CHAPTER  1:  MODULATION  SYSTEMS 

1.  Introduction 

  a. In the Microbroadcasting services, a reliable radio communication system is of vital importance.  The swiftly moving operations of modern communities require a degree of coordination made possible only by radio.  Today, the radio is standard equipment in almost all vehicles, and the handie-talkie is a common sight in the populace.  Until recently, a-m (amplitude modulation) communication was used universally.  This system, however, has one great disadvantage:  Random noise and other interference can cripple communication beyond the control of the operator.  In the a-m receiver, interference has the same effect on the r-f signal as the intelligence being transmitted because they are of the same nature and inseperable. 

  b.  The engines, generators, and other electrical and mechanical systems of modern vehicles generate noise that can disable the a-m receiver.  To avoid this a different type of modualation, such as p-m (phase modulation) or f-m (frequency modulation) is used.  When the amplitude of the r-f (radio-frequency) signal is held constant and the intelligence transmitted by varying some other characteristic of the r-f signal, some of the disruptive effects of noise can be eliminated. 

  c.  In the last few years, f-m transmitters and receivers have become standard equipment in America, and their use in mobile equipments exceeds that of a-m transmitters and receivers.  The widespread use of frequency modulation means that the technician must be prepared to repair a defective f-m unit, aline its tuned circuits, or correct an abnormal condition. To perform these duties, a thorough understanding of frequency modulation is necessary. 

2.  Carrier  Characteristics 

  The r-f signal used to transmit intelligence from one point to another is called the carrier.  It consists of an electromagnetic wave having amplitude, frequency, and phase.  If the voltage variations of an r-f signal are graphed in respect to time, the result is a waveform such as that in figure 2.  This curve of an unmodulated carrier is the same as those plotted for current or power variatons, and it can be used to investigate the general properties of carriers.  The unmodulated carrier is a sine wave that repeats itself in definite intervals of time.  It swings first in the positive and then in the negative direction about the time axis and represents changes in the amplitude of the wave.  This action is similar to that of alternating current in a wire, where these swings represent reversals in the direction of current flow.  It must be remembered that the plus and minus signs used in the figure represent direction only.  The starting point of the curve in the figure 2 is chosen arbitrarily.  It could have been taken at any other point just as well.  Once a starting point is chosen, however, it represents the point from which time is measured.  The starting point finds the curve at the top of its positive swing.  The curve then swings through 0 to some maximum amplitude in the negative direction, returning through 0 to its original position. The changes in amplitude that take place in the interval of time then are repeated exactly so long as the carrier remains unmodulated.  A full set of values occurring in any equal period of time, regardless of the starting point, constitutes one cycle of the carrier.  This can be seen in the figure, where two cycles with different starting points are marked off.  The number of these cycles that occur in 1 second is called the frequency  of the wave.
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Figure 2. Graph of typical unmodulated carrier.




3.  Amplitude  Modulation 

  a.  General. The amplitude, phase, or frequency of a carrier can be varied in accordance with the intelligence to be transmitted.  The process of varying one of these characteristics is called modulation.  The three types of modulation, then are amplitude modulation, phase modulation, and frequency modulation.  Other special types, such as pulse modulation, can be considered as subdivisions of these three types.  With a sine-wave voltage used to amplitude-modulate the carrier, the instantaneous amplitude of the carrier changes constantly in a sinusoidal manner.  The maximum amplitude that the wave reaches in either the positive or the negative direction is termed the peak amplitude.  The positive and negative peaks are equal and the full swing of the cycle from the positive to the negative peak is called the peak-to-peak amplitude.  Considering the peak-to-peak amplitude only, it can be said that the amplitude of this wave is constant.  This is a general amplitude characteristic of the unmodulated carrier.  In amplitude modulation, the peak-to-peak amplitude of the carrier is varied in accordance with the intelligence to be transmitted.  For example, the voice picked up by a microphone is converted into an a-f (audio-frequency) electrical signal which controls the peak-to-peak amplitude of the carrier.  A single sound at the microphone modulates the carrier, with the result shown in figure 3.  The carrier peaks are no longer because they follow the instantaneous changes in the amplitude of the a-f signal.  When the a-f signal swings in the positive direction, the carrier peaks are increased accordingly.  When the a-f signal swings in the negative direction, the carrier peaks are decreased.  Therefore, the instantaneous amplitude of the a-f modulating signal determines the peak-to-peak amplitude of the modulated carrier. 
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b. Percentage  of  Modulation. 

    (1)  In amplitude modulation, it is common practice to express the degree to which a carrier is modulated as a percentage of modulation.  When the peak-to-peak amplitude of the modulationg signal is equal to the peak-to-peak amplitude of the unmodulated carrier, the carrier is said to be 100 percent modulated.  In figure 4, the peak-to-peak modulating voltage, EA, is equal to that of the carrier voltage, ER, and the peak-to-peak amplitude of the carrier varies from 2ER, or 2EA, to 0.  In other words, the modulating signal swings far enough positive to double the peak-to-peak amplitude of the carrier, and far enough negative to reduce the peak-to-peak amplitude of the carrier to 0. 
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(2)  If EA is less than ER, percentages of modulation below 100 percent occur.  If EA is one-half ER, the carrier is modulated only 50 percent (fig. 5).  When the modulating signal swings to its maximum value in the positive direction, the carrier amplitude is increased by 50 percent.  When the modulating signal reaches its maximum negative peak value, the carrier amplitude is decreased by 50 percent.
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(3)  It is possible to increase the percentage of modulation to a value greater than 100 percent by making EA greater than ER. In figure 6, the modulated carrier is varied from 0 to some peak-to-peak amplitude greater than 2ER.  Since the peak-to-peak amplitude of the carrier cannot be less than 0, the carrier is cut off completely for all negative values of EA greater than ER.  This results in a distorted signal, and the intelligence is received in a distorted form.  Therefore, the percentage of modulation in a-m systems of communication is limited to values from 0 to 100 percent.
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Figure 6. Overmodulation of carrier.




(4)  The actual percentage of modulation of a carrier (M) can be calculated by using the following simple formula M = percentage of modulation = ((Emax - Emin) / (Emax + Emin)) * 100 where Emax is the greatest and Emin the smallest peak-to-peak amplitude of the modulated carrier.  For example, assume that a modulated carrier varies in its peak-to-peak  amplitude from 10 to 30 volts.  Substituting  in the formula, with Emax equal to 30 and Emin equal to 10,  M = percentage of modulation = ((30 - 10) / (30 + 10)) * 100 = (20 / 40) * 100 = 50 percent.  This formula is accurate only for percentages between 0 and 100 percent. 

  c. Side  Bands. 

   (1)  When the outputs of two oscillators beat together, or hetrodyne, the two original frequencies plus their sum and difference are produced in the output.  This heterodyning effect also takes place between the a-f signal and the r-f signal in the modulation process and the beat frequencies produced are known as side bands.  Assume that an a-f signal whose frequency is 1,000 cps (cycles per second) is modulating an r-f carrier of 500 kc (kilocycles). The modulated carrier consists mainly of three frequency components: the original r-f signal at 500 kc, the sum of the a-f and r-f signals at 501 kc, and the difference between the a-f and r-f signals at 499 kc.  The component at 501 kc is known as the upper sideband, and the component at 499 kc is known as the lower side band.  Since these side bands are always present in amplitude modulation, the a-m wave consists of a center frequency, an upper side-band frequency, and a lower side-band frequenmcy.  The amplitude of each of these is constant in value but the resultant wave varies in amplitude in accordance with the audio signal. 

    (2)  The carrier with the two sidebands, with the amplitude of each component plotted against its frequency, is represented in figure 7 for the example given above.  The modulating signal, fA, beats against the carrier, fC, to produce upper side band fH and lower side band fL.  The modulated carrier occupies a section of the radio-frequency spectrum extending from fL to fH, or 2 kc.  To receive this signal, a receiver must have r-f stages whose bandwidth is at least 2 kc.  When the receiver is tuned to 500 kc, it also must be able to receive 499 kc and 501 kc with relatively little loss in response. 
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  (3)  The audio-frequency range extends approximately from 16 to 16,000 cps.  To accommodate the highest audio frequency, the a-m frequency channel should extend from 16 kc below to 16 kc above the carrier frequency, with the receiver having a corresponding bandwidth.  Therefore, if the carrier frequency is 500 kc, the a-m channel should extend from 484  to 516 kc.  This bandwidth represents an ideal condition; in practice, however, the entire a-m bandwith for audio reproduction rarely exceeds 16 kc. For any specific set of audio-modulating frequencies, the a-m channel or bandwidth is twice the highest audio frequency present. 

    (4)  The r-f energy radiated from the transmitter antenna in the form of a modulated carrier is divided among the carrier and its two side bands.  With a carrier componet of 1,000 watts, an audio signal of 500 watts is necessary for 100-percent modulation.  Therefore, the modulated carrier should not exceed a total power of 1,500 watts.  The 500 watts of audio power is divided equally between the side bands, and no audio power is associated with the carrier. 

    (5)  Since none of the audio power is associated with the carrier component, it contains none of the intelligence.  From the standpoint of communication efficiency, the 1,000 watts of carrier-component power is wasted.  Furthermore, one side band alone is sufficient to transmit intelligence.  It is possible to eliminate the carrier and one side band, but the complexity of the equipment needed cancels the gain in efficiency. 

  d.  Disadvantages  of  Amplitude  Modulation.  It was noted previously that random noise and electrical interference can amplitude-modulate the carrier to the extent that communication cannot be carried on.  From the military standpoint, however, susceptibility to noise is not the only disadvantage of amplitude modulation.  An a-m signal is also susceptible to enemy jamming and to interference from the signals of transmitters operating on the same or adjacent frequencies.   Where interference from another station is present, the signal from the desired station must be many times stronger than the interfering signal.  For various reasons, the choice of a different type of modulation seems desireable. 

4.  Phase  Modulation 

  a.  General. 

    (1)  Besides its amplitude, the frequency or phase of the carrier can be varied to produce a signal bearing intelligence.  The process of varying the frequency in accordance with the intelligence is frequency modulation, and the process of varying the phase is phase modulation.  When frequency modulation is used, the phase of the carrier wave is indirectly affected.  Similarly, when phase modulation is used, the carrier frequency is affected.  Familiarity with both frequency and phase modulation is necessary for an understanding of either. 

    (2)  In the discussion of carrier characteristics, carrier frequency was defined as the number of cycles occurring in each second.  Two such cycles of a carrier are represented by curve A in figure 8.  The starting point for measuring time is chosen arbitrarily, and at 0 time, curve A has some negative value.  If another curve B, of the same frequency is drawn having 0 amplitude at 0 time, it can be used as a reference in describing curve A. 
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(3)  Curve B starts at 0 and swings in the positive direction.  Curve A starts at some negative value and also swings in the positive direction, not reaching 0 until a fraction of a cycle after curve B has passed through 0.  This fraction of a cycle is the amount by which A is said to lag B. Because the two curves have the same frequency, A will alsays lag B by the same amount.  If the positions of the two curves are reversed, then A is said to lead B. The amount by which A leads or lags the reference is called its phase.  Since the reference given is arbitrary, the phase is relative. 

  b.  Vector  Representation. 

   (1)  The cyclic changes of the carrier have been represented by plotting a curve of amplitude against time.  It also is possible to represent the carrier cycle as the projection of a point rotating conterclockwise in a circle.  This is called the vector represenation and is accomplished by plotting the amplitude against the number of degrees of rotation of the point instead of directly against time.  For each cycle of the carrier, the point rotates in one complete circle, or 360°.  This is the period of the wave, or the time for one cycle. 

    (2)  The carrier cycle as the projection of a point moving in a circle is plotted in figure 9.  Starting from 0 the point rotates through 360° and back to 0, where the next cycle begins.  When this point is projected along the set of axes on the right, one complete revolution of the point traces one complete cycle of the wave.  The frequency of the wave in cycles per second is numerically equal to the revolutions per sercond made by the point.  The relative phase of the wave shown is 0, since it has 0 amplitude at 0°.  The peak amplitude of the wave is equal to the radius of the circle, and the peak-to-peak amplitude is equal to the diameter of the circle. 
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(3)  The position of the point at any instant can be indicated by an arrow drawn from the center of the circle to the point.  This arrow is called a vector and in the diagram the point is at a position of 45°.  It must be remembered that this vector is not standing still, but is rotating at a frequency equal to that of the wave it represents.  The vector is a convenient device with which to indicate phase relations between one wave and another or between a wave and an arbitrarily chosen reference.  Suppose that a wave is observed starting at a time when its vector is in the 45° position (fig. 10).  A second vector having 0 amplitude at 0 time and rotating in the same counterclockwise direction can be used as a reference for determining relative phase.  In the graphic projection on the right, the two waves have the same frequency; however, the wave being observed is said to have a relative phase lead of 45°.  An inspection of the figure shows that this is the central angle between the two vectors, as measured counterclockwise from the reference vector.  The solid sine wave passes through 0 in a positive direction 45° ahead of the dotted reference sine wave shown at right.  If a particular carrier wave is considered in this manner, it has a relative phase relation at any instant to a reference carrier having the same frequency.  The phase angle can be measured either in degrees or in radians.  Since 360° equals 2radians, the phase angle of 45° observed above can be expressed as /4 radians, or simply /4.
c.  Phase  Modulation. 

   (1)  In phase modulation, the relative phase of the carrier is made to vary in accordance with the intelligence to be transmitted.  The carrier phase angle, therefore, is no longer fixed.  The amplitude and the average frequency of the carrier are held constant while the phase at any instant is being varied with the modulating signal (fig. 11).  Instead of having the vector rotate at the carrier frequency, the axes of the graph can be rotated in the opposite dir, is constant in respect to the arbitrarily choosen reference.  Effects of the modulating signal on the relative phase angle at four different points are illustrated in B, C, D, and E. 
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   (2)  The effect of a positive swing of the modulating signal is to speed the rotation of the vector, moving it counterclockwise and increasing the phase angle, .  At point 1, the modulating signal reaches its maximum positive value, and the phase has been changed by the amount .  The instantaneous phase condition at 1 is, therefore, ().  Having reached its maximum value in the positive direction, the modulating signal swings in the opposite direction.  The vector speed is reduced and it appears to move in the reverse direction, moving towards its original position. 

    (3)  For each cycle of the modulating signal, the relative phase of the carrier is varied between the values of () and ().  These two values of instantaneous phase, which occur at the maximum positive and maximum negative values of modulation, are known as the phase-deviation limits.  The upper limit is ; the lower limit is .  The relations between the phase-deviation limits and the carrier vector are given in the figure 12, with the limits of +/-  indicated. 
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(4)  If the phase-modulated vector is plotted against time, the result is the wave illustrated in the figure 13.  The modulating signal is shown in A.  The dashed-line waveforem, in B, is the curve of the reference vector and the solid-line waveform is the carrier.  As the modulating signal swings in the positive direction, the relative phase angle is increased from an original phase lead of 45° to some maximum, as shown at 1 in B.  When the signal swings in the negative direction, the phase lead of the carrier over the reference vector is decreased to minimum value, as shown at 2; it then returns to the original 45° phase lead when the modulating signal swings back to 0.  This is the basic resultant wave for sinusoidal phase modulation, with the amplitude of the modulating signal controlling the relative phase characteristic of the carrier.
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d.  P-M  and  Carrier  Frequency. 

    (1)  In the vector representation of the p-m carrier, the carrier vector is speeded up or slowed down as the relative phase angle is increased or decreased by the modulating signal.  Since vector speed is the equivalent of carrier frequency, the carrier frequency must change during phase modulation.  A form of frequency modulation, knows as equivalent f-m, therefore, takes place.  Both the p-m and the equivalent f-m depend on the modulating signal, and an instantaneous equivalent frequency is associated with each instantaneous phase condition. 

    (2)  The phase at any instant is determined by the amplitude of the modulating signal.  The instantaneous equivalent frequency is determined by the rate of change in the amplitude of the modulating signal.  The rate of change in modulating -signal amplitude depends on two factors -- the modulation amplitude and the modulation frequency.  If the amplitude is increased, the phase deviation is increased.  The carrier vector must move through a greater angle in the same period of time, increasing its speed, and thereby increasing the carrier frequency shift.  If the modulation frequency is increased, the carrier must move within the phase-deviation limits at a faster rate, increasing its speed and thereby increasing the carrier frequency shift.  When the modulating-signal amplitude or frequency is decreased, the carrier frequency shift is decreased also.  The faster the amplitude is changing, the greater the resultant shift in carrier frequency; the slower the change in amplitude, the smaller the frequency shift. 

    (3)  The rate of change at any instant can be determined by the slope, or steepness, of the modulation waveform.  As shown by curve A in figure 14, the greatest rates of change do not occur at points of maximum amplitude; in fact, when the amplitude is 0 the rate of change is maximum, and when the amplitude is maximum the rate of change is 0.  When the waveform passes through 0 in the positive direction, the rate of change has its maximum positive value; when the waveform passes through 0 in the negative direction, the rate of change is a maximum negative value. 
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(4)  Curve B is a graph of the rate of change of curve A.  This waveform is leading A by 90°.  This means that the frequency deviation resulting from phase modulation is 90° out of phase with the phase deviation.  The relation between phase deviation and frequency shift is shown by the vectors in figure 15. At times of maximum phase deviation, the frequency shift is 0; at times of 0 phase deviation, the frequency shift is maximum.  The equivalent-frequency deviation limits of the phase-modulated carrier can be calculated by means of the formula, F = f cos(2 f t)  where F is the frequency deviation,  is the maximum phase deviation, f is the modulating-signal frequency, cos(2 f t) is the amplitude variation of the modulating signal at any time, t.  When (2 f t) is 0 or 180°, the signal amplitude is 0 and the cosine has maximum values of +1 at 360° and -1 at 180°.  If the phase deviation limit is 30°, or radians, and a 1,000-cps signal modulates the carrier, then F = (/6)*1000*+1, F = +523 cps, approximately.  When the modulating signal is passing through 0 in the positive direction, the carrier frequency is raised by 523 cps. When the modulating signal is passing through 0 in the negative direction, the carrier frequency is lowered by 523 cps.
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5.  Frequency  Modulation 

a.  When a carrier is frequency-modulated by a modulating signal, the carrier amplitude is held constant and the carrier frequency varies directly as the amplitude of the modulating signal.  There are limits of frequency deviation similar to the phase-deviation limits in phase modulation.  There is also an equivalent phase shift of the carrier, similar to the equivalent frequency shift in p-m. 

  b.  A frequency-modulated wave resulting from 2 cycles of modulating signal imposed on a carrier is shown in A of figure 16.  When the modulating-signal amplitude is 0, the carrier frequency does not change.  As the signal swings positive, the carrier frequency is increased, reaching its highest frequency at the positive peak of the modulating signal.  When the signal swings in the negative direction, the carrier frequency is lowered, reaching a minimum when the signal passes through its peak negative value.  The f-m wave can be compared with the p-m wave, in B, for the same 2 cycles of modulationg signal.  If the p-m wave is shifted 90°, the two waves look alike.  Practically speaking, there is little difference, and an f-m receiver accepts both without distinguishing between them.  Direct phase modulation has limited use, however, and most systems use some form of frequency modulation. 
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6.  A-M,  P-M,  and  F-M  Transmitters 

  a.  General.  All f-m transmitters use either direct or indirect methods for producing f-m.  The modulating signal in the direct method has a direct effect on the frequency of the carrier; in the indirect method, the modulating signal uses the frequency variations caused by phase-modulation.  In either case, the output of the transmitter is a frequency-modulated wave, and the f-m receiver cannot distinguish between them. 

  b.  A-M  Transmitter. 

    (1)  In the block diagram of the a-m transmitter (A of fig. 17), the r-f section consists of an oscillator feeding a buffer, which in turn feeds a system of frequency multipliers and/or intermediate power amplifiers.  If frequency multiplication is unneccessary, the buffer feeds directly into the intermediate power amplifiers which, in turn, drive the final power amplifier.  The input to the antenna is taken from the final power amplifier. 

(2)  The audio system consists of a microphone which feeds a speech amplifier.  The output of this speech amplifier is fed to a modulator.  For high-level modulation, the output of the modulator is connected to the final amplifier (solid arrow), where its amplitude modulates the r-f carrier.  For low-level modulation, the output of the modulator is fed to the intermediate power amplifier (dashed arrow).  The power required in a-m transmission for either high- or low-level modulation is much greater than that required for f-m or p-m. 

  c.  P-M  Transmitter.  In the p-m, or indirect f-m, transmitter, the modulating signal is passed through some type of correction network before reaching the modulator, as in C.  When comparing the p-m to the f-m wave, it was pointed out that a phase shift of 90° in the p-m wave made it impossible to distinguish it from the f-m wave (fig. 16).  This phase shift is accomplished in the correction network.  The output of the modulator which is also fed by a crystal oscillator is applied through frequency multipliers and a final power amplifier just as in the direct f-m transmitter.  The final output is an f-m wave. 

  d.  F-M  Transmitter.  In the f-m transmitter, the output of the speech amplifier usually is connected directly to the modulator stage, as in B.  The modulator stage supplies an equivalent reactance to the oscillator stage that varies with the modulating signal.  This causes the frequency of the oscillator to vary with the modulating signal.  The frequency-modulated output of the oscillator then is fed to frequency multipliers which bring the frequency of the signal to the required value for transmission.  A power amplifier builds up the signal before it is applied to the antenna. 
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e.  Comparisons. 

    (1)  The primary difference between the three transmitters lies in the method used to vary the carrier.  In a-m transmission, the modulating signal controls the amplitude of the carrier.  In f-m transmission, the modulating signal controls the frequency of the oscillator.  In f-m transmission, the modulating signal controls controls the frequency of the oscillator output.  In p-m, or indirect f-m, transmission, the modulating signal controls the phase of a fixed-frequency oscillator.  The r-f sections of these transmitters function in much the same manner, although they may differ appreciably in construction. 

    (2)  The frequency multipliers used in a-m transmitters are used to increase the fundamental frequency of the oscillator.  This enables the oscillator to operate at low frequencies, where it has increased stability.  In f-m and p-m transmitters, the frequency multipliers not only increase the frequency of transmission, but also increase the frequency deviation caused by the modulating signal. 

    (3)  In all three transmitters, the final power amplifier is used chiefly to increase the power of the modulated signal.  In high-level a-m modulation, the final stage is modulated, but this is never done in either f-m or p-m. 

7.  A-M  and F-M  Receivers 

  a.  General.  The only difference between the a-m superhetrodyne and the two basic types of f-m superhetrodyne receivers (fig. 18) is in the detector circuit used to recover the modulation.  In the a-m system, in A, the i-f signal is rectified and filtered, leaving only the original modulationg signal.  In the f-m system, the frequency variations of the signal must be transformed into amplitude variations before they can be used. 

b.  F-M  Receiver.  In the limiter-discriminator detector, in B, the f-m signal is amplitude-limited to remove any variations caused by noise or other disturbances.  This signal is then passed through a discriminator which transforms the frequency variations to corresponding voltage amplitude variation.  These voltage variations reproduce the original modulating signal.  Two other types of f-m single-stage detectors in general use are the ratio detector and the oscillator detector, shown in C.
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Figure 18. Basic a-w. ond fm receivers.





8.  Summary 

  a. The carrier has the properties of frequency, amplitude and relative phase. 

  b. In modulation, one of these three properties of the carrier is modified. 

  c. In amplitude modulation, the amplitude of the carrier is varied in proportion to the amplitude of the modulating wave. 

  d. The percentage of modulation of an a-m wave is the percentage ratio of the peak-to-peak amplitude of the modulating voltage to the peak-to-peak amplitude of the carrier. 

  e. In amplitude modulation, the modulated wave consists of the carrier wave and of frequencies equal to the sum and difference between the carrier and the modulating frequency, called side bands. 

  f. The intelligence is contained in the side bands. 

  g. A-m has the disadvantage of being susceptible to some types of noise and interference. 

  h. In phase modulation, the instantaneous phase of the signal is varied by the modulating signal. 

  i. A change in phase is equivalent to an instantaneous change in frequency. 

  j. In a phase-modulation system, the equivalent frequency deviation is proportional to the frequency of the modulating signal. 

  k. When the carrier frequency is varied directly, the process is called direct f-m. 

  l. When the carrier frequency is varied indirectly, the process is called indirect f-m. 

  m. In a frequency-modulation system, the freqquncy varies directly with the amplitude of the modulating signal.  The amplitude of the modulated wave remains constand, and the equivalent phase varies about a mean value. 
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