motion. Theneedle of acompassplaced near awire
carrying direct current will be deflected by the magnetic field
around the wire. This phenomenon is one aspect of a two-way
relationship: a moving magnetic field whose lines cut across a
wirewill induce an electrical current inthewire, and an electrical
current will produce a magnetic field.

If the wireis coiled into a solenoid, the magnetic field greatly
intensifiesastheindividual flux linesadd together. Fig 6.27 illus-
tratesthe principle by showing acoil section. Notethat the result-
ing electromagnet has magnetic properties identical in principle
to those of apermanent magnet, including polesand lines of force
or flux. The strength of the magnetic field depends on several
factors: the number of turnsof the coil, the magnetic properties of
the material ssurrounding the coil (both inside and out), thelength
of the magnetic path and the amplitude of the current.

The magnetizing or magnetomotive force that produces a flux
or total magnetic field is measured in gilberts (Gb). The forcein
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Fig 6.25 — The magnetic field
and poles of a permanent mag-
net. The magnetic field direction
is from the north to the south
pole.

/ Conductor

Carrying Current

Fig 6.26 — The magnetic field
around a conductor carrying an
electrical current. If the thumb of
your right hand points in the
direction of the conventional
current (plus to minus), your
fingers curl in the direction of the
magnetic field around the wire.
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gilberts equals 0.4 1t (approximately 1.257) times the number of
turns in the coil times the current in amperes. (The SI unit of
magnetomotive force is the ampere turn, abbreviated A, just like
theampere.) The magnetic field strength, H, measured in oersteds
(Oe) produced by any particular magnetomotive force (measured
in gilberts) is given by:

_04TINI

A== (33)

where:
H = magnetic field strength in oersteds,
N = number of turns,
| = dc current in amperes,
= 3.1416, and
¢ = mean magnetic path length in centimeters.
The gilbert and oersted are cgs units. These are given here

Coil With Magnetic Flux Lines

- ~<

-~

| |H—o—0o—

Fig 6.27 — Cross section of an
inductor showing its flux lines
and overall magnetic field.

because most amateur calculations will use these units. Y ou may
also see the preferred Sl units in some literature. The Sl unit of
magnetic field strength is the ampere (turn) per meter.

A forceisrequired to produce a given magnetic field strength.
This implies that there is a resistance, called reluctance, to be
overcome.

Core Properties: Permeability, Saturation,
Reluctance, Hysteresis

The nature of the material within the coil of an electromagnet,
wherethelinesof forceare most concentrated, hasthe greatest effect
upon the magnetic field established by the coil. All materials are
compared to air. The ratio of flux density produced by a given ma-
terial compared to the flux density produce by an air core is the
permeability of the material. Suppose the coil in Fig 6.28 iswound
on an iron core having a cross-sectional area of 2 square inches. When a certain current is sent through the
cail, it isfound that there are 80000 lines of forcein the core. Sincethe areais 2 square inches, the magnetic
flux density is40000 lines per square inch. Now suppose that theiron core is removed and the same current
ismaintained inthe coil. Also supposetheflux density without theiron coreisfound to be 50 linesper square
inch. The ratio of these flux densities, iron core to air, is 40000 / 50 or 800, the core’ s permeability.

Permeabilities as high as 106 have been attained. The three most common types of materials used in
magnetic cores are these:

A. stacks of laminated steel sheets (for power and audio applications);

B. variousferrite compounds (for cores shaped asrods, toroids, beads and numerous other forms); and

C. powdered iron (shaped as slugs, toroids and other forms for RF inductors).

Brass has a permeability less than 1. A brass core inserted into a coil will decrease the inductance
compared to an air core.

The permeability of silicon-steel power-transformer cores approaches 5000 in high-quality units.
Powdered-iron cores used in RF tuned circuits range in permeability from 3 to about 35, while ferrites
of nickel-zinc and manganese-zinc range from 20 to 15000. Table 6.5 lists some common magnetic
materials, their composition and their permeabilities. Core materials are often frequency sensitive,
exhibiting excessive losses outside the frequency band of intended use.

6.26

Fig 6.28 — A coil of wire wound
around a laminated iron core.

Chapter 6



Asameasureof theeasewith
which amagnetic field may be
established in a material as

Table 6.5
Properties of Some High-Permeability Materials

compared with air, permeabil- ~ Material Approximate Percent Composition ~Maximum
ity (1) corresponds roughly to , Permeability
. .. Fe Ni Co Mo Other
electrical conductivity. Perme- o, 9991 — . 5000
ability is given as: Purified Iron 99.95 — - - - 180000
4% silicon-iron 96 — — — 45 7000
B 45 Permalloy 547 45 — — 0.3Mn 25000
H=— (34)  Hipernik 50 50 @ — - — 70000
H 78 Permalloy 212 785 — — 0.3Mn 100000
where: 4-79 Permalloy 16,7 79 — — 0.3Mn 100000
. i Supermalloy 15.7 79 — 5 0.3 Mn 800000
Bisthefluxdensity ingauss,  permendur 497 — 50 — 03Mn 5000
and 2V Permendur 49 — 49 — 2V 4500
H is the magnetomotive gigirgo ! ?? o1 34 . 2Cr 10C1)g8
: - ermalloy* — —
force I_n OerSted_S' . Carbonyl iron* 99.9 — — - - 132
Unlike electrical conductiv-  Ferroxcube IlI**  (MnFe,O, + ZnFe,0,) 1500

ity, which is independent of
other electrical parameters, the
permeability of amagnetic ma-
terial varies with the flux den-
sity. At low flux densities (or
withanair core), increasingthe
current through the coil will B
cause a proportionate increase

in flux. But at very high flux

densities, increasing the cur- /

C
Magnetiang Force

Note: all materials in sheet form except * (insulated powder) and **
(sintered powder).
(Reference: L. Ridenour, ed., Modern Physics for the Engineer, p 119.)

Saturation
Begins

Flux Density

rent beyond acertain point may
cause no appreciablechangein
the flux. At this point, the core
issaid to be saturated. Satura-
tion causes arapid decrease in

Flux Density
-— 0 —m»

Magnetizing Force

permeability, because it de-
creasestheratio of flux linesto

Fig 6.29 — A typical permeabil-
ity curve for a magnetic core,

Fig 6.30 — A typical hysteresis
curve for a magnetic core,
showing the additional energy

those obtai nable with the same
current using an air core. Fig
6.29 displays atypical perme-
ability curve, showing the region of saturation. The saturation point varies with the makeup of different
magnetic materials. Air and other nonmagnetic material s do not saturate and have apermeability of one.
Reluctance, whichisthereciprocal of permeability and correspondsroughly to resistancein an electrical
circuit, is also one for air and other nonmagnetic cores.

Theretentivity of magnetic core materials creates another potential set of |osses caused by hysteresis.
Fig 6.30illustrates the change of flux density (B) with achanging magnetizing force (H). From starting
point A, with no residual flux, the flux reaches point B at the maximum magnetizing force. Astheforce
decreases, so too does the flux, but it does not reach zero simultaneously with the force at point D. As
theforce continuesin the opposite direction, it bringsthe flux density to point C. Asthe force decreases
to zero, the flux once more lags behind. In effect, areverse force is necessary to overcome the residual
magnetism retained by the core material, a coercive force. The result is a power loss to the magnetic
circuit, which appears as heat in the core material. Air coresareimmuneto hysteresis effectsand | osses.
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needed to overcome residual
flux.

showing the point where satura-
tion begins.
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INDUCTANCE AND DIRECT CURRENT

In an electrical circuit, any element having a magnetic field is called an inductor. Fig 6.31 shows
schematic-diagram symbols and photographs of afew representative inductors: an air-core inductor, a
slug-tuned variable inductor
with anonmagnetic coreand an
inductor withamagnetic (iron)
core.

Thetransfer of energy tothe

- . . \
magnetic field of an inductor
represents work performed by Air Core Variable Magnetic or
the source of the voltage. Iron Core

Power is required for doing
work, and since power is equal
to current multiplied by volt-
age, there must be a voltage
dropinthecircuit whileenergy
isbeingstoredinthefield. This

voltage drop, exclusive of any _ _ o .

ltage drop caused by resis- Fig 6.31 — Schematic symbols for representative inductors, includ-
Vo ag p_ o Y ing (from left to right) an air-core inductor, a variable inductor with
tanceinthecircuit, istheresult  a nonmagnetic slug, and an inductor with a magnetic core.

of an opposing voltageinduced

in the circuit whilethefield is

building up to its final value. A aiten s
Once the field becomes con-
stant, the induced voltage or -
back-voltage disappears, be- T
cause no further energy is be-
ing stored. The induced volt- .

age opposes the voltage of the
mge

source and tendsto prevent the
Time— Time—

current from rising rapidly
& Applied Voltage
l

when the circuit is closed. Fig
6.32A illustrates the situation
S t:: B

(A) (8) ©

&
w

z
Amplitude

| «-——m— O ———» +

Sto A
of energizing an inductor or
magnetic circuit, showing the
relative amplitudes of induced
voltage and the delayed rise in
current to its full value.

The amplitude of the induced
voltageisproportional totherate
at which the current changes
(and consequently, the rate at
which the magnetic field
ChangeS) and tO aconﬁant asso- Induced Voltage Current

ciated with the circuit itself: the Fid 6.32 — Inducti Uit showi q hing th y

. . ig 6.32 — Inductive circuit showing and graphing the generation
'ndUCtanf:e (Qr self-inductance) of induced voltage and the rise of current in an inductor at A, and
of the circuit. Inductance de-  the decay of current as power is removed and the coil shorted at B.

Amplitude
| -—— O ——» +

Current

C)
Amplitude
Amplitude
| «—— o ———» +

| -———— Q ———» +
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pends on the physical configuration of the inductor. Coiling a conductor increasesitsinductance. In effect,
the growing (or shrinking) magnetic field of each turn produces magnetic lines of force that — in their
expansion (or contraction) — cut acrossthe other turnsof the coil, inducing avoltagein every other turn. The
mutuality of the effect multiplies the ability of the coiled conductor to store electrical energy.

A coil of many turns will have more inductance than one of few turns, if both coils are otherwise
physically similar. Furthermore, if an inductor is placed around a magnetic core, its inductance will
increase in proportion to the permeability of that core, if the circuit current is below the point at which
the core saturates.

The polarity of aninduced voltageis aways such asto oppose any changein the circuit current. This
means that when the current in the circuit isincreasing, work is being done against the induced voltage
by storing energy inthemagneticfield. Likewise, if thecurrent inthecircuit tendsto decrease, the stored
energy of the field returns to the circuit, and adds to the energy being supplied by the voltage source.
Inductors try to maintain a constant current through the circuit. This phenomenon tends to keep the
current flowing even though the applied voltage may be decreasing or be removed entirely. Fig 6.32B
illustrates the decreasing but continuing flow of current caused by the induced voltage after the source
voltage is removed from the circuit.

The energy stored in the magnetic field of an inductor is given by the formula:

1L

where:

W = energy in joules,

| = current in amperes, and

L = inductance in henrys.

This formula corresponds to the energy-storage formulafor capacitors: energy storage is afunction
of current squared over time. Aswith capacitors, the time dependence of inductor currentisasignificant
property; see the section on time constants.

Thebasic unit of inductanceisthe henry (abbreviated H), which equal s an induced voltage of onevolt
when theinducing current isvarying at arate of one ampere per second. In various aspects of radio work,
inductors may take values ranging from afraction of ananohenry (nH) through millihenrys (mH) up to
about 20 H.

MUTUAL INDUCTANCE AND MAGNETIC COUPLING

Mutual Inductance

When two coils are arranged with their axes on the same line,
as shown in Fig 6.33, current sent through coil 1 creates a mag-
neticfieldthat cutscoil 2. Consequently, avoltagewill beinduced
in coil 2 whenever the field strength of coil 1 is changing. This
induced voltage is similar to the voltage of self-induction, but
sinceit appearsinthe second coil because of current flowinginthe
first, it isamutual effect and results from the mutual inductance
between the two coils.

When all theflux set up by onecoil cutsall theturnsof theother  Fig 6.33 — Mutual inductance:
coil, the mutual inductance has its maximum possible value. If ~ When S is closed, current flows
only asmall part of the flux set up by one coil cutstheturnsof the ~ through coil number 1, setting up

. . . . . a magnetic field that induces a
other, themutual inductanceisrelatively small. Two coilshaving  ytage in the turns of coil num-
mutual inductance are said to be coupled. ber 2.
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The ratio of actual mutual inductance to the maximum possible value that could theoretically be
obtained with two given coils is called the coefficient of coupling between the coils. It is frequently
expressed as a percentage. Coilsthat have nearly the maximum possible mutual inductance (coefficient
=1 or 100%) are said to be closely, or tightly, coupled. If the mutual inductance isrelatively small the
coilsare said to be loosely coupled. The degree of coupling depends upon the physical spacing between
the coils and how they are placed with respect to each other. Maximum coupling exists when they have
a common axis and are as close together as possible (for example, one wound over the other). The
coupling is least when the coils are far apart or are placed so their axes are at right angles.

The maximum possible coefficient of coupling is closely approached when the two coils are wound
onaclosediron core. The coefficient with air-core coilsmay runashighas0.6 or 0.7 if one coil iswound
over the other, but will be much lessif thetwo coils are separated. Although unity coupling is suggested
by Fig 6.33, such coupling is possible only when the coils are wound on a closed magnetic core.

Unwanted Couplings: Spikes, Lightning and Other Pulses

Every conductor passing current has a magnetic field associated with it — and therefore inductance
— even though the conductor is not formed into a coil. The inductance of ashort length of straight wire
issmall, but it may not be negligible. If the current through it changes rapidly, the induced voltage may
be appreciable. This is the case in even a few inches of wire with an alternating current having a
frequency on the order of 100 MHz or higher. At much lower frequencies or at dc, the inductance of the
same wire might be ignored because the induced voltage would seemingly be negligible.

There are many phenomena, however, both natural and man-made, which create sufficiently strong
magneticfieldstoinducevoltagesinto straight wires. Many of them are brief but i ntense pul ses of energy
that act liketheturning on of theswitchinacircuit containing self-inductance. Becausethefieldscreated
grow tovery highlevelsrapidly, they cut acrosswiresleading into and out of — and wireswholly within
— electronic equipment, inducing unwanted voltages by mutual coupling.

Short-duration, high-level voltage spikes occur on ac and dc power lines. Because the field intensity
is great, these spikes may induce voltages upon conducting elements in sensitive circuits, disrupting
them and even injuring components. Lightning in the vicinity of the equipment can induce voltages on
power lines and other conductive paths (even ground conductors) that lead to the equipment location.
Lightning that seems a safe distance away can induce large spikes on power lines that ultimately lead
to the equipment. Closer at hand, heavy equipment with electrical motors can induce significant spikes
into power lines within the equipment location. Even though the power lines are straight, the powerful
magnetic field of a spike source can induce damaging voltages on equipment left “plugged in” during
electrical storms or during the operation of heavy equipment that inadequately filters its spikes.

Parallel-wire cableslinking elements of electronic equipment consist of long wiresin close proximity
to each other. Signal pulses can couple both magnetically and capacitively from one wire to another.
Sincethe magnetic field of achanging current decreases asthe square of distance, separating the signal-
carrying lines diminishes inductive coupling. Placing a grounded wire between signal-carrying lines
reduces capacitive coupling. Unless they are well-shielded and filtered, however, the lines are till
susceptible to the inductive coupling of pulses from other sources.

INDUCTORS IN RADIO WORK

Various facets of radio work make use of inductors ranging from the tiny up to the massive. Small
values of inductance, as illustrated by Fig 6.34A, serve mostly in RF circuits. They may be self-
supporting air-core or air-wound coils or the winding may be supported by nonmagnetic stripsor aform.
Phenolic, certain plastics and ceramics are the most common coil forms for air-core inductors. These
inductorsrangein valuefromafew hundred pH for medium- and high-frequency circuitsdown to tenths
of apH for VHF and UHF work. The smallest values of inductancein radio work result from component
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leads. For VHF work and
higher frequencies, component
lead length is often critical.
Circuits may fail to operate
properly because leads are a
) little too short or too long.

It is possible to make these

Fig 6.34 — Part A shows small-value air-wound inductors, B shows  solenoid coils variable by in-
some inductors with values in the range of a few millihenrys and C serting a slug in the center of
shows large inductors as might be used in audio circuits or as the coil. (Slug-tuned coils nor-

power-supply chokes. ) .
mally have a ceramic, plastic
or phenolic insulating form

between the conductive slug and the coil winding.) If the slug material is magnetic, such as powdered

iron, the inductance increases as the slug is centered along the length of the coil. If the slug is brass or
some other conductive but nonmagnetic material, centering the slug will reduce the coil’ s inductance.

This effect stems from the fact that brass has low electrical resistance and acts as an effective short-

circuited one-turn secondary for the coil. (See more on transformer effects later in this chapter.)

An alternative to air-core inductors for RF work are toroidal coils wound on cores composed of
powdered iron mixed with abinder to hold the material together. Theavailability of many typesand sizes
of powdered-iron cores has made these inductors popular for low-power fixed-value service. The tor-
oidal shape concentrates the inductor’ sfield tightly about the coil, eliminating the need in many cases
for other forms of shielding to limit the interaction of the inductor’s magnetic field with the fields of
other inductors.

Fig 6.34B showssamplesof inductorsinthemillihenry range. Among theseinductorsare multisection
RF chokes designed to keep RF currents from passing beyond them to other parts of circuits. Low-
frequency radio work may also use inductorsin this range of values, sometimes wound with litz wire.
Litz wire is a special version of stranded wire, with each strand insulated from the others. For audio
filters, toroidal coilswith valuesbelow 100 mH are useful. Resembling powdered-iron-core RF toroids,
these coils are wound on ferrite or molybdenum-permalloy cores having much higher permeabilities.

Audio and power-supply inductors appear in Fig 6.34C. Lower values of these iron-core coils, in the
range of afew henrys, areuseful asaudio-frequency chokes. Larger valuesup to about 20 H may befound
in power supplies, as choke filters, to suppress 120-Hz ripple.
Although some of theseinductors are open frame, most haveiron
covers to confine the powerful magnetic fields they produce.

INDUCTANCES IN SERIES AND PARALLEL u

When two or more inductors are connected in series (Fig 6.35A),
thetotal inductanceisequal to the sum of theindividual inductances,
provided that the coils are sufficiently separated so that coils are not L2 u
in the magnetic field of one another. That is:

Liota =L1+L2 + L3...+Ly (36) . ®
If inductors are connected in parallel (Fig 6.35B), and if the

coils are separated sufficiently, the total inductance is given by: »

1
L tota = 1 1 1 1 Fig 6.35 — Part A shows induc-
i T S T S TR Tl (37) tances in series, and Part B
L1 L2 L3 L, shows inductances in parallel.
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For only two inductorsin parallel, the formula becomes:

_ L1xL2
total L1+L2
Thus, therulesfor combining inductancesin series and parallel are the same as those for resistances,

assuming that the coilsarefar enough apart so that each is unaffected by another’ smagnetic field. When
thisis not so, the formulas given above will not yield correct results.

(38)

RL TIME CONSTANT

A comparable situation to an RC circuit exists when resistance
and inductance are connected in series. In Fig 6.36, first consider 100 T
L to have no resistance and also consider that R is zero. Closing 80 L~
S1 sends a current through the circuit. The instantaneous transi- 50 — 5
tion from no current to a finite value, however small, represents 0 /
arapid changein current, and areversevoltageisdevel oped by the /
self-inductance of L. The value of reverse voltageis almost equal %
and oppositeto theapplied voltage. Theresultinginitial currentis % L 2L 3L
very small. Time

The reverse voltage depends on the change in the value of the
current and would cease to offer opposition if the current did not
continue to increase. With no resistance in the circuit (which, by AEO/
Ohm’sLaw, would lead to aninfinitely large current), the current =
would increase forever, always growing just fast enough to keep T
the self-induced voltage equal to the applied voltage.

When resistance in the circuit limits the current, Ohm’s Law
defines the value that the current can reach. The reverse voltage Fig 6.36 — Time constant of an
generated in L must only equal the difference between E andthe  RL circuit being energized.
drop across R, because the difference is the voltage actually ap-
plied to L. This difference becomes smaller as the current ap-
proaches the final Ohm’s Law value. Theoretically, the reverse voltage never quite disappears, and so
the current never quite reaches the Ohm’s Law value. In practical terms, the differences become

unmeasurable after atime.
The current at any time after the switch in Fig 6.36 has been closed, can be found from:

Current Amplitude, %

H —RY
Ell-el O
O] O] (39)
t)y=——
(1) R
where;

[(t) = current in amperes at timeft,

E = power supply potential in volts,

t = time in seconds after initiation of current,

e = natural logarithmic base = 2.718,

R = circuit resistance in ohms, and

L= inductance in henrys.

The time in seconds required for the current to build up to 63.2% of the maximum valueis called the
time constant, andisequal toL / R, whereL isinhenrysand Risin ohms. After each timeinterval equal
to this constant, the circuit conducts an additional 63.2% of the remaining current. This behavior is
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graphedin Fig 6.36. Asisthecasewith capacitors, after 5time constantsthe current isconsidered to have
reached its maximum value. As with capacitors, we often use the lower-case Greek tau (1) to represent
the time constant.

Example: If acircuit hasan inductor of 5.0 mH in serieswith aresistor of 10. Q, how long will it take
for thecurrentinthecircuit to reach full value after power isapplied? Since achieving maximum current
takes approximately five time constants,

t=5L/R=(5x50x103H)/10.Q =25 x 1073 second or 2.5 ms

(Look at the table of metric-system unitsin the Mathematics for Amateur Radio chapter to prove
that henrys divided by ohms gives units of seconds.)

Notethat if theinductanceisincreased to 5.0 H, therequired timeincreases by afactor of 1000to 2.5
seconds. Since the circuit resistance didn’t change, the final current is the same for both casesin this
example. Increasing inductance increases the time required to reach full current.

Zero resistance would prevent the circuit from ever achieving full current. All inductive circuits have
some resistance, however, if only the resistance of the wire making up the inductor.

Aninductor cannot bedischargedinthesimplecircuit of Fig 6.36 becausethe magneticfield collapses
as soon asthe current ceases. Opening S1 does not |eave the inductor charged in the way that acapacitor
would remain charged. The energy stored in the magnetic field returns instantly to the circuit when S1
is opened. The rapid collapse of the field causes avery large voltage to be induced in the coil. Usually
the induced voltage is many times larger than the applied voltage, because the induced voltage is
proportional to the rate at which the field changes. The common result of opening the switch in such a
circuit isthat a spark or arc forms at the switch contacts during the instant the switch opens. When the
inductance is large and the current in the circuit is high, large amounts of energy arereleased in avery
short time. Itisnot at all unusual for the switch contacts to burn or melt under such circumstances. The
spark or arc at the opened switch can be reduced or suppressed by connecting a suitable capacitor and
resistor in series across the contacts. Such an RC combination is called a snubber network.

Transistor switches connected to and controlling coils, such as
relay solenoids, also require protection. In most cases, a small
power diode connectedinreverseacrosstherelay coil will prevent 100
field-collapse currents from harming the transistor. 80

If the excitation is removed without breaking the circuit, as
theoretically diagrammed in Fig 6.37, the current will decay ac-

60

% Current in Inductor

40 ——1T—N
cording to the formula: N
20 ‘\
-tR \\\
(Q)=FEFLT © L2y
DR E (40) Time
AO o

where t = time in seconds after removal of the source voltage.
After onetimeconstant the current will lose63.2% of itssteady-
statevalue. (It will decay to 36.8% of the steady-state value.) The
graph in Fig 6.37 shows the current-decay waveform to be iden-
tical to the voltage-discharge waveform of acapacitor. Be careful e
about applying the terms charge and discharge to an inductive
circuit, however. Thesetermsrefer to energy storageinanelectric ~ Fig 6.37 — Time constant of an

field. An inductor stores energy in a magnetic field. RL circuit being deenergized.
T_h|s is atheoreycal mpdel only,
ALTERNATING CURRENT IN INDUCTORS since a mechanical switch

cannot change state instanta-
When an alternating voltage is applied to an ideal inductance  neously.
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(one with no resistance — all
practical inductors have some * N Applied """
resistance), the current is 90° o \t/_ sy
out of phase with the applied 5 7y Current %,
voltage. Inthiscasethe current 7 2 :
lags 90° behind the voltage the
opposite of the capacitor cur-
rent-voltage relationship, as
showninFig6.38. (Hereagain,
we can also say the voltage Induced :
across an inductor leads the Vatoge S
current by 90°.) ]

If you have difficulty re-
membering the phase relation-

ships between voltage and cur-
rent with inductors and Fig 6.38 — Phase relationships between voltage and current when
an alternating current is applied to an inductance.

-
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>
@
o
)
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m
[}
T

capacitors, you may find it
helpful to think of the
mnemonic, “ELI the ICE man.” Thislittle phrase will remind you that voltage leads current through an
inductor, because the E comes before the |, with an L between them, asyou read from left toright. (The
letter L representsinductance.) It will also help you remember the capacitor conditions because | comes
before E with a C between them.

Interpreting Fig 6.38 begins with understanding that the primary cause for current lag in an inductor
isthe reverse voltage generated in the inductance. The amplitude of the reverse voltage is proportional
to the rate at which the current changes. In time segment OA, when the applied voltageis at its positive
maximum, the reverse or induced voltage is also maximum, allowing the least current to flow. Therate
at which the current is changing isthe highest, a 38% changein the time period OA. In the segment AB,
the current changes by only 33%, yielding areduced level of induced voltage, which isin step with the
decreaseintheapplied voltage. The process continuesin time segments BC and CD, thelatter producing
only an 8% rise in current as the applied and induced voltage approach zero.

In segment DE, the applied voltage changes direction. The induced voltage also changes direction,
which returns current to the circuit from storage in the magnetic field. The direction of this current is
now opposite to the applied voltage, which sustains the current in the positive direction. Asthe applied
voltage continuestoincrease negatively, the current — although positive— decreasesin value, reaching
zero asthe applied voltage reaches its negative maximum. The negative half-cycle continuesjust asdid
the positive half-cycle.

Compare Fig 6.38 with Fig 6.23. Whereas in a pure capacitive circuit, the current leads the voltage
by 90°, in a pure inductive circuit, the current lags the voltage by 90°. These phenomena are especially
important in circuits that combine inductors and capacitors.

INDUCTIVE REACTANCE

Theamplitude of alternating current in an inductor isinversely proportional to the applied frequency.
Since the reverse voltage is directly proportional to inductance for a given rate of current change, the
current is inversely proportional to inductance for a given applied voltage and frequency.

The combined effect of inductance and frequency is called inductive reactance, which — like capaci-
tive reactance — is expressed in ohms. The formula for inductive reactance is:

XL=2mnfL (41)
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where:
XL = inductive reactance,
f = frequency in hertz,
L = inductance in henrys, and
= 3.1416.
(If w=2mf,then X, =wlL.)
Example: What is the reactance of a coil having an inductance of 8.00 H at a frequency of 120. Hz?

Xp=2mnflL =6.2832 x 120. Hz x 8.00 H = 6030 Q

In RF circuitsthe inductance values are usually small and the frequencies are large. When the induc-
tanceisexpressed in millihenrys and the frequency in kilohertz, the conversion factorsfor the two units
cancel, and the formulafor reactance may be used without first converting to fundamental units. Simi-
larly, no conversion is necessary if the inductance is expressed in microhenrys and the frequency in
megahertz.

Example: What is the reactance of a 15.0-microhenry coil at a frequency of 14.0 MHz?

Xp=2mnflL =6.2832 x 14.0 MHz x 15.0 yH = 1320 Q

The resistance of the wire used to wind the coil has no effect on the reactance, but simply acts as a
separate resistor connected in series with the coil.
Example: What is the reactance of the same coil at a frequency of 7.0 MHz?

Xp=2nflL=6.2832x 7.0 MHz x 15.0 pH = 660 Q

Comparing the two examples suggests correctly that inductive reactance varies directly with fre-
guency. Therate of change of the current varies directly with the frequency, and thisrate of change also
determines the amplitude of the induced or reverse voltage. Hence, the opposition to the flow of current
increases proportionally to frequency. Thisoppositioniscalled inductivereactance. Thedirect relation-
ship between frequency and reactance in inductors, combined with the inverse relationship between
reactance and frequency inthe case of capacitors, will beof fundamental importancein creating resonant
circuits.

As a measure of the ability of an inductor to limit the flow of ac in a circuit, inductive reactance is
similar to capacitive reactance in having a corresponding susceptance, or ability to passac currentin a
circuit. In an ideal inductor with no resistive losses — that is, no energy lost as heat — susceptanceis
simply the reciprocal of reactance.

1
S (42)

where:
XL = reactance, and
B = susceptance.
The unit of susceptance for both inductors and capacitors is the siemens, abbreviated S.
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Quality Factor, or Q of Components

Componentsthat store energy, like capacitors and inductors, may be compared in terms of quality or
Q. The Q of any such component is the ratio of its ability to store energy to the sum total of all energy
losses within the component. In practical terms, this ratio reduces to the formula:

X

R (43)

where:

Q = figure of merit or quality (no units),

X =X (inductivereactance) for inductorsand X ¢ (capacitivereactance) for capacitors (inohms), and

R = the sum of all resistances associated with the energy losses in the component (in ohms).

The Q of capacitorsisordinarily high. Good quality ceramic capacitors and micacapacitors may have
Q values of 1200 or more. Small ceramic trimmer capacitors may have Q valuestoo small to ignorein
some applications. Microwave capacitors can have poor Q values; 10 or less at 10 GHz and higher
frequencies.

Inductors are subject to many types of electrical energy |osses, however: wire resistance, core |osses
and skin effect. All electrical conductors have some resistance through which electrical energy islost
as heat. Moreover, inductor wire must be sized to handle the anticipated current through the coil. Wire
conductorssuffer additional ac |osses because alternating current tendsto flow on the conductor surface.
As the frequency increases, the current is confined to a thinner layer of the conductor surface. This
property iscalled skin effect. If theinductor’ scoreisaconductive material, such asiron, ferrite, or brass,
the core will introduce additional losses of energy. The specific details of these losses are discussed in
connection with each type of core material.

The sum of all corelosses may be depicted by showing aresistor in serieswith the inductor (asin Figs
6.36 and 6.37), although there is no separate component represented by the symbol. As a result of
inherent energy losses, inductor Q rarely, if ever, approaches capacitor Q in a circuit where both
components work together. Although many circuits call for the highest Q inductor obtainable, other
circuits may call for a specific Q, even avery low one.
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Calculating Practical Inductors

Although builders and experimenters rarely construct their own capacitors, inductor fabrication is
common. Infact, it is often necessary, since commercially available units may be unavailable or expen-
sive. Evenif available, they may consist of coil stock to betrimmed to therequired value. Corematerials
and wire for winding both solenoid and toroidal inductors are readily available. Thefollowing informa-
tion includes fundamental formulas and design examplesfor cal culating practical inductors, along with
additional data on the theoretical limits in the use of some materials.

AIR-CORE INDUCTORS

Many circuitsrequire air-core inductors using just one layer of wire. The approximate inductance of
asingle-layer air-core coil may be calculated from the simplified formula:

)= 18d+40€ (44)

where:
= inductance in microhenrys,
d = coil diameter in inches (from wire center to wire center),
¢ = coil length in inches, and
n = number of turns.
The notation is explained in Fig 6.39. Thisformulais a close

approximation for coils having a length equal to or greater than 7
0.4 d. (Note: Inductance varies as the square of the turns. If the )
number of turns is doubled, the inductance is quadrupled. This

relationship is inherent in the equation, but is often overlooked. J

For example, if you want to double the inductance, put on addi-

tional turnsequal to 1.4 timesthe original number of turns, or 40% B

more turns.)
Example: What istheinductanceof acoil if thecoil has48turns _ o .

. . 3 . Fig 6.39 — Coil dimensions used
wound at 32 turns per inch and adiameter of %zinch?Inthiscase, |, %he inductance formula for air-
d=0.75, 7 =%/3 = 1.5and n = 48. core inductors.

_0.75%x48%
(18x0.75)+(40x1.5)
_1300 _ —18H
74

To calculate the number of turns of asingle-layer coil for arequired value of inductance, the formula
becomes:

JyL i18d+40£5
n=——= (45)
d
Example: Suppose an inductance of 10.0 pH is required. The form on which the coil is to be wound
has a diameter of one inch and islong enough to accommodate a coil of 1%/4inches. Thend = 1.00 inch,
¢ =1.25inches and L = 10.0. Substituting:

_/10.0[(18x1.00)+ (40x1.25)
1
=/680. =26.1turns
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A 26-turn coil would be

close enough in practical 2.00 ]
work. Since the coil will be 1
1.25 inches long, the number 5 //
of turns per inch will be 1.00 -
26.1/ 1.25 = 20.9. Consulting i
the wire table in the Refer- 0.70
ences chapter, wefind that #17 060 / P
enameled wire (or anything %0 { pZ
smaller) can be used. The 3" %
proper inductance is obtained g 0.30 ’
by winding the required num- g / No. 12 Bare Wire
ber of turns on the form and 2020 A Inside Dio 172"
then adjusting the spacing be- B Inside Dia= 3/4"
tween the turns to make a uni-
formly spaced coil 1.25 inches
long. 0.09 /
Most inductance formulas e
lose accuracy when applied to 0.06 /
small coils (such asare usedin 0.05 |
VHFwork and|n|OW.'paSSf||' 0’040 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
ters built for reducing har- Number of Turns

monic interference to televi-

SI(.)nS) begause the CondUCt(?r Fig 6.40 — Measured inductance of coils wound with #12 bare wire,
thickness is no longer negli-  eight turns to the inch. The values include half-inch leads.

gible in comparison with the
size of the coil. Fig 6.40 shows
the measured inductance of VHF coils and may be used as a basis for circuit design. Two curves are
given; curve A isfor coilswound to an inside diameter of /2 inch; curve B isfor coils of ¥/s-inch inside
diameter. In both curves, the wire size is#12, and the winding pitch is eight turns to the inch (Y/s inch
center-to-center turn spacing). The inductance values given include leads /2 inch long.
Machine-wound coils with the preset diameters and turns per inch are available in many radio stores,
under the trade names of B&W Miniductor, Airdux and Polycoil. The References chapter provides
information on using such coil stock to simplify the process of designing high-quality inductorsfor most
HF applications. Forming awireinto asolenoid increasesitsinductance, and al so introduces distributed
capacitance. Since each turn is at a slightly different ac potential, each pair of turns effectively forms
aparasitic capacitor. See the Real-World Components chapter for information on the effects of these
complications to the “ideal” inductors under discussion in this chapter. Moreover, the Q of air-core
inductorsis, in part, afunction of the coil shape, specifically itsratio of length to diameter. Q tends to
be highest when these dimensions are nearly equal. With wire properly sized to the current carried by
the coil, and with high-caliber construction, air-core inductors can achieve Qs above 200. Air-core
inductors with Qs as high as 400 are possible.

STRAIGHT-WIRE INDUCTANCE
At low frequencies the inductance of a straight, round, nonmagnetic wire in free space is given by:

O
L =0.00508b %n %b %' 0.750 (46)
ba N
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where:

L = inductance in pH,

a=wireradiusin inches,

b=wirelengthininches, and

In = natural logarithm =
2.303 x common logarithm
(base 10).

If the dimensions are ex-
pressed in millimeters instead
of inches, theequation may still
be used, except replace the
0.00508 value with 0.0002.

Skineffect reducestheinduc-
tance at VHF and above. Asthe
frequency approaches infinity,
the 0.75 constant within the
bracketsapproachesunity. Asa
practical matter, skin effect will
not reduce the inductance by
more than afew percent.

Example: What isthe induc-
tance of a wire that is
0.1575 inch in diameter and
3.9370 inches long? For the
calculations, a = 0.0787 inch
(radius) and b = 3.9370 inch.

Hl b H
=0.00508b .
L =0.00508 %nﬁz%ws%

1.000

//// /
Y/
7//
Y/ Iy .VA
//
7/
NO.| 34—~ /
NO. 40
0.100 \,\, //
//
/.4
/ /|
T y/4V4
2 JN/ 1/
7/
g /\/
/
LNO. |20
0.010 A/ /
// 7/
77 7
/) PAR
y/AVA N
NO. 10
/WA

[
/ TTTT—0.5—In. Dia. Rod

0.001 /

0.1 0.2

0.4 06 1.0 2.0 4.0 6.0 10.0 20.0
Wire Length (Inches)

40.060.0 1.0

Fig 6.41 — Inductance of various conductor sizes as straight wires.

=o.00508(3.937o)x%n 2%3.9370 0.75%
=5 0 00787 g

L =0.0200[In(100.)-0.75]
= 0.0200(4.60-0.75)

=0.0200%x3.85=0.077pH
Fig 6.41 is a graph of the in-
ductance for wires of various
radii as a function of length.

A VHF or UHF tank circuit
can be fabricated from a wire
parallel to aground plane, with
one end grounded. A formula
for the inductance of such an
arrangement is given in Fig
6.42.

Example: What is the induc-
tance of a wire 3.9370 inches

L :0.0117b§og10@5b+7 b? +a®
5 M2 th+b?+an?

3 |

+0.00508§\/b2 +4h? —Jb? +a2 +%—2h+a§

where
L=inductance in pH
a=wire radius in inches
b=wire length parallel to ground
plane in inches
h= wire height above ground
plane in inches

Fig 6.42 — Equation for determining the inductance of a wire
parallel to a ground plane, with one end grounded. If the dimen-
sions are in millimeters, the numerical coefficients become
0.0004605 for the first term and 0.0002 for the second term.
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long and 0.0787 inch in radius, suspended 1.5748 inch above a ground plane? (The inductance is measured
between the free end and the ground plane, and the formula includes the inductance of the 1.5748-inch
grounding link.) To demonstrate the use of the formulain Fig 6.42, begin by evaluating these quantities:

b+vb? +a°

=3.9370+ J3.93702+ 0.07877
=3.9370+3.94=7.88

b+\/b2+4(h2j

= 3.9370+/3.9370%+ 4 (1.57482)

=3.9370+/15.500+ 4 (2.4800)

=3.9370++/15.500+9.9200

=3.9370+5.0418=8.9788

2h _ 2x15748
=~ oorsr 00

b _ 39370

7 R 0.98425

Substituting these values into the formulayields:

O
L =0.0117x3.9370 % 00, [40.0x 79.328 +0.00508x (5.0418— 3.94+0.98425-3.1496+ 0.0787)
H O :

L =0.0662pH

Another conductor configuration that is frequently used is a flat strip over a ground plane. This
arrangement has lower skin-effect loss at high frequencies than round wire because it has a higher
surface-areato volumeratio. Theinductance of such astrip can befound fromtheformulainFig 6.43.

For a large collection of for-
mulas useful in constructing
air-core inductors of many
configurations, see the “Cir-
cuit Elements” section in
Terman’s Radio Engineers
Handbook or the “Transmis-
sion Media’ chapter of The
ARRL UHF/Microwave Ex-
perimenter’ s Manual.

IRON-CORE INDUCTORS

If the permeability of aniron
corein aninductor is 800, then
theinductanceof any givenair-
wound coil is increased 800

6.40 Chapter 6
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2b w+h

L =0.00508bHn +0.5+0.2235
w+h b

:

where
L=inductance in microhenrys

b=length in inches
Strip w=width in inches
o h=thickness in inches

Fig 6.43 — Equation for determining the inductance of a flat strip
inductor.



times by inserting the iron core. The inductance will be propor-
tional to the magnetic flux through the coil, other things being
equal. The inductance of an iron-core inductor is highly depen-
dent on the current flowing in the coil, in contrast to an air-core
coil, where the inductance is independent of current because air
does not saturate.

Iron-core coils such as the one sketched in Fig 6.44 are used
chiefly in power-supply equipment. They usually havedirect cur-
rent flowing through the winding, and any variation ininductance
with current isusually undesirable. Inductance variations may be
overcome by keeping the flux density below the saturation point
of the iron. Opening the core so thereisasmall air gap, indicated
by the dashed linesin Fig 6.44, will achieve this goal. The reluc-
tance or magneticresistanceintroduced by suchagapisvery large
compared with that of theiron, even thoughthegapisonly asmall
fraction of an inch. Therefore, the gap — rather than the iron —
controlsthe flux density. Air gapsin iron cores reduce the induc-
tance, but they hold thevaluepractically constant regardlessof the  Fig 6.44 — Typical construction
current magnitude. of an ir_on—core inductor. The _

When alternt_alti ng current _flow_sthrpugh acoil woundonaniron :;ntﬁlrla?i'gr?%? tphrs \ffggsa?é"%ﬁg ts'c
core, avoltageisinduced. Sinceironisaconductor, acurrentalsO  maintains the inductance at high
flows in the core. Such currents are called eddy currents. Eddy  currents.
currentsrepresent lost power becausethey flow through theresis-
tance of the iron and generate heat. L osses caused by eddy cur-
rents can be reduced by laminating the core (cutting the coreinto thin strips). These strips or laminations
are then insulated from each other by painting them with some insulating material such as varnish or
shellac. These losses add to hysteresis losses, which are also significant in iron-core inductors.

Eddy-current and hysteresislossesin iron increase rapidly asthe frequency of the alternating current
increases. For thisreason, ordinary iron cores can be used only at power-line and audio frequencies —
up to approximately 15000 Hz. Even then, a very good grade of iron or steel is necessary for the core
toperformwell at the higher audio frequencies. L aminatediron coresbecome completely uselessat radio
frequencies.

SLUG-TUNED INDUCTORS

For RF work, thelossesin iron cores can be reduced to a more useful level by grinding the iron into
apowder and then mixing it with a“binder” of insulating material in such away that theindividual iron
particles are insulated from each other. Using this approach, cores can be made that function satisfac-
torily even into the VHF range.

Because a large part of the magnetic path is through a nonmagnetic material (the “binder”), the
permeability of theironislow compared with the values obtained at power-line frequencies. The core
isusually shaped in the form of aslug or cylinder for fit inside the insulating form on which the coil is
wound. Despite the fact that the major portion of the magnetic path for theflux isinair, the slug isquite
effectivein increasing the coil inductance. By pushing (or screwing) the slug in and out of the coil, the
inductance can be varied over aconsiderable range. See The ARRL Electronics Data Book for informa-
tion on awide variety of representative slug-tuned coils available commercially.

POWDERED-IRON TOROIDAL INDUCTORS
For fixed-value inductors intended for use at HF and VHF, the powdered-iron toroidal core has
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Fig 6.45 — A typical toroidal

inductor wound on a powdered-
iron or ferrite core. Some key
physical dimensions are noted.
Equally important are the core

material, its permeability, its
intended range of operating

frequencies, and its A| value.

This is an 11-turn toroid.

become almost the standard core and material in low power cir-
cuits. Fig 6.45 shows the general outlines of atoroidal coil on a
magnetic core. Manufacturers offer awide variety of core mate-
rials, or mixes, to provide units that will perform over a desired
frequency range with a reasonable permeability. Initial
permeabilitiesfor powdered-iron coresfall in the range of 3to 35
for variousmixes. Inaddition, coresizesareavailableintherange
of 0.125-inch outside diameter (OD) up to 1.06-inch OD, with
larger sizesto 5-inch OD available in certain mixes. The range of
sizes permits the builder to construct single-layer inductors for
almost any value using wire sized to meet the circuit current de-
mands. While powdered-iron toroids are often painted various
colors, you must know the manufacturer toidentify themix. There
seems to be no set standard between manufacturers. Iron-powder
toroids usually have rounded edges.

The use of powdered iron in a binder reduces core losses
usually associated with iron, while the permeability of the
core permits a reduction in the wire length and associated
resistance in forming a coil of agiven inductance. Therefore,
powdered-iron-core toroidal inductors can achieve Qs well
above 100, often approaching or exceeding 200 within the
frequency range specified for a given core. Moreover, these
coilsare considered self-shielding since most of the flux lines
are within the core, a fact that simplifies circuit design and
construction.

Each powdered-iron core hasavalue of A| determined and published by the core manufacturer.
For powdered-iron cores, A representstheinductanceindex, that is, the inductancein puH per 100
turns of wire on the core, arranged in a single layer. The builder must select a core size capable
of holding the calculated number of turns, of the required wire size, for the desired inductance.
Otherwise, the coil calculation is straightforward. To calculate the inductance of a powdered-iron
toroidal coil, when the number of turns and the core material are known, use the formula:

AL xN?
10000
where:

L = theinductance in pH,

AL = theinductance index in pH per 100 turns, and

N = the number of turns.

Example: What is the inductance of a 60-turn coil on a core with an A of 55? This A| value was
selected from manu-facturer’ sinformation about a 0.8-inch OD core with an initial permeability of 10.
This particular coreisintended for use in the range of 2 to 30 MHz. See the Component Data chapter
for more detailed data on the range of available cores.

_ A xN? _55%60?

10000 10000

_ 198000
10000

=19.8puH

(47)

To calculate the number of turns needed for a particular inductance, use the formula:
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Example: How many turns are needed for a 12.0-pH coil if the A for the selected core is 49?

N =100 =100 : / 12.0
49

=100+/0.245 =100% 0.495= 49.5turns

If the valueiscritical, experimenting with 49-turn and 50-turn coilsisin order, especially since core
characteristics may vary slightly from batch to batch. Count turns by each pass of the wire through the
center of the core. (A straight wire through atoroidal core amountsto a one-turn coil.) Fine adjustment
of the inductance may be possible by spreading or squeezing inductor turns.

The power-handling ability of toroidal cores depends on many variables, which include the cross-
sectional areathrough the core, the core material, the numbers of turnsin the coil, the applied voltage
and the operating frequency. Although powdered-iron cores can withstand dc flux densities up to
5000 gausswithout saturating, ac flux densitiesfrom sinewaves above certain limitscan overheat cores.
Manufacturers provide guideline limitsfor ac flux densitiesto avoid overheating. Thelimitsrangefrom
150 gauss at 1 MHz to 30 gauss at 28 MHz, although the curveisnot linear. To calcul ate the maximum
anticipated flux density for a particular coil, use the formula:

Erms*10°
4.44% A g x N xf

where:

Bmax = the maximum flux density in gauss,

Erms = the voltage across the coil,

Ae = the cross-sectional area of the core in square centimeters,

N = the number of turnsin the coil, and

f = the operating frequency in Hz.

Example: What isthe maximum ac flux density for acoil of 15 turnsif the frequency is 7.0 MHz, the
RMS voltage is 25 V and the cross-sectional area of the core is 0.133 cm??

Bmax = (49)

ERMSX:LOS

4.44% Ao XN xf

~ 25x108
4.44x0.133x15% 7.0x10°

Brnax =

Since the recommended limit for cores operated at 7 MHz is 57 gauss, this coil iswell within guide-
lines.

FERRITE TOROIDAL INDUCTORS

Although nearly identical in general appearance to powdered-iron cores, ferrite cores differ in a
number of important characteristics. They are often unpainted, unlike powdered-iron toroids. Ferrite
toroids often have sharp edges, while powdered-iron toroids usually have rounded edges. Composed of
nickel-zinc ferrites for lower permeability ranges and of manganese-zinc ferrites for higher permea-
bilities, these cores span the permeability rangefrom 20 to above 10000. Nickel-zinc coreswith permea-
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bilities from 20 to 800 are useful in high-Q applications, but function more commonly in amateur
applications as RF chokes. They are also useful in wide-band transformers (discussed later in this
chapter).

Because of their higher permeabilities, theformulasfor cal cul ating inductance and turnsrequireslight
modification. Manufacturerslist ferrite A valuesin mH per 1000 turns. Thus, to cal culate inductance,
the formulais

A, xN?
1000000
where:
L = the inductance in mH,
AL = the inductance index in mH per 1000 turns, and
N = the number of turns.
Example: What isthe inductance of a 60-turn coil on acorewith an A of 5237 (See the Component
Data chapter for more detailed data on the range of available cores.)
_ A xN? _ 523x60°
~ 1000000 1000000
_1.88x10°
 1x10°
To calculate the number of turns needed for a particular inductance, use the formula:

[L
N =1000_ [—
AL (51)

Example: How many turns are needed for a 1.2-mH coil if the A, for the selected core is 1507?

N =1000 = :10001/£
AL 150

=1000+/0.008 =1000x 0.089=89turns

For inductors carrying both dc and ac currents, the upper saturation limit for most ferritesis a flux
density of 2000 gauss, with power calculations identical to those used for powdered-iron cores. For
detailed information on available cores and their characteristics, see Iron-Powder and Ferrite Coil
Forms, acombination catalog and i nformation book from Amidon Associates, Inc. (Seethe AddressList
in the Refer ences chapter for information about contacting Amidon.)

(50)

=1.88mH
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Ohm’s Law for Reactance

Only ac circuits containing capacitance or inductance (or both) have reactance. Despite the fact that
the voltage in such circuitsis 90° out of phase with the current, circuit reactance does limit current in
amanner that corresponds to resistance. Therefore, the Ohm’s Law equations relating voltage, current
and resistance apply to purely reactive circuits:

E=|X (52)
_E

== (53)
= (54

where:

E = ac voltage in RM S,

| = ac current in amperes, and

X = inductive or capacitive reactance.

Example: What is the voltage across a capacitor of 200. pF at 7.15 MHz, if the current through the
capacitor is 50. mA?

Sincethereactance of the capacitor isafunction of both frequency and capacitance, first calculate the
reactance:

1
X —
c 2nf C
_ 1
2x3.1416x 7.15x10° Hzx 200.x 10 ? F
6
1079 110
8980

Next, use Ohm’s Law:

E=1xXc=0050Ax%x111Q =56V
Example: What is the current through an 8.00-H inductor at 120. Hz, if 420. V is applied?
Xp=2mnfL=2x31416 x 120. Hz x 8.00 H = 6030 Q

Fig 6.46 chartsthe reactances of capacitorsfrom 1 pF to 100 uF, and the reactances of inductorsfrom
0.1 pH to 10 H, for frequencies between 100 Hz and 100 MHz. Approximate values of reactance can be
read or interpolated from the chart. The formulas will produce more exact values, however.

Although both inductive and capacitive reactance limit current, the two types of reactance differ. With
capacitive reactance, the current leadsthe voltage by 90°, whereas with inductive reactance, the current lags
thevoltage by 90°. The convention for charting the two types of reactance appearsin Fig 6.47. Onthisgraph,
inductive reactance is plotted along the +90° vertical line, while capacitive reactance is plotted along the
—90° vertical line. This convention of assigning a positive value to inductive reactance and a negative value
to capacitive reactance results from the mathematics involved in impedance calcul ations.

AC Theory and Reactive Components  6.45



100000 \\ /A\ IA\ /A\ /A\ I,
70000 BN DN 77— N 7N DN /-
50000 N 7 N N 7 N W% N Lz
30000 AY: Ne AY N¢ Ne /
\\ 4
< /1N N N N N
20000 ‘?‘z// X // X // X // X // X \ //
\/>\0</ \\/></ \\/></ \\/></ \\,></ A \></
7 N (\( N 7 N 7 N 7N, N 7N
7000 Z—IN ELITX 71X 71 7 NI\ 7 IN\¢
v AN NV AA7AN 7 AN 7 AN 7 N N AN
5000 \\ v \QQ — \\ ,/ \\ ,/ \\ '/ \\OK\ N ,/ \\ ,/
N N, N, N N, N,
N
3000 ;’(\ \”;’(\ ;’(\ ;x\ ;x\ b ;’(\
) &
2000 / X O/ X /| X / XL / XA / X
4 N Ny N 4 N / %) 4 N "4 N
7\ 7 SN 7\ 7 7\
700 AP 77—} \0(;/ AN 77—} 77—} 77—}
500 N 7 N / ~ / N 7 N / N %
\\ { \\ { \\ { \\QK\ 4 \\ { \\ 4
300 ;’(\ ;"\ 3 ;"\ ;x\ ;’(\ ;’(\
200 / ><\ /| >‘ \((\ Q\g\, !\,O. /| >‘\ /| >‘ /| >‘\
/ N / © 7 TNG / N / / N
\/>< \/>< \/ v %X \/>< \/><
100 |——¢ Y v e X o X
7N, 7\ N 7N, N 7N\, 7N, V4R N
o 70 7 AV 7/ AV AN 4 AV QL AV4 / AV4 7 AV
g 7 o 874 NN 2, NI o 7 o 874 o .
< \N
o %0 N1 N W N W N W N N
- N
g % ;’(\ \(\ b \(\ 3 \X\ \‘\ ;Y\
5 0 A IX // X )\ // X KN \y// X // X A1 X
5 / N / N NC / N / N / N 7 N
[} A
10 K PN X N VAN N
7\, 7\, 7 N\, 7\, RV A N\ 7 N\
7 / AV / AV / N 4 N/ AV /
7 < / 7% / < / N4 < / AN
5 N / N N N / N N
\\ { \\ \\ \\ { \\ \\
3 \(\ \(\ \(\ \"‘\ «\\‘\ \\
2 // X 7 // X // X // X 0’.\ \y// X ™
// R/ / N / N 7 N N N
- >< X X
1 o o o C) O o O O o o o C) C) o N M ~ C) o o o O O
o o o M o o o o ~N M n ~ o
N M 9 — N M 9 —
Li Hertz 4—L7 Kilohertz 4—L7 Megahertz ————»
Frequency

Fig 6.46 — Inductive and capacitive reactance vs frequency. Heavy lines represent multiples of 10,
intermediate lines multiples of 5. For example, the light line between 10 pH and 100 pH represents
50 pH; the light line between 0.1 pF and 1 pF represents 0.5 pF, and so on. Other values can be
extrapolated from the chart. For example, the reactance of 10 H at 60 Hz can be found by taking the
reactance of 10 H at 600 Hz and dividing by 10 for the 10 times decrease in frequency.

REACTANCES IN SERIES AND PARALLEL

If acircuit contains two reactances of the same type, whether in series or in parallel, the resultant
reactance can be determined by applying the samerulesasfor resistancesin seriesandin parallel. Series
reactance is given by the formula

Xiota = X1+ X2+ X3+...+ X, (55)

Example: Two noninteracting inductances arein series. Each hasavalue of 4.0 pH, and the operating
frequency is 3.8 MHz. What is the resulting reactance?
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The reactance of each inductor is:

Xp=2mfL=2x31416x3.8x 106Hzx 4 x 10°%H =96 Q

Xiotal = X1+ X2=96 Q +96 Q =192 Q

We might also calculate the total reactance by first adding the
inductances:

Liota =L1+L2=4.0pH + 4.0 yH = 8.0 pH
Xiota =2 Ttf L =2 x 3.1416 x 3.8 x 105 Hz x 8.0 x 106 H

Xtotal =191 Q

(The fact that the last digit differs by one illustrates the uncer-
tainty of the cal culation caused by the uncertainty of the measured
valuesin the problem, and differences caused by rounding off the
calculated values. This also shows why it isimportant to follow
therulesfor significant figuresdiscussed inthe M athematicsfor
Amateur Radio chapter.)

Example: Two noninteracting capacitors are in series. One has
a value of 10.0 pF, the other of 20.0 pF. What is the resulting
reactance in acircuit operating at 28.0 MHz?

1
2nf C

XCl_

_ 1
2x31416%280x10° Hzx10.0x10™? F
_10°Q
1760

1
2nf C

=568 Q

X2 =

_ 1
 2x3.1416%x28.0x10° Hzx20.0x1072 F
_10°Q

3520

=284 Q

Xtotal = Xc1 + Xc2 =568 Q + 284 Q =852 Q

+90°

<
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Fig 6.47 — The conventional
method of plotting reactances on
the vertical axis of a graph, using
the upward or “plus” direction
for inductive reactance and the
downward or “minus” direction
for capacitive reactance. The
horizontal axis will be used for
resistance in later examples.

Alternatively, for series capacitors, the total capacitance is 6.67 x 10712 F or 6.67 pF. Then:

1

X -
total 2T[f C
_ 1
2x3.1416x28.0x10° Hzx6.67x10 2 F
(5}
=10§2=8559
1170

(Within the uncertainty of the measured values and the rounding of valuesin the calculations, thisisthe
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same result as we obtained with the first method.)

Thisexample servesto remind usthat series capacitanceisnot cal culated in the manner used by other
series resistance and inductance, but series capacitive reactance does follow the simple addition for-
mula.

For reactances of the same type in parallel, the general formulais:

1
e S U W s
X1 X2 X3 Xn (56)
or, for exactly two reactances in parallel
_ X1xX2
totd =375 (57)

Example: Place the capacitors in the last example (10.0 pF and 20.0 pF) in parallel in the 28.0 MHz
circuit. What is the resultant reactance?
X1x X2
X1+ X2
_568Qx284Q ~1890
568Q +284Q

Alternatively, two capacitors in parallel add their capacitances.

total —

Ciotal = C1 + C = 10.0 pF + 20.0 pF = 30.0 pF

1
XA~=
CTonfc
_ 1
2x3.1416x 28.0x10° Hzx30.0x1012 F
6
_10°Q _ 1990
5280

Example: Place the seriesinductors above (4.0 pH each) in parallel ina3.8-MHz circuit. What isthe
resultant reactance?
x. = XXX
total
XL+t Xp2
_960x96Q —480
96Q+96Q

Of course, equal reactances (or resistances) in parallel yield areactancethat isthe val ue of one of them
divided by the number (n) of equal reactances, or:

X 96Q
X =~ =——=48Q
total n 2

All of these calculations apply only to reactances of the same type; that is, all capacitive or all
inductive. Mixing types of reactances requires a different approach.
UNLIKE REACTANCES IN SERIES

When combining unlike reactances — that is, combinations of inductive and capacitive reactance
— inseries, it is necessary to take into account that the voltage-to-current phase relationships differ
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for the different types of reac-
tance. Fig 6.48 shows a series
circuit with both typesof reac-
tance. Sincethereactancesare
in series, the current must be
the same in both. The voltage
across each circuit element
differsin phase, however. The
voltage E, leadsthecurrent by
90°, and the voltage Ec lags

the current by 90°. Therefore, . ~ 1 /, \\ N
EL and Ec have opposite po- \ , / \
larities and cancel each other 2 ’ A N m
inwholeor in part. The dotted 3¢ ) Y N Y A
linein Fig 6.48 approximates = \ /* \>4/ W
the resulting voltage E, which M \

Time —— \/ N

is the difference between E.
and Ec.

Since, for aconstant current,
the reactance is directly pro-
portional tothevoltage, the net
reactance must be the differ-
encebetweentheinductiveand
the capacitive reactances, or:

Fig 6.48 — A series circuit containing both inductive and capacitive
components, together with representative voltage and current
relationships.

Xtota = XL — Xc (58)

For thisand subsequent cal culationsin which thereisamixture of inductive and capacitive reactance,
use the absolute value of each reactance. The convention of recording inductive reactances as positive
and capacitive reactances as negative is built into the mathematical operators in the formulas.

Example: Using Fig 6.48 as a visual aid, let X¢c = 20.0 Q and X = 80.0 Q. What is the resulting
reactance?

Xtotal = XL — X¢c =80.0 Q —20.0 Q = +60.0 Q

Sincetheresult isapositive value, reactanceisinductive. Had the result been anegative number, the
reactance would have been capacitive.

When reactance types are mixed in aseries circuit, the resulting reactance is always smaller than the
larger of the two reactances. Likewise, the resulting voltage across the series combination of reactances
is always smaller than the larger of the two voltages across individual reactances.

Every series circuit of mixed reactance types with more than two circuit elements can be reduced to
the type of circuit covered here. If the circuit has more than one capacitor or more than one inductor in
theoverall seriesstring, first usetheformulasgiven earlier to determinethetotal seriesinductancealone
and the total series capacitance alone (or their respective reactances). Then combinetheresulting single
capacitive reactance and single inductive reactance as shown in this section.

UNLIKE REACTANCES IN PARALLEL

The situation of parallel reactances of mixed type appears in Fig 6.49. Since the elements are in
parallel, thevoltageiscommon to both reactive components. The current through the capacitor, I ¢, leads
the voltage by 90°, and the current through the inductor, I, lags the voltage by 90°. The two currents
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are 180° out of phase and thus
cancel each other inwholeorin
part. The total current is the
difference between the indi-
vidual currents, asindicated by E =
the dotted line in Fig 6.49. Lo |t
Since reactance is the ratio
of voltage to current, the total
reactance in the circuit is:

E
I —lc

Xtotal = (59)

In the drawing, Ic is larger
than 1, and the resulting dif-
ferential current retains the
phase of Ic. Therefore, the
overall reactance, Xiotal, 1S Ca-

pacitive in this case. The total _ o o . . .
Fig 6.49 — A parallel circuit containing both inductive and capaci-

reactance of the circuit will be . . .
) tive components, together with representative voltage and current
larger than thelarger of thein-  ejationships.

dividual reactances, because
thetotal current issmaller than
the larger of the two individual currents.

In parallel circuits of this type, reactance and current are inversely proportional to each other for a
constant voltage. Therefore, to calculate the total reactance directly from the individual reactances, use
the formula:

Amplitude
o

x. = XL *Xc
total X, —Xc (60)

Aswith the series formulafor mixed reactances, use the absolute values of the reactances, since the
minussignsintheformulatakeinto account the convention of treating capacitivereactancesasnegative
numbers. If the solution yields a negative number, the resulting reactance is capacitive, and if the
solution is positive, then the reactance is inductive.

Example: Using Fig 6.49 as avisual aid, place a capacitive reactance of 10.0 Q in parallel with an
inductive reactance of 40.0 Q. What is the resulting reactance?

—X L X XC
XL=Xc
_ —4000Qx100Q
©400Q-1000Q
= 2408 1330
30.0

The reactance is capacitive, asindicated by the negative solution. Moreover, the resultant reactance
is always smaller than the larger of the two individual reactances.

Aswiththe case of seriesreactances, if each leg of aparallel circuit contains morethan onereactance, first
simplify each leg to asinglereactance. If the reactances are of the sametypein each leg, the seriesreactance
formulas for reactances of the same type will apply. If the reactances are of different types, then use the
formulas shown above for mixed seriesreactancesto simplify theleg to asingle value and type of reactance.

Xtota =
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APPROACHING
RESONANCE

When two unlike reactances
havethe samenumerical value,
any seriesor parallel circuit in
which they occur is said to be
resonant. For any given induc-
tance or capacitance, it istheo-
retically possible to find a
value of the opposite reactance
type to produce aresonant cir-
cuit for any desired frequency.

When aseriescircuit likethe
one shown in Fig 6.48 is reso-
nant, thevoltage Ec and E_ are
equal and cancel; their sum is
zero. Sincethereactance of the
circuit is proportional to the
sum of these voltages, the total

Frequency
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Fig 6.50 — The relative genera-
tor current with a fixed voltage
in a series circuit containing
inductive and capacitive reac-

Fig 6.51 — The relative genera-
tor current with a fixed voltage
in a parallel circuit containing
inductive and capacitive reac-
tances as the frequency
approaches and departs from
resonance. (The circulating
current through the parallel

reactance also goes to zero.
Theoretically, the current, as
shown in Fig 6.50, can rise
without limit. In fact, itislim-
ited only by power lossesinthe
components and other resistances that would be in a real circuit of this type. As the frequency of
operation moves slightly off resonance, the reactance climbs rapidly and then begins to level off.
Similarly, the current drops rapidly off resonance and then levels.

Inaparallel-resonant circuit of thetypein Fig 6.49, the current I and I ¢ are equal and cancel to zero.
Sincethereactanceisinversely proportional to the current, asthe current approaches zero, the reactance
rises without limit. Aswith series circuits, component power losses and other resistancesin the circuit
limit the current drop to some point above zero. Fig 6.51 shows the theoretical current curve near and
at resonance for a purely reactive parallel-resonant circuit. Note that in both Fig 6.50 and Fig 6.51, the
departure of current from the resonance value is close to, but not quite, symmetrical above and below
the resonant frequency.

Example: What isthereactance of aseriesL-C circuit consisting of a56.04-pF capacitor and an 8.967-
pH inductor at 7.00, 7.10 and 7.20 MHz? Using the formulas from earlier in this chapter, we calculate
atable of values:

tances as the frequency
approaches and departs from
resonance.

inductor and capacitor is a
maximum at resonance.)

Frequency XL () Xc () Xota (Q)
(MH2)
7.000 394.4 405.7 -11.3
7.100 400.0 400.0 0
7.200 405.7 394.4 11.3

The exercise shows the manner in which the reactance rises rapidly as the frequency moves
above and below resonance. Note that in a series-resonant circuit, the reactance at frequencies
below resonance is capacitive, and above resonance, it is inductive. Fig 6.52 displays this fact
graphically. In a parallel-resonant circuit, where the reactance increases without limit at reso-
nance, the opposite condition exists: above resonance, the reactance is capacitive and below reso-
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nanceit isinductive, as shown
in Fig 6.53. Of course, all It B T Ite
graphsand calculationsinthis | o8 os // o3 8 FTEAE
section aretheoretical andpre- | £5 ©¢ ’ 254 /
sumeapurely reactivecircuit. | & ° =copociive A=
Real circuits are never purely | £o-oz pinductl S0, /,,’--
reactive; they contain some Ei ::): Y Ei :: Sopocin
resistance that modifies their * e A ~ 8|/
performance considerably. 1o 10 21l
. . . 0.506 0.7 08 09 1.0 1.1 1.2 1.3 1.4 1.5 0.5060.7 080910 111213 1415
Real resonant circuits wi | | be Frequency Relative to Resonant Frequency Frequency Relative to Resonant Frequency
discussed later in this chapter.
REACTIVE POWER Fig 6.52 — The transition from Fig 6.53 — The transition from
_ ) capacitive to inductive reac- inductive to capacitive reac-

Although purely reactive cir- tance in a series-resonant tance in a parallel-resonant

cuits, whether simple or com- circuit as the frequency passes circuit as the frequency passes
resonance. resonance.

plex, show ameasurableac volt-
age and current, we cannot
simply multiply the two together to arrive at power. Power is the rate at which energy is consumed by
acircuit, and purely reactive circuits do not consume power. The charge placed on a capacitor during
part of an ac cycleisreturned to the circuit during the next part of acycle. Likewise, the energy stored
in the magnetic field of an inductor returns to the circuit as the field collapses later in the ac cycle. A
reactive circuit simply cycles and recycles energy into and out of the reactive components. If a purely
reactive circuit were possible in reality, it would consume no power at all.

In reactive circuits, circulation of energy accounts for seemingly odd phenomena. For example, in a
series circuit with capacitance and inductance, the voltages across the components may exceed the
supply voltage. That condition can exist because, while energy is being stored by the inductor, the
capacitor isreturning energy to thecircuit fromitspreviously charged state, and viceversa. Inaparallel
circuit with inductive and capacitive branches, the current circulating through the components may
exceed the current drawn from the source. Again, the phenomenon occurs because the inductor’s col-
lapsing field supplies current to the capacitor, and the discharging capacitor provides current to the
inductor.

To distinguish between the nondissipated power in a purely reactive circuit and the dissipated power
of aresistivecircuit, theunit of reactive power iscalled thevolt-amperereactive, or VAR. Theterm watt
is not used; sometimes reactive power is called wattless power. Formulas similar to those for resistive
power are used to calculate VAR:

VAR=1E (61)

VAR = 12X (62)
2

VAR:E7 (63)

These formulas have only limited use in radio work.

REACTANCE AND COMPLEX WAVEFORMS

All of the formulas and relationships shown in this section apply to alternating current in the form of
regular sine waves. Complex wave shapes complicate the reactive situation considerably. A complex or
nonsinusoidal wave can be resolved into afundamental frequency and a series of harmonic frequencies
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whose amplitudes depend on the original wave shape. When such a complex wave — or collection of
sinewaves— isapplied to areactive circuit, the current through the circuit will not have the same wave
shape as the applied voltage. The difference results because the reactance of an inductor and capacitor
depend in part on the applied frequency.

For the second-harmonic component of the complex wave, the reactance of the inductor istwice and
the reactance of the capacitor is half their respective values at the fundamental frequency. A third-
harmonic component producesinductivereactancesthat aretripleand capacitivereactancesthat are one-
third those at the fundamental frequency. Thus, the overall circuit reactance is different for each har-
monic component.

Thefrequency sensitivity of areactivecircuit to various components of acomplex wave shape creates
both difficulties and opportunities. On the one hand, cal culating the circuit reactance in the presence of
highly variable aswell as complex waveforms, such as speech, isdifficult at best. On the other hand, the
frequency sensitivity of reactive componentsand circuitslaysthe
foundation for filtering, that is, for separating signals of different

frequenciesand passing theminto different circuits. For example, — Signal Path ——
suppose a coil isin the series path of a signal and a capacitor is AC AC

. . . Signal Signal
connected from the signal line to ground, as represented in Input ! X I ! Output
Fig 6.54. The reactance of the coil to the second harmonic of the ;"C
signal will betwicethat at the fundamental frequency and oppose

more effectively the flow of harmonic current. Likewise, the re-
actance of the capacitor to the harmonic will be half that to the  Fig 6.54 — A signal path with a
fundamental, allowing the harmonic an easier current path away ~ S€ries inductor and a shunt

. . . capacitor. The circuit presents
from the signal line toward ground. See the Filters chapter for  gifferent reactances to an ac

detailed information on filter theory and construction. signal and to its harmonics.
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Impedance

When acircuit containsboth resistance and reactance, the com-
bined opposition to current is called impedance. Symbolized by
the letter Z, impedance is a more general term than either resis-
tance or reactance. Frequently, the term is used even for circuits
containing only resistance or reactance. Qualifications such as
“resistive impedance” are sometimes added to indicate that acir-
cuit has only resistance, however.

Thereactance and resistance comprising an impedance may be
connected either in series or in parallel, as shown in Fig 6.55. In
these circuits, the reactance is shown as a box to indicate that it
may be either inductive or capacitive. Intheseriescircuitat A, the
current is the same in both elements, with (generally) different
voltages appearing acrosstheresistance and reactance. Inthe par-
alel circuit at B, the same voltage isapplied to both elements, but
different currents may flow in the two branches.

In aresistance, the current isin phase with the applied voltage,
whilein areactance it is 90° out of phase with the voltage. Thus,
the phase relationship between current and voltage in the circuit
as awhole may be anything between zero and 90°, depending on
the relative amounts of resistance and reactance.

As shown in Fig 6.47 in the preceding section, reactance is
graphed on the vertical (Y) axis to record the phase difference
between the voltage and the current. Fig 6.56 adds resistance to
thegraph. Sincethevoltageisin phasewiththecurrent, resistance
isrecorded on the horizontal axis, using the positive or right side
of the scale.

CALCULATING Z FROM R AND X IN SERIES CIRCUITS

Impedance is the complex combination of resistance and reac-
tance. Sincethereisa90° phasedifference between resistanceand
reactance (whether inductive or capacitive), simply adding the
two valueswill not yield what actually happensinacircuit. There-
fore, expressionslike*Z =R+ X” can be misleading, becausethey
suggest simpleaddition. Asaresult, impedanceisoften expressed
“Z=Rz X/

In pure mathematics, “i” indicates an imaginary number. Be-
cause i represents current in electronics, we use the letter “j” for
the same mathematical operator, although thereis nothing imagi-
nary about what it representsin electronics. With respect to resis-
tance and reactance, the letter j is normally assigned to those fig-
ures on the vertical scale, 90° out of phase with the horizontal
scale. Theactual functionof j istoindicatethat cal culatingimped-
ance from resistance and reactance requires vector addition. In

O
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Fig 6.55 — Series and parallel
circuits containing resistance
and reactance.
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Fig 6.56 — The conventional
method of charting impedances
on a graph, using the vertical
axis for reactance (the upward or
“plus” direction for inductive
reactance and the downward or
“minus” direction for capacitive
reactance), and using the hori-
zontal axis for resistance.

vector addition, the result of combining two values at a 90° phase difference results in a new quantity
for the combination, and also in a new combined phase angle relative to the base line.
Consider Fig 6.57, aseriescircuit consisting of an inductive reactance and aresistance. Asgiven, the
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inductive reactance is 100 Q and the resistance is 50 Q. Using
rectangular coordinates, the impedance becomes

. X =/100 Q
Z=R+jX (64)
where: £Ac 7= 112 /63.4°
Z = the impedance in ohms, R=1500
R = the resistance in ohms, and R

X = the reactance in ohms.
In the present example,

Z =50 +j100 Q

As the graph shows, the combined opposition to current (or
impedance) is represented by a line triangulating the two given
values. The graph will provide an estimate of the value. A more
exact way to calculate the resultant impedance involves the for-
mulafor right triangles, where the square of the hypotenuseequals
the sum of the squares of the two sides. Since impedance is the
hypotenuse:

Z=vyR2+X?2 (65)

In this example:

Fig 6.57 — A series circuit con-
sisting of an inductive reactance

Z= \/(509)2 +(100Q)? of 100 Q and a resistance of 50 Q.
At B, the graph plots the resis-
:\/250092 +100000Q% tance, reactance, and impedance.

=./12500Q% =112Q

The impedance that results from combining 50. Q of resistance with 100. Q of inductive reactance is
112 Q. The phase angle of the resultant is neither 0° nor +90°. Instead, it lies somewhere between the two.
Let 6 be the angle between the horizontal axis and the line representing the impedance. From trigonometry,
the tangent of the angle is the side-opposite the angle divided by the side adjacent to the angle, or

X
tanf=2
ano== (66)

where:
X = the reactance, and
R = the resistance.
Find the angle by taking the inverse tangent, or arctan:

0= arctani (67)
R
In the example shown in Fig 6.57,
0= arctan% =arctan2.0 =63.4°
50Q

Combining the resultant impedance with the angle provides the impedance in polar coordinate form:
Z06 (68)
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Using the information just calculated, the impedance is:

c
Z=112Q[163.4°
Xc = —8.030

TheexpressionsR = jX and Z[B both provide the same infor-
mation, but in two different forms. The procedure just given per- Fac Z=1200 /4207
mits conversion from rectangular coordinates into polar coordi- T
nates. Thereverse procedureisalso important. Fig 6.58 shows an
impedance composed of a capacitive reactance and a resistance.
Since capacitivereactance appearsasanegativevalue, theimped- "
ance will be at a negative phase angle, in this case, 12.0 Q at a XL
phase angle of —42.0° or 2=12.0Q 0-42.0° . ‘

Think of theimpedance asforming atriangle with the values of

R =892 0Q

X and R from the rectangular coordinates. The reactance axis 6= 42.0° :
forms the side opposite the angle 6. N |
2 I

= sideopposite _ X "oy |
hypotenuse ~ Z (69) |

Solving this equation for reactance, we have: I

X = Z x sin 6 (ohms) (70) e ® |

Likewise, the resistance forms the side adjacent to the angle.

Fig 6.58 — A series circuit con-
— sisting of a capacitive reactance
hypotenuse ~ Z and a resistance: the impedance

Solving for resistance, we have: is given as 12.0Q042.0°. At B,
the graph plots the resistance,

R = Z x cos 8 (ohms) (71) reactance, and impedance.

Then from our example:

sideadjacent R
0sf=————=

X =12.0 Q x sin (=42.0°) = 12.0 Q x —0.669 = -8.03 Q

R=12.0Q x cos(—42.0°) =12.0Q x 0.743=8.92Q

Since X is a negative value, it plots on the lower vertical axis, as shown in Fig 6.58, indicating
capacitive reactance. In rectangular form, Z = 8.92 Q —j8.03 Q.

In performing impedance and related cal culations with complex circuits, rectangular coordinates are
most useful when formulas require the addition or subtraction of values. Polar notation is most useful
for multiplying and dividing complex numbers. The Mathematics for Amateur Radio chapter has
information about performing addition, subtraction, multiplication and division with complex numbers.

All of the examples shown so far in this section have presumed val ues of reactance that contribute to
thecircuitimpedance. Reactanceisafunction of frequency, however, and many impedance cal cul ations
may beginwith avalueof capacitance or inductance and an operating frequency. Intermsof theseval ues,
the series impedance formula (Eq 65) becomes two formulas:

Z=R?+(2nfL)? (72)

. 1
R nfcg (73)
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Example: What is the impedance of acircuit like Fig 6.57 with aresistance of 100 Q and a 7.00-pH
inductor operating at a frequency of 7.00 MHz? Using equation 72,

Z=\R%+(2mf L)?

= \/(1009)2 +(2 1% 7.00x107% H x 7.00x10° HZ)?

Z= \/10,00092 +(308Q)°

= \/10,000 Q2 +94,90002

= \/10490092 =3239Q

Since 308 Q is the value of inductive reactance of the 7.00-uH coil at 7.00 MHz, the phase angle
calculation proceeds as given in the earlier example (equation 67):

08Q
0= arctanB>£ B= arctan%
RO 00Q E

= arctan(3.08) =720°
Since the reactance is inductive, the phase angle is positive.

CALCULATING Z FROM R AND X IN PARALLEL CIRCUITS

Inaparallel circuit containing reactance and resistance, such as shownin Fig 6.59, calculation of the
resultant impedance from the values of R and X does not proceed by direct triangulation. The general
formulafor such parallel circuitsis:

RX

[R2+x2 (74)

where the formula uses the absol ute (unsigned) reactance value. The phase angle for the parallel circuit
is given by:

0= arctan%Rg (75)

If theparallel reactanceiscapacitive, then 8 isanegativeangle, .
andif theparallel reactanceisinductive, then8isapositiveangle.
R=4000 L

/=

Example: An inductor with areactance of 30.0 Q isin parallel ~
with as resistor of 40.0 Q. What is the resulting impedance and Eac

R 3 X| =30.00
phase angle? ~
S-_RX__  3000x40.0Q
VRZ+Xx2  |/(300Q)%+(40.0Q)? ;- 240 fsare
1200Q? _ 120002

= > 7 > Fig 6.59 — A parallel circuit
\/9OOQ +1600Q \/ZSOOQ containing an inductive reactance
of 30.0 Q and a resistor of 40.0 Q.

2
= 1200Q No graph is given, since parallel
50.0Q impedances do not triangulate in
Z=2400 the simple way of series imped-

ances.
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0= arctan%R B: arctan 000
0 0.0Q
=arctan(1.33) =53.1°
Since the parallel reactance isinductive, the resultant angle is positive.
Example: A capacitor with areactance of 16.0 Q isin parallel with aresistor of 12.0 Q. What isthe
resulting impedance and phase angle?
_ RX _ 16.00Qx12.0Q
VRZ+x2  /(1600Q)%+(1200)2
_ 19202 _ 19207
V25607 +144Q2 /40002
2
7= 192Q
20.0Q

0= arctan%?':e B= arctan 1200
O 16.0Q
6 = arctan(0.750) = -36.9°
Because the parallel reactance is capacitive, the resultant phase angle is negative.

Z

=9.60Q

ADMITTANCE

Just as the inverse of resistance is conductance (G) and the inverse of reactance is susceptance (B),
so too impedance has an inverse: admittance (), measured in siemens (S). Thus,

Y :% (76)

Since resistance, reactance and impedance are inversely proportional to the current (Z = E/ I),
conductance, susceptance and admittance are directly proportional to current. That is,

_|
Y= (77)

One handy use for admittance is in simplifying parallel circuit impedance calculations. A parallel
combination of reactance and resistance reduces to a vector addition of susceptance and conductance,
if admittance is the desired outcome. In other words, for parallel circuits:

Y =VG2+B2 (78)

where:

Y = admittance,

G = conductanceor 1/ R, and

B = susceptance or 1/ X.

Example: An inductor with areactance of 30.0 Q isin parallel with aresistor of 40.0 Q. What isthe
resulting impedance and phase angle? The susceptanceis 1/ 30.0 Q = 0.0333 S and the conductanceis
1/40.0 Q =0.0250 S.
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Y= \/ (0.03339)2 +(0.02505)2
=,/0.00173S? =0.0417S

Z="=—~—__=240Q
Y  00417S

The phase angle in terms of conductance and susceptanceis:

_ B
0= arctan%s @ (79)

In this example,

0 =arctan 03335 arctan(1.33) =53.1°
.0250S

Again, since the reactive component is inductive, the phase angle is positive. For a capacitively
reactiveparallel circuit, the phase angle would have been negative. Comparetheseresultswith thedirect
calculation earlier in the section.

Conversion from resistance, reactance and impedance to conductance, suscep-tance and admittance
is perhaps most useful in complex-parallel-circuit calculations. Many advanced facets of active-circuit
analysis will demand familiarity both with the concepts and with the calculation strategies introduced
here, however.

More than Two Elements in Series or Parallel

When acircuit contains several resistances or several reactancesin series, simplify the circuit before
attempting to calculate the impedance. Resistances in series add, just as in a purely resistive circuit.
Seriesreactances of the samekind —that is, all capacitiveor all inductive— also add, just asin apurely
reactive circuit. The goal is to produce a single value of resistance and a single value of reactance for
the impedance calculation.

Fig6.60illustratesamoredifficult caseinwhichacircuit containstwo different reactiveelementsin series,
along with afurther seriesresistance. The series combination of X¢c and X reduceto asinglevalue using the
samerules of combination discussed inthe section on purely reactive
components. As Fig 6.60B demonstrates, the resultant reactance is
the difference between the two series reactances.

For parallel circuits with multiple resistances or multiple reac-
tances of the same type, use the rules of parallel combination to = X1-Xe)
reduce the resistive and reactive components to single elements. o ©
Where two or more reactive components of different types appear
in the same circuit, they can be combined using formulas shown
earlier for pure reactances. As Fig 6.61 suggests, however, they
can also be combined as susceptances. Parallel susceptances of
different types add, with attention to their differing signs. The
resulting single susceptance can then be combined with the con-
ductanceto arrive at the overall circuit admittance. Theinverseof ~ Fig 6.60 — A series impedance

the admittance is the final circuit impedance. containing mixed capacitive and
inductive reactances can be

Equivalent Series and Parallel Circuits reduced 1o a single reactance
plus resistance by combining the
The two circuits shown in Fig 6.55 are equivalent if the reactances algebraically.
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same current flowswhen agiven voltage of the samefrequency
isapplied, and if the phase angle between voltage and current
is the same in both cases. It is possible, in fact, to transform
any given seriescircuit into an equivalent parallel circuit, and
vice versa.

A seriesRX circuit can be convertedintoitsparallel equivalent
by means of the formulas:

_RS XS
R = hy (80)

‘- RZ + X2
P Xg (81)

where the subscripts P and S represent the parallel- and series-
equivalent values, respectively. If the parallel values are known,
the equivalent series circuit can be found from:

2
Re=—2P 82
g=— 1P
Re2 + X2 (82)
and
2
Xe = Rp°Xp
Rp2 + X p2 (83)

Example: Let the series circuit in Fig 6.55 have a series reac-
tance of —50.0 Q (indicating a capacitive reactance) and aresis-
tance of 50.0 Q. What are the values of the equivalent parallel
circuit?

_REHXS  (500Q)2 +(-50.0Q)°

Rp
Rs 500Q
2 2 2
_ 250002 +25000% _ 500007 _ .
5000 500Q
. _R&+Xs" _ (5000)%+(-50.0 Q)
" Xs ~5000
2 2 2
_ 2500Q%+2500Q% _ 500007 _
~500Q ~5000Q

Soe

EAC (Bc-BL) §G

®

Fig 6.61 — A parallel impedance
containing mixed capacitive and
inductive reactances can be
reduced to a single reactance
plus resistance using formulas
shown earlier in the chapter. By
converting reactances to
susceptances, as shown in A,
you can combine the
susceptances algebraically into a
single susceptance, as shown in
B.

The parallel circuitin Fig 6.55 calls for a capacitive reactance of 100 Q and aresistance of 100 Q to

be equivalent to the series circuit.

OHM’'S LAW FOR IMPEDANCE

Ohm’sLaw appliesto circuits containing impedance just asreadily asto circuits having resistance or

reactance only. The formulas are:

E=I1Z

=E
z
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Z =TE (86) I=2A
\ L
where: , K
E = voltage in volts, XL =100.Q ) Ey_ =200V
| = current in amperes, and S 7= s sare VAR T 00w
Z = impedance in ohms. Eace VA = 00 W
Fig 6.62 shows a simple circuit consisting of a resistance of o)
75.0 Q and areactance of 100 Q. in series. From the series-imped- R=7500g R oW
ance formula previously given, the impedanceis ' .
z :\/R2 +X, 2 = \/(75.09)2 +(100Q)?
5 5 5 Fig 6.62 — A series circuit consist-
:\/56309 +10000Q :\/156009 ing of an inductive reactance of
-1250 100 Q and a resistance of 75.0 Q.
Also shown is the applied voltage,
If the applied voltage is 250 V, then voltage drops across the circuit
elements, and the current.
_E_20V _, A
Z 125Q

This current flows through both the resistance and reactance, so the voltage drops are:
ER=IR=200A x75.0Q =150V

Ex. =1 XL =2.00A x 100 Q =200V

The simplearithmetical sum of thesetwo drops, 350V, isgreater than the applied voltage because the
two voltages are 90° out of phase. Their actual resultant, when phase is taken into account, is:

E= \/ (150V)? +(200V)?

= \/ 22500V 2 +40000V? = J62500v2
=250V

POWER FACTOR

Inthecircuit of Fig 6.62, an applied voltage of 250V resultsin acurrent of 2.00 A, giving an apparent
power of 250V x 2.00 A =500 W. Only the resistance actually consumes power, however. The power
in the resistanceis:
P=12R=(200A)?2x 75.0V =300 W

The ratio of the consumed power to the apparent power is called the power factor of the circuit.

PF = Peonsumed — E

Ppparent Z (87)

Inthisexamplethe power factor would be 300 W /500 W = 0.600. Power factor isfrequently expressed
as a percentage; in this case, 60%. An equivalent definition of power factor is:

PF =cos 6
Where 0 is the phase angle. Since the phase angle equals:
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100Q
0 =arctan arctan
e ot

=arctan(1.33) =53.1°
Then the power factor is:

PF = cos 53.1° = 0.600

as the earlier calculation confirms.

Real, or dissipated, power is measured in watts. Apparent power, to distinguish it from real power,
ismeasured in volt-amperes (VA). It issimply the product of the voltage across and the current through
an overall impedance. It has no direct relationship to the power actually dissipated unless the power
factor of the circuit isknown. The power factor of apurely resistivecircuitis100% or 1, whilethe power
factor of a pure reactance is zero. In this illustration, the reactive power is:

VAR =12 X =(2.00 A)?2 x 100 W = 400 VA

Since power factor is awaysrendered as a positive number, the value must be followed by the words
“leading” or “lagging” to identify the phase of the voltage with respect to the current. Specifying the
numerical power factor is not always sufficient. For example, many dc-to-ac power inverters can safely
operate loads having alarge net reactance of one sign but only a small reactance of the opposite sign.
Hence, the final calculation of the power factor in this example yields the value 0.600, leading.
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Resonant Circuits

A circuit containing both an inductor and a capacitor — and therefore, both inductive and capacitive
reactance — is often called a tuned circuit. There is a particular frequency at which the inductive and
capacitive reactances are the same, that is, X = X¢. For most purposes, thisis the resonant frequency
of the circuit. (Special considerations apply to parallel circuits; they will emerge in the section devoted
to such circuits.) At the resonant frequency — or at resonance, for short:

1
2nfC

By solvingfor f, wecanfind theresonant frequency of any combination of inductor and capacitor from
the formula:

XL:2T[fL=XC=

f=

1
2 T[‘/E (88)

where:

f = frequency in hertz (Hz),

L = inductance in henrys (H),

C = capacitance in farads (F), and

= 3.1416.

For most high-frequency (HF) radiowork, smaller unitsof inductance and capacitanceand larger units
of frequency are more convenient. The basic formula becomes:

10°

2 T[‘/E (89)

where:

f = frequency in megahertz (MHz),

L = inductance in microhenrys (uH),

C = capacitance in picofarads (pF), and

= 3.1416.

Example: What isthe resonant frequency of acircuit containing an inductor of 5.0 uH and a capacitor
of 35 pF?

f=

. 100 10°
2m/LC  6.2832x4/5.0x35
3

=10 omHz
83

To find the matching component (inductor or capacitor) when the frequency and one component is
known (capacitor or inductor) for general HF work, use the formula:
2=_1
4r2LC (90)

where F, L and C are in basic units. For HF work in terms of MHz, yH and pF, the basic relationship
rearranges to these handy formulas:

_ 25330

L
f2C

(91)
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25330
f2L

C
(92)

where:

f = frequency in MHz,

L = inductancein pH, and

C = capacitance in pF.

Example: What value of capacitanceisneeded to create aresonant circuit at 21.1 MHz, if theinductor
is2.00 pH?

25330 25330
C= =
f2L  (21.1%2x2.00)
=280 _85pF
890.

For most radio work, these formulaswill permit cal culations of frequency and component valueswell
within the limits of component tolerances. Resonant circuits have other properties of importance, in
addition to theresonant frequency, however. Theseinclude impedance, voltage drop across components
in series-resonant circuits, circulating current in parallel-resonant circuits, and bandwidth. These prop-
erties determine such factors as the selectivity of atuned circuit and the component ratings for circuits
handling considerable power. Although the basi c determination of the tuned-circuit resonant frequency
ignored any resistance in the circuit, that resistance will play a vital role in the circuit’s other charac-
teristics.

SERIES-RESONANT CIRCUITS

Fig 6.63 presents a basic schematic diagram of a series-reso-
nant circuit. Although most schematic diagrams of radio circuits
would show only the inductor and the capacitor, resistanceis al-
ways present in such circuits. The most notabl e resistanceis asso-
ciated with losses in the inductor at HF; resistive losses in the
capacitor are low enough at those frequencies to be ignored. The Eac
current meter shown in the circuit is a reminder that in series
circuits, the same current flows through all elements.

Atresonance, thereactance of the capacitor cancel sthereactance
of the inductor. The voltage and current are in phase with each
other, and the impedance of the circuit is determined solely by the
resistance. The actual current through the circuit at resonance, and

Fig 6.63 — A series circuit con-
taining L, C, and R is resonant at

for frequencies near resonance, is determined by the formula:
E E

the applied frequency when the
reactance of C is equal to the
reactance of L. The I in the circle
is the schematic symbol for an

ammeter.

|=—=
‘/R2+§nfL—lE]F (93)
o (enfc)

z
21t C)O

where all values are in basic units.

At resonance, the reactive factor in the formulais zero. As the frequency is shifted above or below
theresonant frequency without altering component val ues, however, thereactivefactor becomessignifi-
cant, and the value of the current becomes smaller than at resonance. At frequenciesfar from resonance,
the reactive components become dominant, and the resistance no longer significantly affectsthe current
amplitude.
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The exact curve created by recording the current as the frequency changes depends on the ratio of
reactance to resistance. When the reactance of either the coil or capacitor is of the same order of
magnitude as the resistance, the current decreases rather slowly as the frequency is moved in either
direction away from resonance. Such a curve is said to be broad. Conversely, when the reactance is
considerably larger than the resistance, the current decreases rapidly asthe frequency movesaway from
resonance, and the circuit is said to be sharp. A sharp circuit will respond a great deal more readily to
the resonant frequency than to frequencies quite close to resonance; a broad circuit will respond al most
equally well to a group or band of frequencies centered around the resonant frequency.

Both types of resonance curves are useful. A sharp circuit gives good selectivity — the ability to
respond strongly (in terms of current amplitude) at one desired frequency and to discriminate against
others. A broad circuit is used when the apparatus must give about the same response over a band of
frequencies, rather than at a single frequency alone.

Fig 6.64 presents afamily of curves, showing the decrease in current as the frequency deviates from
resonance. In each case, the reactance is assumed to be 1000 Q. The maximum current, shown as a
relative value on the graph, occurs with the lowest resistance, while the lowest peak current occurswith
thehighest resistance. Equally important, therate at which the current decreasesfromitsmaximumvalue
also changes with the ratio of reactance to resistance. It decreases most rapidly when theratio is high
and most slowly when the ratio is low.

Q

As noted in earlier sections of this chapter, the ratio of reactance or stored energy to resistance or
consumed energy isQ. Sincebothtermsof theratio are measured in ohms, Q hasno unitsandisvariously
known asthe quality factor, the figure of merit or the multiplying factor. Since theresistivelosses of the
coil dominate the energy consumption in HF series-resonant cir-
cuits, the inductor Q largely determines the resonant-circuit Q.

Sincethisvalue of Q isindependent of any external load to which o
the circuit might transfer power, it iscalled the unloaded Q or Qu ﬂ
of the circuit. 08
|R=10
. . . . «— [ Q=100
Example: What is the unloaded Q of a series-resonant circuit 06
with alossresistance of 5 Q and inductive and capacitive compo- R=20

nents having areactance of 500 Q each? With areactance of 50 Q

Relative Current
o
|
w
s}

eoch? ) e / o
X1 500Q 0.2
Qui= R _s0 100 ] -
0.0
Q=g =g =10 T e
Bandwidth

Fig 6.64 — Current in series-
Fig 6.65 is an alternative way of drawing the family of curves reslona”tf circuits W',tht Va“ousd o
. . . values OT1 series resistance an .
that re_late current to frequency for aserles-r_esonant circuit. BY 11 current values are relative to
assuming that the peak current of each curveisthe same, theraté  an arbitrary maximum of 1.0. The
of change of current for various values of Qu and the associated  reactance for all curves is 1000 Q.
ratios of reactance to resistance are more easily compared. From ~ Note that the current is hardly
thecurves, itisevident that thelower Qy circuits passfrequencies affected by the resistance in the
' ) <U P ) eq . circuit at frequencies more than
over a greater bandwidth of frequencies than the circuitswitha  10% away from the resonant

higher Qu. For the purpose of comparing tuned circuits, band-  frequency.
AC Theory and Reactive Components  6.65



width is often defined as the frequency spread between the two
frequencies at which the current amplitude decreasesto 0.707 (or
1/+2 ) times the maximum value. Since the power consumed by
the resistance, R, is proportional to the square of the current, the
power at these pointsis half the maximum power at resonance,
assuming that R is constant for the calculations. The half-power,
or —3 dB, points are marked on Fig 6.65.

For Q values of 10 or greater, the curves shown in Fig 6.65 are
approximately symmetrical. On thisassumption, bandwidth (BW)
can be easily calculated:

o
BW= % (94)

where BW and f arein the same units, that is, in Hz, kHz or MHz.
Example: What is the bandwidth of a series-resonant circuit
operating at 14 MHz with a Qu of 100?

The relationship between Qu, f and BW provides a means of
determining the value of circuit Q when inductor losses may be
difficult to measure. By constructing the series-resonant circuit
and measuring the current as the frequency varies above and be-

Bandwidth for Q=10

0.8

o
o

o
IS

Relative Current

0.2

0.0

Percent Deviation From
Resonant Frequency

Fig 6.65 — Current in series-
resonant circuits having different
values of Qu. The current at
resonance is set at the same level
for all curves in order to show
the rate of change of decrease in
current for each value of Qu. The
half-power points are shown to
indicate relative bandwidth of the
response for each curve. The

bandwidth is indicated for a

low resonance, the half-power points can be determined. Then:
circuit with a Qu of 10.

_ f
QU=Ew (95)

Example: What isthe Q of aseries-resonant circuit operating at 3.75 MHz, if the bandwidth is 375 kHz?

_f _ 375MHz
BW 0.375MHz

Table 6.6 provides some simple formulas for estimating the maximum current and phase angle for
various bandwidths, if both f and Qy are known.

Qu

Table 6.6
The Selectivity of Resonant Circuits
Bandwidth (between

half-power or -3 dB
points on response curve)

Approximate percentage
of current at resonancel or
of impedance at resonance?

Series circuit current
phase angle (degrees)

95 f/3Q 18.5
90 f/2Q 26.5
70.7 f/Q 45
44.7 2/ Q 63.5
24.2 41 Q 76
12.4 8t/ Q 83

1For a series resonant circuit
2For a parallel resonant circuit
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Voltage Drop Across Components

The voltage drop across the coil and across the capacitor in a series-resonant circuit are each propor-
tional to the reactance of the component for agiven current (since E =1 X). These voltages may be many
times the source voltage for a high-Q circuit. In fact, at resonance, the voltage drop is:

Ex=QuE (96)
where:

Ex = the voltage across the reactive component,

Qu = thecircuit unloaded Q, and

E = the source voltage.

(Notethat the voltage drop acrosstheinductor isthe vector sum of the voltages acrosstheresistance and
the reactance; however, for Qs greater than 10, the error created by using equation 96 is not ordinarily
significant.) Sincethecalculated value of Ex isthe RM Svoltage, the peak voltagewill behigher by afactor
of 1.414. Antenna couplers and other high-Q circuits handling significant power may experience arcing
from high values of Ex, even though the source voltage to the circuit is well within component ratings.

Capacitor Losses

Although capacitor energy losses tend to be insignificant compared to inductor losses up to about
30 MHz, the losses may affect circuit Q in the VHF range. L eakage resistance, principally in the solid
dielectric that formstheinsulating support for the capacitor plates, isnot exactly likethewireresistance
lossesin acoil. Instead of forming a series resistance, capacitor leakage usually forms a parallel resis-
tancewith the capacitivereactance. If theleakageresistance of acapacitor issignificant enough to affect
the Q of a series-resonant circuit, the parallel resistance must be converted to an equivalent series
resistance before adding it to the inductor’ s resistance.

— X02 — 1
Rg= Ry RPX(ZTrfC)Z (97)

Example: A 10.0 pF capacitor hasaleakageresistance of 10000 Q at 50.0 MHz. What isthe equivalent

series resistance?
1

Rp % (2mf C)?

Rg=

_ 1
1.00%x10*x (6.283>< 50.0x10°%10.0 ><1o—12)2

_ 1
1.00x10% x9.87x107°
1
0.0987

I'n calculating theimpedance, current and bandwidth for a series-resonant circuit inwhich this capaci-
tor might be used, the series-equivalent resistance of the unit is added to the loss resistance of the coil.
Sinceinductor losses tend to increase with frequency because of skin effect, the combined lossesin the
capacitor and the inductor can seriously reduce circuit Q, without special component- and circuit-
construction techniques.

Rs

=10.1Q

PARALLEL-RESONANT CIRCUITS
Although series-resonant circuits are common, the vast magjority of resonant circuits used in radio
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AN
\
AN
\
\
Ic \ I = Total Circuit Current
Eac
Current Through \
o Capacitor \
AN
(B) It Minimum (X1 = Maximum)
(A) IT When X| = X¢
Fig 6.66 — A typical parallel- (C) I When Power Factor = 1
resonant circuit, with the oL
resistance shown in series with Phase Angle of

. . . . Current Through
the inductive leg of the circuit. nductor

Below a Qu of 10, resonance
definitions may lead to three
separate frequencies which
converge at higher Qu levels.
See text.

I

Current Through
Inductor

E = Voltage Across Circuit
in Fig 6.66

x

L
R

|
I
I
I
I
I
I
I
I
I
I

Q

= Constant

S 2

work are parallel-resonant cir-

cuits. Fig 6.66 represents a typi-
cal HF parallel-resonant circuit. Fig 6.67 — Resonant conditions for a low-Qu parallel circuit.
Asisthe case for series-resonant Resonance may be defined as (A) XL = X¢, (B) minimum current
T ) ; ; flow and maximum impedance or (C) voltage and current in phase
circuits, the inductor isthe chief  \ith each other. With the circuit of Fig 6.66 and a Qu of less than
source of resistive losses, and 10, these three definitions may represent three distinct frequen-

these losses appear in serieswith ~ Cies-

the coil. Because current through

parallel-resonant circuitsis low-

est at resonance, and impedance is highest, they are sometimes called antiresonant circuits. Likewise,
the names acceptor and rejector are occasionally applied to series- and parallel-resonant circuits,
respectively.

Because the conditions in the two legs of the parallel circuit in Fig 6.66 are not the same — the
resistanceisin only one of the legs— all of the conditions by which series resonance is determined do
not occur simultaneously in a parallel-resonant circuit. Fig 6.67 graphically illustrates the situation by
showing the currents through the two components. When the inductive and capacitive reactances are
identical, the condition defined for series resonance is met as shown in line (A). The impedance of the
inductiveleg is composed of both X and R, which yields an impedance that is greater than X ¢ and that
is not 180° out of phase with X¢. The resultant current is greater than its minimum possible value and
not in phase with the voltage.

By altering the value of the inductor slightly (and holding the Q constant), a new frequency can be
obtai ned at which the current reachesits minimum. When parallel circuitsaretuned using acurrent meter
asanindicator, thispoint (B) isordinarily used asan indication of resonance. Thecurrent “dip” indicates
acondition of maximum impedance and is sometimes called the antiresonant point or maxi mum imped-
ance resonance to distinguish it from the condition where X¢ = X.. Maximum impedance is achieved
by vector addition of X¢, X| and R, however, and the result isacurrent somewhat out of phase with the
voltage.

Point (C) on the curve represents the unity-power-factor resonant point. Adjusting theinductor value
and hence its reactance (while holding Q constant) produces a new resonant frequency at which the
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resultant current isin phasewith thevoltage. Theinductor’ snew value of reactanceisthe valuerequired
for aparallel-equivalent inductor and its parall el -equivalent resistor (cal culated according to the formu-
las in the last section) to just cancel the capacitive reactance. The value of the parallel-equivalent
inductor is always smaller than the actual inductor in series with the resistor and has a proportionally
smaller reactance. (The parallel-equivalent resistor, conversely, will always be larger than the coil-l1oss
resistor shown in serieswith the inductor.) Theresult isaresonant frequency slightly different from the
one for minimum current and the one for X = Xc.

The points shown in the graph in Fig 6.67 represent only one of many possible situations, and the
relative positionsof thethreeresonant pointsdo not holdfor all possiblecases. Moreover, specificcircuit
designs can draw some of the resonant points together, for example, compensating for the resistance of
the coil by retuning the capacitor. The differences among these resonances are significant for circuit Qs
below 10, where the inductor’ s seriesresistance is asignificant percentage of the reactance. AboveaQ
of 10, the three points converge to within a percent of the frequency and can be ignored for practical
calculations. Tuning for minimum current will not introduce a sufficiently large phase angle between
voltage and current to create circuit difficulties.

Parallel Circuits of Moderate to High Q

The resonant frequencies defined above converge in parallel-resonant circuits with Qs higher than
about 10. Therefore, a single set of formulas will sufficiently approximate circuit performance for
accurate predictions. Indeed, aboveaQ of 10, the performance of aparallel circuit appearsin many ways
to be simply the inverse of the performance of a series-resonant circuit using the same components.

Accurate analysis of a parallel-resonant circuit requires the substitution of a parallel-equivalent
resistor for the actual in-ductor-loss series resistor, as shown in

Fig 6.68. Sometimescalled the dynamic resistance of theparallel- )
resonant circuit, theparallel-equivalent resistor valuewill increase
with circuit Q, that is, asthe series resistance val ue decreases. To —
calculate the approximate parallel-equivalent resistance, use the .
formula
C T~ L —=<¢C Rp
X.?  (enfL)?
R, = = = X R
P Rs Rs Qu XL (98) s
Example: What is the parallel-equivalent resistance for a coil - —
with an inductive reactance of 350 Q and a series resistance of (A ®)
5.0 Q at resonance?
X 2 2 Fig 6.68 — Series and parallel
Rp = L = (BSOQ) equivalents when both circuits
Rs 5.0Q are resonant. The series resis-
2 tance, Rsin A, is replaced by the
— 122,500Q =24500Q parallel resistance, Rp in B, and
500 ' vice versa. Rp = X 2/ Rs.

Since the coil Qu remains the inductor’ s reactance divided by
its series resistance, the coil Qu is 70. Multiplying Qu by the
reactance also provides the approximate parallel-equivalent resistance of the coil series resistance.
At resonance, where X = X¢, Rp defines the impedance of the parallel-resonant circuit. The reac-
tances just equal each other, leaving the voltage and current in phase with each other. In other words,
the circuit shows only the parallel resistance. Therefore, equation 98 can be rewritten as:
7= X|_2 _ (2T[f L)2
RS RS

=Qu X, (99)
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In this example, the circuit
impedance at resonance is
24,500 Q.

At frequencies below reso-
nance the current through the
inductor is larger than that
through the capacitor, because
the reactance of the coil is

Resonance

I
I
I
I
I
I
I
| Ng
I
I
I
I
I
I
I

smaller and that of the capaci- < ~5

tor is larger than at resonance. 0&0 o

Thereis only partial cancella- N,

tion of the two reactive cur- !

rents, and the line current g It Lagging I Leading
(8]

thereforeislarger than the cur-
rent taken by the resistance
alone. At frequencies above
resonance the situation is re-
versed and more current flows
through the capacitor than

through theinductor, sotheline Resonance Frequeney ==
current again increases. The

current at resonance, being de- Fig 6.69 — The currents in a parallel-resonant circuit as the fre-
termined wholly by Rp, will be guency moves through resonance. Below resonance, the current
. . . lags the voltage; above resonance the current leads the voltage.
Sm_aII if RPISI.arge’ and largeif The base line represents the current level at resonance, which
Rpissmall. Fig6.69illustrates  depends on the impedance of the circuit at that frequency.

the relative current flows
through aparallel-tuned circuit
as the frequency is moved from below resonance to above resonance. The base line represents the
minimum current level for the particular circuit. The actual current at any frequency off resonance is
simply the vector sum of the currentsthrough the parallel equivalent resistance and through the reactive
components.

To obtain the impedance of a parallel-tuned circuit either at or off the resonant frequency, apply the
genera formula:

L//'rent .
n
/ndUcfol_ IL (L
99gin
9)

Zc~Z

z="S (100)
Zg

where;

Z = overall circuit impedance

Zc = impedance of the capacitive leg (usually, the reactance of the capacitor),

Z = impedance of the inductive leg (the vector sum of the coil’ s reactance and resistance), and

Zs = series impedance of the capacitor-inductor combination as derived from the denominator of

equation 93.

After using vector calculations to obtain Z, and Zs, converting all the values to polar form — as
described earlier in this chapter — will ease the final calculation. Of course, each impedance may be
derived from the resistance and the application of the basic reactance formulas on the values of the
inductor and capacitor at the frequency of interest.

Since the current rises off resonance, the parallel-resonant-circuit impedance must fall. It also be-
comes complex, resulting in an ever greater phase difference between the voltage and the current. The
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rate at which the impedance fallsis afunction of Qu. Fig 6.70 presents afamily of curves showing the
impedance drop from resonance for circuit Qs ranging from 10 to 100. The curve family for parallel-
circuit impedance is essentially the same as the curve family for series-circuit current.

Aswith seriestuned circuits, the higher the Q of aparallel-tuned circuit, the sharper the response peak.
Likewise, the lower the Q, the wider the band of frequencies to which the circuit responds. Using the

1.0 ﬂ
/-Q=100
0.8

o
o

Q=50

Relative Impedance

I
~———
L

Q=20
0.2
0.0
=20 -10 0 +10 +20

Percent Deviation From
Resonant Frequency

Fig 6.70 — Relative impedance
of parallel-resonant circuits with
different values of Qu. The
curves are similar to the series-
resonant circuit current level
curves of Fig 6.64. The effect of
Qu on impedance is most pro-
nounced within 10% of the
resonance frequency.

(A) Series Circuit

Signal Path

(B) Parallel
Circuit

Fig 6.71 — Series- and parallel-
resonant circuits configured to
perform the same theoretical
task: passing signals in a
narrow band of frequencies
along the signal path. A real
design example would consider
many other factors.

half-power (-3 dB) points as a comparative measure of circuit per-
formance, equations 94 and 95 apply equally to parallel-tuned cir-
cuits. That is, BW =f / Qu and Qu = f / BW, where the resonant
frequency and the bandwidth are in the same units. As a handy re-
minder, Table 6.7 summarizesthe performance of parallel-resonant
circuitsat high and low Qs and above and bel ow resonant frequency.

Itispossibletouseeither seriesor parallel-resonant circuitsdothe
same work in many circuits, thus giving the designer considerable
flexibility. Fig 6.71 illustrates this general principle by showing a
series-resonant circuit in the signal path and a parallel-resonant cir-
cuit shunted fromthesignal path to ground. Assumeboth circuitsare
resonant at the same frequency, f, and have the same Q. The series
tuned circuit at A hasitslowest impedance at f, permitting the maxi-
mum possible current to flow along the signal path. At all other
frequencies, the impedance is greater and the current at those fre-
guencies is less. The circuit passes the desired signal and tends to
impede signals at undesired frequencies. The parallel circuit at B
provides the highest impedance at resonance, f, making the signal
path the lowest impedance path for the signal. At frequencies off

Table 6.7
The Performance of Parallel-Resonant Circuits

A. High and Low Q Circuits (in relative terms)

Characteristic High Q Circuit Low Q Circuit
Selectivity high low
Bandwidth narrow wide
Impedance high low

Line current low high
Circulating current  high low

B. Off-Resonance Performance for Constant Values of Inductance
and Capacitance

Characteristic Above Resonance Below Resonance

Inductive reactance increases decreases
Capacitive reactance  decreases increases
Circuit resistance unchanged* unchanged*
Circuit impedance decreases decreases
Line current increases increases
Circulating current decreases decreases
Circuit behavior capacitive inductive

*This is true for frequencies near resonance. At distant frequencies,
skin effect may alter the resistive losses of the inductor.
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resonance, the parallel-resonant circuit presents a lower imped-
ance, thus presenting signalswith apath to ground and away from
the signal path. In theory, the effects will be the same relative to
asignal current on the signal path. In actual circuit design exer-
cises, of course, many other variableswill enter the design picture
to make one circuit preferable to the other.

Circulating Current

Inaparallel-resonant circuit, the source voltage isthe samefor
all the circuit elements. The current in each element, however, is
afunction of the element’ sreactance. Fig 6.72 redrawsthe paral -
lel-tuned circuit to indicate the line current and the current circu-
lating between the coil and the capacitor. The current drawn from
the source may be low, because the overall circuit impedanceis
high. The current through the individual elements may be high,
however, because thereislittleresistive loss asthe current circu-
lates through the inductor and capacitor. For parallel-resonant
circuits with an unloaded Q of 10 or greater, thiscirculating cur-
rent is approximately:

lc=Qulr (101)

where:
Ic = circulating current in A, mA or A,
Qu = unloaded circuit Q, and
It = line current in the same units as I c.

Line Current

O

Circulating
Current

Fig 6.72 — A parallel-resonant
circuit redrawn to illustrate both
the line current and the circulat-
ing current.

Example: A parallel-resonant circuit permits an ac or RF line current of 30 mA and has a Q of 100.

What is the circulating current through the elements?

Ix =Qu =100 % 30mA =3000mA =3 A

Circulating currentsin high-Q parallel-tuned circuits can reach alevel that causes component heating
and power loss. Therefore, components should be rated for the anticipated circulating currents, and not

just the line current.

The Q of Loaded Circuits

In many resonant-circuit applications, the only power lost is
that dissipated intheresistance of thecircuititself. At frequencies
below 30 MHz, most of thisresistanceisinthecoil. Within limits,
increasing the number of turnsin the coil increases the reactance
faster thanit raisestheresistance, so coilsfor circuitsinwhich the
Q must be high are made with relatively large inductancesfor the
frequency.

When the circuit deliversenergy to aload (asin the case of the
resonant circuitsusedintransmitters), theenergy consumedinthe
circuit itself is usually negligible compared with that consumed
by theload. The equivalent of such acircuitisshowninFig6.73,
wheretheparallel resistor, R, representstheload to which power
isdelivered. If the power dissipated intheloadisat least 10 times
asgreat asthepower lost intheinductor and capacitor, the parallel
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Fig 6.73 — A loaded parallel-
resonant circuit, showing both
the inductor-loss resistance and
the load, RL. If smaller than the
inductor resistance, R will
control the loaded Q of the
circuit (Q).



impedance of the resonant circuit itself will be so high compared with the resistance of the load that for
all practical purposestheimpedance of the combined circuit isequal to theload impedance. Under these
conditions, the load resistance replaces the circuit impedance in calculating Q. The Q of a parallel-
resonant circuit loaded by aresistive impedance is.

RL

QL= x (102)

where:

QL = circuit loaded Q,

Ry = parallel load resistance in ohms, and

X = reactance in ohms of either the inductor or the capacitor.

Example: A resistiveload of 3000 Q isconnected across aresonant circuit in which theinductive and
capacitive reactances are each 250 Q. What is the circuit Q?

QL :i:—soooQ =12

TheeffectiveQ of acircuitloaded by aparallel resistanceincreaseswhen thereactancesare decreased.
A circuit loaded with arelatively low resistance (a few thousand ohms) must have low-reactance ele-
ments (large capacitance and small inductance) to have reasonably high Q. Many power-handling
circuits, such as the output networks of transmitters, are designed by first choosing aloaded Q for the
circuit and then determining component values. See the RF Power Amplifier s chapter for more details.

Parallel load resistors are sometimes added to parallel-resonant circuits to lower the circuit Q and
increase the circuit bandwidth. By using a high-Q circuit and adding a parallel resistor, designers can
tailor the circuit response to their needs. Since the parallel resistor consumes power, such techniques
ordinarily apply to receiver and similar low-power circuits, however.

Example: Specificationscall for aparallel-resonant circuit with abandwidth of 400. kHz at 14.0 MHz.
The circuit at hand has a Qu of 70.0 and its components have reactances of 350 Q each. What is the
parallel load resistor that will increase the bandwidth to the specified value? The bandwidth of the
existing circuit is:

f _140MHz

Qu 70.0
The desired bandwidth, 400 kHz, requires a circuit with a Q of:

BW = =0.200 MHz =200 kHz

0= f _ 140MHz ~350
BW 0.400 MHz

Since the desired Q is half the original value, halving the resonant impedance or parallel-resistance
value of the circuit isin order. The present impedance of the circuit is:
Z =Qu XL =70.0 x 350 Q = 24500 Q
The desired impedance is:

Z=Qu XL =35.0x350Q =12250 Q = 12.25 kQ

or half the present impedance.

A parallel resistor of 24500 Q, or the nearest lower value (to guarantee sufficient bandwidth), will
producetherequired reductionin Q and bandwidthincrease. Although thisexamplesimplifiesthesituation
encountered in real design cases by ignoring such factors as the shape of the band-pass curve, it illustrates
the interaction of the ingredients that determine the performance of parallel-resonant circuits.

AC Theory and Reactive Components 6.73



Impedance Transformation
Animportant application of the parallel-resonant circuitisasan

impedance matching device in the output circuit of an RF power o

amplifier. Thereis an optimum value of load resistance for each Eac ¢ b

type of tube or transistor and each set of required operating con- o)

ditions. The resistance of the load to which the active device de- RL

livers power may be considerably lower than the value required
for proper device operation, or theload impedance may be consid-
erably higher than the amplifier qutput |mpedanc§. Fig 6.74 — A parallel-resonant

Totransform the actual |oad reS|stancgtothedeS| rgd vglue, the  ¢ircuit with a tapped coil to effect
load may be tapped across part of the coil, asshownin Fig6.74.  an impedance match. Although
Thisisequivalent to connecting ahigher value of load resistance  the impedance presented by the
across the whole circuit, and issimilar in principle to impedance ~ &ntire circuit is very high, the

. . . . . impedance “seen” by the load,

transformation with an iron-core transformer (described in the R “is |ower.
next section of this chapter). In high-frequency resonant circuits,
the impedance ratio does not vary exactly asthe square of the turnsratio, because all the magnetic flux
lines do not cut every turn of the coil. A desired impedance ratio usually must be obtained by experi-
mental adjustment.

When the | oad resistance has avery low value (say below 100 Q) it may be connected in seriesin the
resonant circuit (Rsin Fig 6.68A, for example), in which caseit istransformed to an equivalent parallel
impedance as previously described. If the Q is at least 10, the equivalent parallel impedanceis.

X2
/o = —
R R, (103)
where;

ZRr = resistive parallel impedance at resonance,

X = reactance (in ohms) of either the coil or the capacitor, and

R. = load resistance inserted in series.

If the Q islower than 10, the reactance will have to be adjusted somewhat — for the reasons given
in the discussion of low-Q circuits — to obtain aresistive impedance of the desired value.

Networks like the one in Fig 6.74 have some serious disadvantages for some applications. For in-
stance, the common connection between the input and the output provides no dc isolation. Also, the
common ground is sometimes troublesome with regard to ground-loop currents. Consequently, a net-
work with only mutual magnetic coupling is often preferable. With the advent of ferrites, constructing
impedance transformers that are both broadband and permit operation well up into the VHF portion of
the spectrum has become relatively easy. The basic principles of broadband impedance transformers
appear in the following section.
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Transformers

When the ac source current flows through every turn of an inductor, the generation of a counter-
voltage and the storage of energy during each half cycle is said to be by virtue of self-inductance. If
another inductor — not connected to the source of the original current — is positioned so the expanding
and contracting magnetic field of the first inductor cuts across its turns, a current will be induced into
the second coil. A load such asaresistor may be connected acrossthe second coil to consume the energy
transferred magnetically from the first inductor. This phenomenon is called mutual inductance.

Two inductors positioned so that the magnetic field of one (the primary inductor) induces a current
in the other (the secondary inductor) are coupled. Fig 6.75 illustrates a pair of coupled inductors,
showing an ac energy source connected to one and aload connected to the other. If the coils are wound
tightly on an iron core so that nearly all the lines of force or magnetic flux from the first coil link with
the turns of the second coail, the pair is said to be tightly coupled. Coils with air cores separated by a
distance would be loosely coupled. The signal source for the primary inductor may be household ac
power lines, audio or other waveforms at lower frequencies, or RF currents. The load may be a device
needing power, aspeaker converting electrical energy into sonic energy, an antennausing RF energy for
communications or a particular circuit set up to process a signal from a preceding circuit. The uses of
magnetically coupled energy in electronics are innumerable.

Mutual inductance (M) between coilsis measured in henrys. Two coils have a mutual inductance of
1 H under thefollowing conditions: asthe primary inductor current
changesat arate of 1 A/s, thevoltage acrossthe secondary inductor
is1V. Thelevel of mutual inductance varieswith many factors: the (L
sizeand shape of theinductors, their relative positionsand distance
from each other, and the permeability of the inductor core material
and of the space between them. ?

If the self-inductancevaluesof two coilsareknown, itispossible
to derive the mutual inductance by way of a simple experiment Fig 6.75 — A basic transformer:
schematically represented in Fig 6.76. Without altering the physi- :‘(’)Vgri]”scug;%rrs —Sgﬂreczo?;‘s(:ti‘l r
cal_settlng or posmo_n of Fwo co!ls, measure the mductan_ce of the ./ - load — V\?i%/h coupléd mag-
series-connected coils with their windings complementing each petic fields.
other and again with their wind-
ingsopposing each other. Since,

EAC Ly Lo R

for the two coils, Lc=L1+ L2 . C——
+ 2M, in the complementary o e
case,andLpo=L1+L2—-2M for | '

the opposing case, "

—7 (104) @

Lc—L
M=_-C~lo

The ratio of magnetic flux set

up by the secondary coil to the :012 Le=Ly+Lg+2M

flux set up by the primary coil is Lo=hit b= 2M

ameasure of the extent towhich M=o

two coilsare coupled, compared M=kVL L (k= coefficient of coupling)

to the maximum possible cou-

pllng betw_egn them. Th'_s ratio Fig 6.76 — An experimental setup for determining mutual induc-
isthe coefficient of coupling (k) tance. Measure the inductance with the switch in each position and
and is always less than 1. If k use the formulain the text to determine the mutual inductance.
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were to equal 1, the two coils
would have the maximum pos-
sible mutual coupling. Thus: Primary

e s T S 3E

where: o (8) ©

M = mutual inductance in
henrys, Fig 6.77 — A transformer. A is a pictorial diagram. Power is trans-
L1 and L2 = individual ferred from the primary coil to the secondary by means of the

- . magnetic field. B is a schematic diagram of an iron-core trans-
coupledinductors,eachin  tormer, and C is an air-core transformer.

henrys, and

k = the coefficient of cou-

pling.

Using the experiment above, it is possible to solve equation 105 for k with reasonable accuracy.

Any two coilshaving mutual inductance compriseatransformer having aprimary winding or inductor
and a secondary winding or inductor. Fig 6.77 provides apictorial representation of atypical iron-core
transformer, along with the schematic symbols for both iron-core and air-core transformers. Conven-
tionally, the term transformer is most commonly applied to coupled inductors having a magnetic core
material, while coupled air-wound inductors are not called by that name. They are still transformers,
however.

We normally think of transformersasac devices, since mutual inductance only occurswhen magnetic
fields are expanding or contracting. A transformer connected to a dc source will exhibit mutual induc-
tance only at the instants of closing and opening the primary circuit, or on the rising and falling edges
of dc pulses, because only then does the primary winding have a changing field. The principle uses of
transformers are three: to physically isolate the primary circuit from the secondary circuit, to transform
voltages and currents from one level to another, and to transform circuit impedances from one level to
another. These functions are not mutually exclusive and have many variations.

Iron Core

J
11111

IRON-CORE TRANSFORMERS

The primary and secondary coils of atransformer may be wound on a core of magnetic material. The
permeability of the magnetic material increases theinductance of the coils so arelatively small number
of turns may be used to induce a given voltage value with a small current. A closed core having a
continuous magnetic path, such asthat shownin Fig 6.77, also tends to ensure that practically all of the
field set up by the current in the primary coil will cut the turns of
thesecondary coil. For power transformersand impedance-match-

ing transformers used in audio work, cores of iron strips are most lp = I
common and generally very efficient. ’L C

Thefollowing principles presume a coefficient of coupling (k) Eac Ep (Lng) H ;g) Es SRL
of 1, that is, a perfect transformer. The value k = 1 indicates that T

all the turns of both coilslink with all the magnetic flux lines, so
that the voltage induced per turn isthe same with both coils. This Fi0 6.78 — Th diti .

- . . . ] ig 6.78 — The conditions for
condition make_s the induced voltage_lndependent of the induc transformer action: two coils that
tance of the primary and secondary inductors. Iron-core trans-  exhibit mutual inductance, an ac
formersfor low frequencies most closely approach thisideal con-  power source, and a load. The

dition. Fig 6.78 illustrates the conditions for transformer action. ~ magnetic field set up by the
energy in the primary circuit

transfers energy to the secondary

for use by the load, resulting in a

For agivenvarying magneticfield, thevoltageinducedinacoil  secondary voltage and current.

Voltage Ratio
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within the field is proportional to the number of turnsin the coil. When the two coils of atransformer
are in the same field (which is the case when both are wound on the same closed core), it follows that
theinduced voltageswill be proportional to the number of turnsin each coil. In the primary, theinduced
voltage practically equals, and opposes, the applied voltage, as described earlier. Hence:

Es=Ep E,Z‘f% (106)

where:

Es = secondary voltage,

Ep = primary applied voltage,

Ns = number of turns on secondary, and

Np = number of turns on primary.

Example: A transformer has a primary of 400 turns and a secondary of 2800 turns, and a voltage of
120V is applied to the primary. What voltage appears across the secondary winding?

Eg=120V P800 120V x7=840V
400

(Notice that the number of turnsis taken as a known value rather than a measured quantity, so they
do not limit the significant figuresin the calculation.) Also, if 840V isapplied to the 2800-turn winding
(which then becomes the primary), the output voltage from the 400-turn winding will be 120 V.

Either winding of atransformer can be used as the primary, provided the winding has enough turns
(enough inductance) to induce a voltage equal to the applied voltage without requiring an excessive
current. The windings must also have insulation with avoltage rating sufficient for the voltage present.

Current or Ampere-Turns Ratio

The current in the primary when no current is taken from the secondary is called the magnetizing
current of thetransformer. Anideal transformer, with nointernal losses, would consume no power, since
the current through the primary inductor would be 90° out of phase with the voltage. In any properly
designed transformer, the power consumed by the transformer when the secondary is open (not deliv-
ering power) isonly the amount necessary to overcome the lossesin the iron core and in the resistance
of the wire with which the primary is wound.

When power istaken from the secondary winding by aload, the secondary current sets up amagnetic
field that opposesthe field set up by the primary current. For the induced voltagein the primary to equal
the applied voltage, the original field must be maintained. The primary must draw enough additional
current to set up afield exactly equal and opposite to the field set up by the secondary current.

In practical transformer calculations it may be assumed that the entire primary current is caused by
the secondary load. Thisisjustifiable because the magnetizing current should be very small in compari-
son with the primary load current at rated power output.

If the magnetic fields set up by the primary and secondary currentsareto be equal, the primary current
multiplied by the primary turns must equal the secondary current multiplied by the secondary turns.

'P:'SE%E (107)

where:
Ip = primary current,
Is = secondary current,
Np = number of turns on primary, and
Ns = number of turns on secondary.
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Example: Suppose the secondary of the transformer in the previous example is delivering a current
of 0.20 A to aload. What will be the primary current?

lp=0.20A % 800 020Ax7=14A
400

Althoughthe secondary voltageishigher than the primary voltage, the secondary current islower than
the primary current, and by the same ratio. The secondary current in an ideal transformer is 180° out of
phase with the primary current, since thefield in the secondary just offsetsthefield in the primary. The
phase relationship between the currentsin the windings holds true no matter what the phase difference
between the current and the voltage of the secondary. In fact, the phase difference, if any, between
voltage and current in the secondary winding will be reflected back to the primary as an identical phase
difference.

Power Ratio

A transformer cannot create power; it can only transfer it and change the voltage level. Hence, the
power taken from the secondary cannot exceed that taken by the primary from the applied voltage source.
Thereisalwayssome power lossintheresistance of the coilsandintheiron core, soin all practical cases
the power taken from the source will exceed that taken from the secondary.

Po=nP, (108)

where:

Po = power output from secondary,

P, = power input to primary, and

n = efficiency factor.

Theefficiency, n,isalwayslessthan 1. Itisusually expressed asapercentage: if nis0.65, for instance,
the efficiency is 65%.

Example: A transformer hasan efficiency of 85.0% at itsfull-load output of 150 W. What isthe power
input to the primary at full secondary load?

A transformer is usually designed to have the highest efficiency at the power output for which it is
rated. The efficiency decreases with either lower or higher outputs. On the other hand, the losses in the
transformer arerelatively small at low output but increase as more power istaken. The amount of power
that the transformer can handle is determined by its own losses, because these losses heat the wire and
core. Thereisalimit to the temperature rise that can be tolerated, because too high a temperature can
either melt the wire or cause the insulation to break down. A transformer can be operated at reduced
output, even though the efficiency islow, because the actual losswill below under such conditions. The
full-load efficiency of small power transformers such as are used in radio receivers and transmitters
usually lies between about 60 and 90%, depending on the size and design.

IMPEDANCE RATIO
Inanideal transformer — onewithout | osses or | eakage reactance— thefollowing relationshipistrue:

N
Zp=7g Nzg (109)

where:
Zp = impedance looking into the primary terminals from the power source,
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Zs = impedance of load connected to secondary, and

Np, Ns = turns ratio, primary to secondary.

A load of any given impedance connected to the transformer secondary will be transformed to a
different value looking into the primary from the power source. The impedance transformation is
proportional to the square of the primary-to-secondary turns ratio.

Example: A transformer has a primary-to-secondary turns ratio of 0.6 (the primary has six-tenths as
many turns asthe secondary) and aload of 3000 Q is connected to the secondary. What istheimpedance
at the primary of the transformer?

Zp =3000 Q x (0.6)% = 3000 Q x 0.36 = 1080 Q

By choosing the proper turns ratio, the impedance of afixed load can be transformed to any desired
value, within practical limits. If transformer |osses can be neglected, the transformed (reflected) imped-
ance has the same phase angle as the actual load impedance. Thus, if the load is a pure resistance, the
load presented by the primary to the power source will also be a pure resistance. If the load impedance
is complex, that is, if the load current and voltage are out of phase with each other, then the primary
voltage and current will show the same phase angle.

Many devices or circuits require a specific value of load resistance (or impedance) for optimum
operation. The impedance of the actual load that is to dissipate the power may differ widely from the
impedance of the source device or circuit, so a transformer is used to change the actual load into an
impedance of the desired value. Thisis called impedance matching.

Ne_ (2o
Ns \Zs (110)
where;

Np/ Ng = required turns ratio, primary to secondary,

Zp = primary impedance required, and

Zs = impedance of load connected to secondary.

Example: A transistor audio amplifier requires aload of 150 Q for optimum performance, and isto
be connected to a loudspeaker having an impedance of 4.0 Q. What is the turns ratio, primary to
secondary, required in the coupling transformer?

Np _ [Zp _Np [150Q _ /= _
Ns VZs Ng\40Q = V38 =62
The primary therefore must have 6.2 times as many turns as the secondary.

Theserelationships may be used in practical work even though they are based on anideal transformer.
Asidefrom the normal design requirementsof reasonably low internal lossesand |ow |eakage reactance,
the only other requirement isthat the primary have enough inductance to operate with low magnetizing
current at the voltage applied to the primary.

The primary terminal impedance of an iron-core transformer is determined wholly by the load con-
nected to the secondary and by theturnsratio. If the characteristicsof thetransformer havean appreciable
effect on the impedance presented to the power source, the transformer is either poorly designed or is
not suited to the voltage and frequency at which it is being used. Most transformers will operate quite
well at voltages from slightly above to well below the design figure.

Transformer Losses

In practice, none of the formulas given so far provides truly exact results, although they afford
reasonabl e approximations. Transformersin reality are not simply two coupled inductors, but anetwork
of resistances and reactances, most of which appear in Fig 6.79. Since only the terminals numbered 1

AC Theory and Reactive Components  6.79



‘. XLy through 4 are accessible to the
e 00 g W' M YT s user, transformer ratings and
specificationstakeinto account
. theadditional lossescreated by

e Lq Lo 1 .

C17s ez these compl exities.
| L Inapractical transformer not
4¢ all of the magnetic flux is
20 Cm O+ common to both windings, al-
though in well designed trans-
Fig 6.79 — A transformer as a network of resistances, inductances formersthe amount of flux that
and capacitances. Only L1 and L2 contribute to the transfer of cuts one coil and not the other

ener . .
9 is only a small percentage of

thetotal flux. Thisleakageflux
causes a voltage of self-induction. Consequently, there are small amounts of |eakage inductance asso-
ciated with both windings of the transformer. L eakage inductance acts in exactly the same way as an
equivalent amount of ordinary inductance inserted in series with the circuit. It has, therefore, a certain
reactance, depending on the amount of leakage inductance and the frequency. This reactanceis called
|leakage reactance, shown as X, and X, in Fig 6.79.

Current flowing through the |l eakage reactance causes avoltage drop. Thisvoltagedrop increaseswith
increasing current; hence, it increases as more power istaken from the secondary. Thus, the greater the
secondary current, the smaller the secondary terminal voltage becomes. The resistances of the trans-
former windings, R1 and R2, also cause voltage drops when there is current. Although these voltage
drops are not in phase with those caused by |eakage reactance, together they result in alower secondary
voltage under load than is indicated by the transformer turns ratio.

Thus, the voltage regulation in areal transformer is not perfect. At ac line frequencies (50 or 60 Hz),
the voltage at the secondary, with a reasonably well-designed transformer, should not drop more than
about 10% from open-circuit conditionsto full load. The voltage drop may be considerably more than
thisin atransformer operating at voice and music frequencies, because the |eakage reactance increases
directly with the frequency.

In addition to wire resistances and |eakage reactances, certain stray capacitances occur in transform-
ers. An electric field exists between any two points having a different voltage. When current flows
through a coil, each turn has a slightly different voltage than its adjacent turns, creating a capacitance
between turns. Thisdistributed capacitance appearsin Fig 6.79 asC1 and C2. Another capacitance, Cy,
appears between the two windings for the same reason. Moreover, transformer windings can exhibit
capacitance relative to nearby metal, for example, the chassis, the shield and even the core.

Although these stray capacitances are of little concern with power and audio transformers, they
become important as the frequency increases. In transformers for RF use, the stray capacitance can
resonate with either the leakage reactance or, at lower frequencies, with the winding reactances, L1 or
L2, especially under very light or zero loads. In the frequency region around resonance, transformers
no longer exhibit the properties formulated above or the impedance properties to be described below.

Iron-core transformers also experience losses within the core itself. Hysteresis losses include the
energy requiredto overcometheretentivity of the core’ smagnetic material. Circulating currentsthrough
the core’ sresistance are eddy currents, which form part of the total corelosses. Theselosses, which add
to therequired magnetizing current, are equivalent to adding aresistancein parallel withL1in Fig 6.79.

Core Construction

Audio and power transformers usually employ one or another grade of silicon steel as the core
material. With permeabilities of 5000 or greater, these cores saturate at flux densities approaching
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10° lines per squareinch of crosssection. Thecores consist of thin
insulated laminations to break up potential eddy current paths.

Each core layer consists of an E and an | piece butted together,
asrepresentedin Fig 6.80. Thebutt point leavesasmall gap. Since
the pieces in adjacent layers have a continuous magnetic path,
however, the flux density per unit of applied magnetic force is
increased and flux leakage reduced.

Two core shapes are in common use, as shown in Fig 6.81. In
the shell type, both windings are placed on the inner leg, whilein
the core type the primary and secondary windings may be placed
on separate legs, if desired. This is sometimes done when it is
necessary to minimize capacitive effects between the primary and
secondary, or when one of the windings must operate at very high
voltage.

The number of turnsrequiredinthe primary for agiven applied
voltage is determined by the size, shape and type of core material
used, as well as the frequency. The number of turns required is
inversely proportional to the cross-sectional area of the core.
As a rough indication, windings of small power transformers
frequently have about six to eight turns per volt on a core of
1-square-inch cross section and have a magnetic path 10 or 12
inches in length. A longer path or smaller cross section requires
more turns per volt, and vice versa.

In most transformers the coils are wound in layers, with athin
sheet of treated-paper insulation between each layer. Thicker in-
sulation is used between adjacent coils and between the first coil
and the core.

Shielding

Because magneticlinesof forceare continuousand closed upon
themselves, shielding requires a path for the lines of force of the
leakageflux. Thehigh-permeability of iron corestendsto concen-
trate the field, but additional shielding is often needed. As de-
picted in Fig 6.82, enclosing the transformer in a good magnetic
material canrestrict virtually all of the magnetic field in the outer
case. The nonmagnetic material between the case and the core
creates aregion of high reluctance, attenuating the field before it
reaches the case.

AUTOTRANSFORMERS

The transformer principle can be used with only one winding
instead of two, as shown in Fig 6.83A. The principles that relate
voltage, current andimpedancetotheturnsratio also apply equally
well. A one-winding transformer is called an autotransformer.
The current in the common section (A) of the winding is the dif-
ference between the line (primary) and the load (secondary) cur-
rents, since these currents are out of phase. Hence, if the line and
load currentsare nearly equal, the common section of thewinding
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Fig 6.80 — A typical transformer
iron core. The E and | pieces
alternate direction in successive
layers to improve the magnetic
path while attenuating eddy
currents in the core.

Fig 6.81 — Two common trans-
former constructions: shell and
core.

Space Occupied
by Coil or Coils

Magnetic Material
Y .

\\K\

Core

N
\

Nonmagnetic Material

Fig 6.82 — A shielded transformer:
the core plus an outer shield of
magnetic material contain nearly
all of the magnetic field.

6.81



may be wound with comparatively small wire. The line and load
currentswill be equal only when the primary (line) and secondary
(load) voltages are not very different.

Autotransformers are used chiefly for boosting or reducing the
power-line voltage by relatively small amounts. Fig 6.83B
illustrates the principle schematically with a switched, stepped
autotransformer. Continuously variable autotransformers are
commercially availableunder avariety of tradenames; Variac and
Powerstat are typical examples.

Technically, tapped air-core inductors, such as the one in the
network in Fig 6.74 at the close of the discussion of resonant
circuits, arealso autotransformers. Thevoltagefromthetaptothe
bottom of the coil is less than the voltage across the entire coil.
Likewise, the impedance of the tapped part of the winding isless
than the impedance of the entire winding. Because | eakage reac-
tances are great and the coefficient of coupling is quite low, the
relationshipstrue of aperfect transformer grow quiteunreliablein
predicting the exact values. For this reason, tapped inductors are
rarely referred to as transformers. The stepped-down situation in
Fig 6.74 is better approximated — at or close to resonance — by
the formula

2
_ R Xcom

R
P XL

(111)
where:

Rp = tuned-circuit parallel-resonant impedance,

RL = load resistance tapped across part of the coil,

Xcowm = reactance of the portion of the coil common to both the

resonant circuit and the load tap, and

XL = reactance of the entire coil.
The result is approximate and applies only to circuits with a Q of
10 or greater.

AIR-CORE RF TRANSFORMERS

1

Line

A A A A A A A A A A A A A A A a A A A A a
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(8) Estep up

E Step down

EoutPuT

+

EINPUT
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Fig 6.83 — The autotransformer
is based on the transformer, but
uses only one winding. The
pictorial diagram at A shows the
typical construction of an au-
totransformer. The schematic
diagram at B demonstrates the
use of an autotransformer to step
up or step down ac voltage,
usually to compensate for exces-
sive or deficient line voltage.

Air-coretransformers often function as mutually coupled inductorsfor RF applications. They consist
of a primary winding and a secondary winding in close proximity. Leakage reactances are ordinarily
high, however, and the coefficient of coupling between the primary and secondary windings is low.
Consequently, unlike transformers having a magnetic core, the turns ratio does not have as much sig-
nificance. Instead, the voltage induced in the secondary depends on the mutual inductance.

Nonresonant RF Transformers

In avery basic transformer circuit operating at radio frequencies, such asin Fig 6.84A, the source
voltage is applied to L1. Rs is the series resistance inherent in the source. By virtue of the mutual
inductance, M, avoltageisinducedinL2. A current flowsinthe secondary circuit through the reactance
of L2andtheload resistanceof R, . Let X 2 bethereactanceof L2 independent of L1, that is, independent
of the effects of mutual inductance. The impedance of the secondary circuit is then:

Zs=\/RL2+XL22
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where:
Zs = the impedance of the
secondary circuitinohms,
R_ = the load resistance in
ohms, and o)
X\ 2 =thereactance of thesec-
ondary inductanceinohmes.
The effect of Zs upon the pri-
mary circuit is the same as a
coupledimpedanceinserieswith
L1. Fig 6.84B displays the
coupled impedance (Zp) in a
dashed enclosuretoindicatethat
it is not a new physical compo-
nent. It has the same absolute
valueof phaseangleasinthesec-
ondary impedance, but the sign
of the reactance is reversed; it
appears as a capacitive reac-
tance. Thevaueof Zpis:

_entm)?
=0

Sr

T
|
I
|
|
|
: Ly L2
|
|
|
|
T

Source Load

(8

Zs

Source Load

Fig 6.84 — The coupling of a complex impedance back into the
primary circuit of a transformer composed of nonresonant air-core
Zo (113) inductors.
where:

Zp = the impedance introduced into the primary,

Zs = the impedance of the secondary circuit in ohms, and

2 tf M = the mutual reactance between the reactances of the primary and secondary coils (also

designated as Xy).

Resonant RF Transformers

Theuse of at |east oneresonant circuit in place of apair of simple reactances eliminates the reactance
from thetransformed impedancein the primary. For loaded or operating Qs of at |least 10, theresi stances
of individual componentsis negligible. Fig 6.85 representsjust one of many configurationsin which at
least one of the inductorsisin aresonant circuit.
The reactance coupled into the primary circuit is
cancelled if thecircuit istuned to resonancewhile
the load is connected. If the reactance of the load
capacitance, C is at least 10 times any stray ca-
pacitance in the circuit, asisthe case for low im-
pedance |oads, the value of resistance coupled to
the primary is

2 I, _
R1= XM RL Source Load
a 2 2 (114)
X2°+R,
where: F_ig 5.85 f— An air-core t_ransformer_circgit con-
— : . : . sisting of a resonant primary circuit and an
R1 . Se_“esreSIStance COUpled into the primary untuned secondary. Rs and Cs are functions of
circult, the source, while R, and C_ are functions of the

XM = mutual reactance,

load circuit.
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R, = load resistance, and

X2 = reactance of the secondary inductance.

The parallel impedance of the resonant circuit isjust R1 transformed from aseriesto aparallel value
by the usual formula, Rp = X2/ R1.

The higher theloaded or operating Q of the circuit, the smaller the mutual inductance required for the
same power transfer. If both the primary and secondary circuits consist of resonant circuits, they can be
more loosely coupled than with a single tuned circuit for the same power transfer. At the usual loaded
Q of 10 or greater, these circuits are quite selective, and consequently narrowband.

Although coupling networks have to alarge measure replaced RF transformer coupling that uses air-
coretransformers, these circuits are still useful in antennatuning units and other circuits. For RF work,
powdered-iron toroidal cores have generally replaced air-core inductors for almost all applications
except wherethe circuit handlesvery high power or the coil must be very temperature stable. Slug-tuned
solenoid coilsfor low-power circuitsoffer theability totunethecircuit precisely to resonance. For either
type of core, reasonably accurate cal culation of impedance transformation is possible. It is often easier
to experiment to find the correct val ues for maximum power transfer, however. For further information
on coupled circuits, see the section on Matching Networksin the Receivers, Transmitters, Transceiv-
ers and Proj ects chapter.

BROADBAND FERRITE RF TRANSFORMERS

The design concepts and general theory of ideal transformers presented earlier in this chapter
apply also to transformers wound on ferromagnetic-core materials (ferrite and powdered iron). As
isthe case with stacked cores made of laminations in the classic | and E shapes, the core material
hasaspecific permeability factor that determinestheinductance of thewindingsversusthe number
of wire turns used.

Toroidal cores are useful from a few hundred hertz well into the UHF spectrum. The principal
advantage of thistype of coreisthe self-shielding characteristic. Another feature isthe compactness of
atransformer or inductor. Therefore, toroidal-core transformers are excellent for use not only in dc-to-
dc converters, where tape-wound steel cores are employed, but at frequencies up to at least 1000 MHz
with the selection of the proper core material for the range of operating frequencies. Toroidal cores are
available from microminiature sizes up to several inches in diameter. The latter can be used, as one
example, to build a 20-kW balun for use in antenna systems.

One of themost common ferromagneti c transformersused in Amateur Radio work isthe conventional
broadband transformer. Broadband transformers with losses of lessthan 1 dB are employed in circuits
that must have auniform response over asubstantial frequency range, such asa2- to 30-MHz broadband
amplifier. In applications of this sort, the reactance of the windings should be at least four times the
impedance that the winding is designed to look into at the lowest design frequency.

Example: What should be the winding reactances of a transformer that has a 300-Q primary and a
50-Q secondary load? Relative to the 50-Q secondary load:

Xs=4Zs=4x50Q =200 Q.
The primary winding reactance (Xp) is:

Xp=47Zp=4x300Q =1200 Q.

The core-material permeability plays a vital role in designing a good broadband transformer. The
effective permeability of the core must be high enough to provide ample winding reactance at the low
end of the operating range. As the operating frequency is increased, the effects of the core tend to
disappear until there are scarcely any core effects at the upper limit of the operating range. The limiting
factors for high frequency response are distributed capacity and leakage inductance due to uncoupled
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flux. A high-permeability core minimizesthe number of turnsneeded for agiven reactanceand therefore
also minimizes the distributed capacitance at high frequencies.

Ferrite cores with apermeability of 850 are common choices for transformers used between 2 and 30
MHz. Lower frequency ranges, for example, 1 kHz to 1 MHz, may require cores with permeabilities up
to 2000. Permeabilities from 40 to 125 are useful for VHF transformers. Conventional broadband
transformers require resistive loads. Loads with reactive components should use appropriate networks
to cancel the reactance.

Conventional transformers are wound in the same manner as a power transformer. Each winding is
made from a separate length of wire, with one winding placed over the previous one with suitable
insulation between. Unlike some transmission-line transformer designs, conventional broadband trans-
formersprovidedcisolation between the primary and secondary circuits. The high voltagesencountered
in high-impedance-ratio step-up transformers may require that the core be wrapped with glass el ectrical
tape before adding the windings (as an additional protection from arcing and voltage breakdown),
especially with ferrite cores that tend to have rougher edges. In addition, high voltage applications
should also use wire with high-voltage insulation and a high temperature rating.

Fig 6.86 illustrates one method of transformer construction using a single toroid as the core. The
primary of a step-down impedance transformer iswound to occupy the entire core, with the secondary
wound over the primary. Thefirst step in planning the winding isto select a core of the desired perme-
ability. Convert the required reactances determined earlier into inductance values for the lowest fre-
guency of use. To find the number of turnsfor each winding, use the A value for the selected core and
equation 51 from the section on ferrite toroidal inductors earlier in this chapter. Be certain the core can
handle the power by cal culating the maximum flux using equation 49, given earlier in the chapter, and
comparing the result with the manufacturer’s guidelines.

Example: Design a small broadband transformer having an impedance ratio of 16:1 for a frequency
range of 2.0 to 20.0 MHz to match the output of a small-signal stage (impedance = 500 Q) to the input
(impedance = 32 Q) of an amplifier.

1. Since the impedance of the smaller winding should be at |east 1
4 times the lower impedance to be matched at the lowest fre- r 3§3’:: <—|
L1 L2

quency, Xs=4x 32W =128 W. HI-Z
2. The inductance of the secondary winding should be Lg = L
Xg/ 2mf =128/ (6.2832 x 2.0 x 106 Hz) = 0.010 mH 2
3. Select a suitable core. For this low-power application, a Conventional Broadband
3/g-inch ferrite core with a permeability of 850 is suitable. The e
core has an A value of 420. Calculate the number of turnsfor
the secondary.

N =1000 | =1000,| 2220 I i
L1 — To Occupy Entire Core

=1000x%0.0049=4.9turns
L2 — Wound Over L1 Winding

4. A 5-turn secondary winding should suffice. The primary wind- ®
ing derives from the impedance ratio:

Fig 6.86 — Schematic and picto-
rial representation of a

NP=Ng Zp :5‘/E =5x4=20turns
\/ Zs 1

This low power application will not approach the maximum
flux density limits for the core, and #28 enamel wire should both
fit the core and handle the currents involved.
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conventional broadband trans-
former wound on a ferrite
toroidal core. The secondary
winding (L2) is wound over the
primary winding (L1).
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A second style of broadband transformer construction appears
! —O inFig 6.87. The key elementsin thistransformer are the stacks of
r L2 4_‘ ferrite cores aligned with tubes soldered to pc-board end plates.
HI=2 H HE%—O"‘ Loz This style of transformer is suited to high power applications, for
L J example, at the input and output ports of transistor RF power
2 5 amplifiers. Low-power versions of thistransformer can be wound
on “binocular” cores having pairs of parallel holesthrough them.
For further information on conventional transformer matching
using ferromagnetic materials, see the Matching Networks sec-
tion in the RF Power Amplifiers chapter. Refer to the Compo-
nent Data chapter for more detailed information on available
ferrite cores. A standard reference on conventional broadband
transformers using ferro-magnetic materials is Ferromagnetic
Core Design and Applications Handbook by Doug DeMaw,
W1FB, published by Prentice Hall.

Brass Tube Toroids

Y e
o :::::F:#::)

AF—os

Brass Tube PC Boards

HI-Z End LO-Z End

© o 5—1 O [| O of6—3
T TRANSMISSION-LINE TRANSFORMERS

Remove Copper

(2ct)  (both aides of P board) Conventional transformers use flux linkages to deliver energy to

the output circuit. Transmission line transformers use transmission
linemodes of energy transfer between theinput and the output termi-

Solder all tube ends to copper foils.

Fig 6.87 — Schematic and picto-
rial representation of a
“binocular” style of conventional
broadband transformer. This
style is used frequently at the

input and output ports of transis-

tor RF amplifiers. It consists of
two rows of high-permeability

nals of the devices. Although toroidal versions of these transformers
physically resemble toroidal conventional broadband transformers,
the principles of operations differ significantly. Stray inductances
and interwinding capacitancesform part of the characteristic imped-
ance of the transmission line, largely eliminating resonances that
limit high frequency response. The limiting factorsfor transmission
line transformers include line length, deviations in the constructed

toroidal cores, with the winding
passed through the center holes
of the resulting stacks.

line from the design value of characteristic impedance, and parasitic
capacitances and inductances that are independent of the character-
istic impedance of theline.

Thelossesin conventional transformers depend on current and
include wire, eddy-current and hysteresis losses. In contrast, transmission line transformers exhibit
voltage-dependent losses, which make higher impedances and higher VSWR values limiting factorsin
design. Within design limits, the cancellation of flux in the cores of transmission line transformers
permits very high efficiencies across their passbands. L osses may be lower than 0.1 dB with the proper
core choice.

Transmission-linetransformers can be configured for several modes of operation, but the chief amateur
use is in baluns (balanced-to-unbalanced transformers) and in ununs (unbalanced-to-unbalanced trans-
formers). The basic principle behind abalun appearsin Fig 6.88, arepresentation of the classic Guanella
1:1 balun. Theinput and output impedances are the same, but the output is balanced about areal or virtual
center point (terminal 5). If the characteri sticimpedance of thetransmission lineforming theinductorswith
numbered terminals equals the load impedance, then E2 will equal E1. With respect to terminal 5, the
voltage at terminal 4isE1/ 2, while the voltage at terminal 2is —E1/ 2, resulting in a balanced output.

The small lossesin properly designed baluns of this order stem from the potential gradient that exists
along the length of transmission line forming the transformer. The value of this potential is—E1/ 2, and
itformsadielectriclossthat can’t be eliminated. Although the lossisvery small in well-constructed 1:1
baluns at low impedances, the losses climb as impedances climb (asin 4:1 baluns) and as the VSWR
climbs. Both conditions yield higher voltage gradients.
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Theinductorsinthetransmis-
sion-line transformer are
equivalent to — and may be —
coiled transmission line with a
characteristic impedance equal
to the load. They form a choke
isolating the input from the out-
put and attenuating undesirable
currents, such as antenna cur-
rent, from the remainder of the

Fig 6.88 — Schematic representation of the basic Guanella “choke” transmission line to the energy
balun or 1:1 transmission line transformer. The inductors are a source. Theresultisacurrent or
length of two-wire transmission line. Rs is the source impedance choke balun. Such baluns may

and R is the load impedance. .
- P take many forms: coiled trans-

missionline, ferritebeadsplaced
over alength of transmission line, windings on linear ferrite cores or windings on ferrite toroids.

Reconfiguring the windings of Fig 6.88 can alter the transformer operation. For example, if terminal 2is
connected to terminal 3, apositive potential gradient appearsacrossthelengthsof line, resulting inaterminal
4 potential of 2 E1 with respect to ground. If the load is disconnected from terminal 2 and reconnected to
ground, 2 E1 appears acrosstheload — instead of +E1/ 2. The product of thisexperiment isa4:1impedance
ratio, forming an unun. The bootstrapping effect of the new connection is applicable to many other design
configurations involving multiple windings to achieve custom impedance ratios from 1:1 up to 9:1.

Balun and unun construction for the impedances of most concern to amateurs requires careful selec-
tion of the feed line used to wind the balun. Building transmission line transformers on ferrite toroids
may require careful attention to wire size and spacing to approximate a 50-Q line. Wrapping wire with
polyimide tape (one or two coatings, depending upon the wire size) and then glass taping the wires
together periodically produces a reasonable 50-Q transmission line. Ferrite cores in the permeability
range of 125to 250 are generally optimal for transformer windings, with 1.25-inch cores suitableto 300-
W power levels and 2.4-inch cores usable to the 5 kW level. Special designs may alter the power-
handling capabilities of the core sizes. For the 1:1 balun shown in Fig 6.88, 10 bifilar turns (#16 wire
for the smaller core and #12 wire for the larger, both Thermaleze wire) yields a transformer operable
from 160 to 10 m.

Transmission-linetransformershavetheir most obvious application to antennas, sincethey isolatethe
antenna currents from the feed line, especially where acoaxial feed lineis not exactly perpendicular to
theantenna. Thebalun preventsantennacurrentsfrom flowing on the outer surface of the coax shielding,
back to the transmitting equipment. Such currents would distort the antenna radiation pattern. Appro-
priately designed bal uns can al so transform impedance val ues at the same time. For example, one might
use a4:1 balun to match a 12.5-Q Y agi antennaimpedance to a50-Q feed line. A 4:1 balun might also
be used to match a 75-Q TV antennato 300-Q feed line.

Interstage coupling within solid-state transmitters represents another potential for transmission-line
transformers. Broadband coupling between |ow-impedance, but mismatched stages can benefit from the
low losses of transmission-line transformers. Depending upon the losses that can be tolerated and the
bandwidth needed, it is often a matter of designer choice between a transmission-line transformer and
a conventional broadband transformer as the coupling device.

For further information on transmission-line transformers and their applications, see the RF Power
Amplifiers chapter. Another reference on the subject is Transmission Line Transformers, by Jerry
Sevick, W2FMI, published by Noble Publishing (see the Address List in the Refer ences chapter for
contact information).
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