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Experiment No. 6

Frequency Modulation (FM), Generation and Detection

By:
Prof. Gabriel M. Rebeiz
The University of Michigan
EECS Dept.
Ann Arbor, Michigan

1.0
Frequency Modulation

Frequency modulation (FM) is the standard technique for high-fidelity communications as is evident in the received signals of the FM band (88-108 MHz) vs. the AM band (450-1650 KHz). The main reason for the improved fidelity is that FM detectors, when properly designed, are not sensitive to random amplitude variations which are the dominant part of electrical noise (heard as static on the AM radio). Frequency modulation is not only used in commercial radio broadcasts, but also in police and hospital communications, emergency channels, TV sound, wireless (cellular) telephone systems, and radio amateur bands above 30 MHz.

The basic idea of an FM signal vs. an AM signal is shown in Fig. 1. In an FM signal, the frequency of the signal is changed by the modulation (baseband) signal while its amplitude remains the same. In an AM signal, we now know that it is the amplitude (or the envelope) of the signal that is changed by the modulation signal. The FM signal can be summarized as follows:

[image: image28..pict]
Figure 1: FM representation vs. AM representation.

1. The amplitude of the modulation signal determines the amount of the frequency change from the center frequency.

2. The frequency of the modulation signal determines the rate of the frequency change from the center frequency.

3. The amplitude of the FM signal is constant at all times and is independent of the modulation signal.

Mathematically, an FM signal is written as:





where
A = the amplitude of the signal


c = center frequency (frequency for no modulation signal)


m = modulation frequency

and 
mf = FM modulation index = /fm
where
 = maximum frequency shift caused by the modulation signal


fm = frequency of the modulation signal.

The spectrum of an FM signal is quite complicated and is dependent on mf. Actually, it follows a Bessel Function (you will study this in a senior-level math course) and is given by:
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where 

 etc. are in volts, and are the levels of the frequency components of the FM signal for A = 1 V.

The spectrum is dependent on mf, the modulation index, and Table 1 gives the values of the Bessel-functions J0, J1, J2, etc.... for mf = 0 to 15. Figure 2 gives some spectrum representation for various modulation indices. Notice from Table 1 that for mf = 2.4, there is no power in the center frequency component (J0(2.4) =0). This also occurs at mf = 5.5, 8.6, ... . This does not mean that there is no power transmitted in the signal. All that it means is that for m = 2.4, 5.5, ..., there is no power at the center frequency and all of the power is in the sidebands.

The bandwidth of an FM signal depends on the modulation index (mf), and is approximated by the well-known Carson’  s Rule:


BW = 2 (+ fm(max))

where fm(max) is the maximum frequency of the modulating signal. The factor (2) in the equation is to account for both the upper and lower sidebands (left and right of the carrier). This equation gives the bandwidth which contains 98% of the signal power.
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Table 1: 
FM spectrum levels for mf = 0 to 15 (not in dB). A negative sign means a phase of 180˚ with respect to other components.

[image: image3.wmf]
Figure 2: Frequency spectrum of FM signals with different mf and same modulating frequency.

The best way to understand FM signals is to consider a real life example. Let us take an Ann Arbor station, 107.1 FM, broadcasting at 107.1 MHz with a power of 50 KW. The bandwidth of the modulation signal is from 30 Hz to 15 KHz which is excellent for high-fidelity broadcast. The maximum deviation set by the FCC, (), is 75 KHz. The range of the modulation index is therefore:

mf(min) = /fm(max) = 75 KHz/15 KHz= 5 
(for fm= 15 KHz)

to

mf(max) = /fm(min) = 75 KHz/30 Hz = 2500!
(for fm= 30 Hz)

Notice that the modulation index changes a lot with the modulation frequency (from 2,500 to 5). For the 15 KHz signal, mf = 5 and from Table 1, we see that the frequency components are up high up to J6 and drop quickly afterwards. This means that the bandwidth of the signal is 6x15 KHz = 90 KHz on each side of the center frequency (a total bandwidth of 180 KHz). We can also use Carson’s rule and, BW = 2 ( + fm(max)) = 180 KHz or 90 KHz on each side of the center frequency.

For the 30 Hz signal and mf = 2,500, a huge number of sidebands exist but remember that there are now spaced at only 30 Hz apart. The total bandwidth of the signal is BW = 2 (+ fm(min)) = 150 KHz or 75 KHz on each side of the center frequency. This means that the bandwidth of the FM signal changes from +/- 75 KHz to +/- 90 KHz from the carrier depending on the modulation frequency.

[image: image4.wmf]
Figure 3: Commercial FM station assignment.

Commercial FM stations are therefore spaced 200 KHz apart to avoid interference for all modulating frequencies. In order to even isolate the stations further, FCC only assigns alternate stations for a certain area. For example, in the Detroit/Ann Arbor area, the stations are 107.1, 107.5 (and 93.1, 93.5, 93.9, ...) spaced 400 KHz apart. In adjoining areas, such as Toledo to the south (or Lansing to the north, but very far from Toledo), the stations are also centered at 400 KHz, but they are 107.3, 107.7, etc... (and 93.3, 93.7, 94.1 etc...). This allows inexpensive radios with bad-to-acceptable selectivity to receive FM stations without interference from adjoining stations (since they are 400 KHz away and not only 200 KHz away). The 200 KHz-away stations are very far and therefore their signals would appear as noise in the receiver. However, as mentioned before, FM receivers have excellent noise rejection and therefore are not affected by the far-away stations.

2.0
FM Generation 

FM generation is quite easy. All that is needed is a linear voltage-to-frequency converter. In EECS 311 and EECS 413, you will study in detail amplifiers, feedback and oscillators. If a voltage-controlled capacitor is placed in the feedback loop of an oscillator and the modulation signal is applied across this capacitor, then the oscillator will change in frequency and the resulting output signal is an FM signal. 

In this experiment, we will use a famous chip, the LM 566C to generate the FM signal. The LM 566 is a linear voltage-to-frequency converter which can generate an FM signal up to 1 MHz and for a +/- 10% deviation from the center frequency, it has an FM distortion of less than 0.2%. The center frequency (fo) is set by a resistor (Ro) and a capacitor (Co), where:
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Figure 4: FM generation using the LM 566C. The LM 386 drives the LED.
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Notice that V5 must be between 0.75V+ and V+ for proper operation of the LM 566, and 2 KΩ < Ro < 20 KΩ.

The LM 566 delivers either an FM square wave or an FM triangular wave. However, this is not important, since the square/triangular wave can be converted into a “good” sinewave with the use of a simple RC filter. The input impedance for the modulation signal is 1 MΩ and the output impedance of the square/triangular wave is 50 Ω.

In both cases above, if the modulating signal is a digital waveform, then the resulting FM signal is a frequency-shift-keying signal (FSK) which you have seen in experiment #2.

3.0
FM Detection (FM Discriminators):

FM detection is the secret for the success of FM broadcasts. Basically, one can design an FM detector, called a frequency discriminator, which is immune to any amplitude variations (noise) in the signal. Therefore, it can be used with weak signals and can reject strong interfering stations. There are several FM discriminator designs and we will cover some of them below.

1.
Slope Detector:

Any filter (low-pass, high-pass, bandpass) can be turned into an FM detector. The FM signal is chosen to be in the cutoff region of the filter (Fig. 6) and therefore any frequency deviation is translated into an amplitude variation. The filter is then followed by an AM detector (Experiment #4) and the modulation signal is recovered.
[image: image6.wmf]
Figure 6: FM detection using a slope detector.

While this is the simplest technique available, it is non-linear since a first order low-pass filter response falls as 1/w and this results in second and third-order frequency components. For example, let us operate a low-pass filter (with a corner frequency 1) at o and take a frequency deviation of ∆. The filter response is therefore:






and for  = o+ ∆, 






(1, o are fixed).


The peak of the envelope occurs for a negative ∆ and is 

. The minimum of the envelope occurs for a positive ∆ and is 

. Therefore, the AM modulation factor, m, is 

 for a first-order slope detector.

[image: image7.wmf]

Notice that for a frequency deviation of +/- 10% of the center frequency (∆/o = 0.1), the second order component is only 10x below the first order component resulting in a -20 dB distortion level. Therefore, this technique is valid only for a small frequency deviation from the center frequency (∆/o = 3%). Another pitfall of this technique is that it does not have any rejection of unwanted AM signals (noise). 


If a high pass filter is used, the demodulation process is much more linear since the high-pass function is:






and for 

, 






which is a linear process. However, this technique still suffers from having no rejection to AM noise.

2.
Matched Slope Detector:

In this case, two filters are used in the FM discriminator and the center frequency is chosen at the intersection point of these filters. The filters are followed by two AM detectors and the outputs of the AM detectors are fed to a differential amplifier. This technique is more linear than the simple slope detector shown above and most important, is immune to AM noise.

[image: image8.wmf]
Figure 7: FM detection using a matched slope detector.

The frequency response of filters 1 and 2 are given above. For  = o + ∆,









Choose 1/ o = o/ 2 or 2 = 

 (i.e. operate at the intersection point of two filters), and pass the signals by a differential amplifier (V02 - V01):






Note that the process has now second and third harmonic components, but since the signals of V02 and V01 are passed by a differential amplifier, any AM noise will be eliminated. Again, this technique is excellent for a small frequency deviation from the center frequency (∆/o < 5%). 

3.
Foster-Sealy/Ratio Detector/Phase-Locked Loops:

The Foster-Sealy and Ratio detectors will not be discussed here but suffice to say that they were the standard FM detectors till about 10 years ago. They operate on two tuned circuits at the center frequency and offer excellent linearity, both in amplitude and phase. Also, the ratio detector is immune to AM noise. 


As mentioned in experiment #2, a phase locked loop locks on a signal and tracks its frequency deviation. The tracking voltage is therefore a replica of the FM modulation signal. It is very easy to use and is integrated in a single IC. The LM 565 is a matching PLL for the LM 566 VCO (see attached data sheet). The use of PLLs is now very common in all FM detection systems.

4.0
FM Optical Link:

In experiment #6, you will build an FM optical link using the Agilent 3316 LED and a Radio-Shack phototransistor. The transmit portion of the link is composed of the LM 566C voltage-to-frequency converter with a triangular output waveform. The center frequency is set to 100 KHz. The LM 566 output is large (1.8 Vppk) and therefore it is attenuated by a factor of 20, and passed by a simple RC filter to result in a sinewave with a third harmonic component of -26 dB. Since the ac impedance of the LED is only 18 Ω, the LM 386 amplifier is used to isolate the RC filter from the LED and to provide the necessary current to drive the LED (see Fig. 4).

On the receive end, the phototransistor is configured to have a response time of around 12 µsec by choosing a 1 KΩ resistor at the emitter. The phototransistor corner frequency is around 20 KHz and therefore it acts as a low-pass filter and demodulates the FM signal at 100 KHz. The 100 KHz AM signal is amplified by the LM 386 with a gain of 50 and then passed by a simple RC high-pass filter to attenuate the 120 Hz pick up noise from the neon lighting system. After the high-pass filter, the signal is passed by an AM envelope detector. The output of the AM detector is amplified using the LM 380 audio amplifier and sent to the speakers.
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Figure 8: FM receiver using the phototransistor as a slope detector.

As is evident, this experiment does not use a PLL to detect the FM signal, neither does it use a matched slope detector to eliminate the AM noise. Therefore, the output has some noise due to the dark current of the transistor and the large bandwidth of the experiment. Still, it is a nice experiment and shows the operation of FM modulation and detection.
Experiment No. 6

Frequency Modulation (FM), Generation and Detection, 

FM Optical Link

Goal: 
To look at the spectrum of FM signals. To generate FM signals using the LM 566 and drive an LED transmitter with FM signals. To build an FM optical link using a simple filter (slope detector) as the FM discriminator. 


Read this experiment and answer the pre-lab questions.

Equipment:
•
Agilent E3631A Triple output DC power supply

· Agilent 33120A Function Generator

· Agilent 34401A Multimeter

· Agilent 54645A Oscilloscope

1.0
FM Spectrum Measurements:

The Agilent 54645A scope does not have an excellent frequency resolution and therefore we will work at 122 KHz with modulation frequencies between 1 and 10 KHz. The maximum deviation will be fixed at 10 KHz from the center frequency.

Connect the sync. output of the Agilent 33120A signal generator to the External Trigger input of the scope.

1.
Set the center frequency (as usual) to 122 KHz with Vppk = 2V.


a.
Press [image: image10.wmf] [image: image11.wmf] to enter the FM mode


b.
(To exist the FM mode, press [image: image12.wmf] [image: image13.wmf] at any time)


c.
Press [image: image14.wmf] [image: image15.wmf] to set the maximum deviation (10 KHz)


d.
Press [image: image16.wmf] [image: image17.wmf] to set the modulation frequency (10 KHz)



(This is the case of mf = 1 since fm = ).

2.
a.
It is hard to see FM on the scope in time domain since the signal is always changing. Still, look at it and see how it is changing with time.


b.
Go into the FFT mode and choose a center frequency of 122 KHz and an automatic frequency span of 244 KHz. The FM signal should be there with all its sidebands. For more resolution, manually change the frequency span to 122 KHz using the softkey under the FFT menu.



Look at the spectrum for mf=1 and note the 3 sidebands to the left and right of the carrier (Jo=0.77carrier in volts (not dB), J1=0.44, J2=0.11 and J3=0.02very small).


c.
Change the modulation frequency to 5 KHz (this is the case of mf = 2). 



Look at the spectrum for mf =2 and note the 4 sidebands to the left and right of the carrier. (Note also that Jo=0.22carrier and J1=0.58first sideband, J2=0.35second sideband which are both higher than the carrier.)


d.
Change the modulation frequency to 4.2 KHz and notice what happens to the center frequency level In this case, mf=2.4 and Jo=0, and no power is in the carrier frequency.


e.
Now set the modulation frequency to 1 KHz. This is the case of mf = 10, but the scope cannot show all 14 sidebands on the left/right of the center frequency. All that you see is the “envelope” of the FM spectrum.

2.0
The LM 566C Voltage-Controlled Oscillator:

1.
Connect the LM 566C as shown below. The center frequency is set by Ro, Co, V5/V+. Set V+ (Vcc) to 10 V.
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2.

Measure the output voltage Vo (pin #4). It should be a triangular wave with a frequency of 100-110 KHz and Vppk around 1.8 V. 

3.
Connect the Agilent 33120A signal generator to the modulation input (Vs) and set it to a sine wave with f = 5 KHz and Vppk= 200 mV. Basically, the voltage at pin #5 is now varying by +/- 0.1 V. 

The output frequency of the LM 566 will vary by +/- 10 KHz (this is the maximum deviation). This is the case of mf = 2 (since fm=5 KHz). Notice how the amplitude of the FM signal remains constant. Look at the output in frequency domain and check that this is correct (do not make any sideband measurements). Choose a center frequency of 244 KHz. You will see other sidebands due to the third harmonic of the triangular wave.

4.
Change from a sinewave to a square wave with Vppk = 400 mV. You will have now only two frequencies, one around 80 KHz and one around 120 KHz. This is an FSK signal which is generated by the VCO. 



Go into the time domain. The scope will lock to the FSK signal using the external trigger. Measure exactly these frequencies by expanding the timebase, stopping the scope, and using the Horizontal/delay knob. Ask your TA to show you how. 

6.
Disconnect the connection to pin #5.

3.0
The LM 386 Amplifier/Driver:

The LM 566C cannot drive the low ac impedance of the LED (around 18 Ω). Therefore, we will use an LM 386 as an isolator/driver between the LM 566C and the LED. The LM 386 is a high frequency audio amplifier with a variable gain of 20-200 and a gain-bandwidth product of 10 MHz. The problem is that the LM 386 has a minimum gain of 20 and therefore, we must attenuate the input signal by a factor of at least 20, otherwise, we will saturate the LM 386.

(Actually, we could have used the LM 741 since it can source/sink 25 mA and can reasonably drive an LED. However, it needs +/- 12 V for proper operation and I want to work with a single positive supply voltage).

1.
Connect the circuit shown below to the LM 566. Notice the 10 KΩ/560 Ω voltage divider at the output of the LM 566, and the 0.1 µF capacitor DC block between the LM 566 and the LM 386. 
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(Make sure to use the 0.1 µF bypass capacitor and also the 220 or 470 µF bias stabilization capacitor or the LM 386 may oscillate.)

2.

Measure the output of the LM 386. It should be a nice triangular wave with Vppk around 1.6 V. (If you cannot find an output or it is oscillating, talk to your TA).

3.
Connect a 1.6 nF capacitor in parallel with the 560 Ω resistor. This capacitor results in a corner frequency of around 180 KHz and therefore passes the 100 KHz component and attenuates the third and fifth harmonic components of the triangular wave. Look at the output waveform of the LM 386 and notice that it now resembles a sinewave.



Measure the frequency components of the LM 386 output for the quasi-sine waveform (Vppk, fundamental and second/third harmonic levels only).



Connect Vs to pin #5 of the LM 566 through the 4.7 µF DC-block capacitor, and set Vs to 200 mVppk, f = 5 KHz sinewave. Measure the output voltage of the LM 386. Look at the resulting spectrum and notice that the harmonic modulation components are lower now.


(Actually, if you look now at the output of the LM 566 (pin #4), you will find that it is has a small oscillating component at 25 MHz which is superimposed over the 100 KHz triangular wave. The LM 566 just does not like the 1.6 nF capacitor at its output! These oscillations do not make it past the LM 386 amplifier since it has a gain.bandwidth product of 10 MHz).

4.
Connect the LM 386 to the Agilent 3316 LED via the 0.1 µF capacitor (DC block) and the 200 Ω resistor (again, a voltage divider). This is needed to drop the voltage from 1.8 Vppk to around 150 mVppk.



Measure the ac voltage across the LED and make sure that it is less than 150 mVppk. If it is larger, increase the 200 Ω series resistance to 470 Ω. If it is smaller, decrease the 200 Ω series resistance to 100 Ω.



Remember from lab #5 that only a small portion of this 150 mVppk is across the LED junction diode (rd  EQ \O(~,–)   3Ω). Most of the voltage is dropped across the series resistance of the LED (Rs  EQ \O(~,–)   15 Ω).



You have now completed the transmit section of the FM optical link.

4.0
Optical Link FM Receiver:

In the interest of time, the receiver is build for you. This will let you concentrate on measuring the performance of the receiver and on listening to FM music.

The phototransistor has a 1 KΩ load and therefore a cutoff frequency of around 10 KHz. The phototransistor therefore acts as a low pass filter at 100 KHz and turns the FM signal into an AM signal. The output of the phototransistor is first passed by a DC block (0.1 µF cap.) and then amplified by the LM 386. Notice the 1.2 KΩ/4.7 µF between pin #1 and pin #8, which set the LM 386 gain to 50. 

A most interesting component is the 0.1µF/100 Ω load at the output of the LM 386. This capacitor, other than providing a DC block, results in a high-pass corner frequency of around 16 KHz. It does not affect the 100 KHz component, but it attenuates greatly the 120 Hz pickup noise from the fluorescent lighting system/phototransistor and also the low-frequency noise resulting from the dark current of the phototransistor.
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The output of the LM 386 should be at a DC voltage of 5 V (before the 0.1µF capacitor) and has a 100 KHz component between 0.8 Vppk and 1.2 Vppk. If it is larger than 1.5 Vppk, use a resistor divider at the input of the LM 386 to reduce the voltage. If it is lower than 0.8 Vppk, align the LED and the phototransistor (or get them closer) to get a larger voltage.

1.
Measure the voltage at the output of the LM 386 and make sure that it is between 0.8 Vppk and 1.2 Vppk.

2.
Connect Vs to the modulation input of the LM 566 (pin #5) and set it at Vppk = 400 mV and f = 2 KHz sinewave. The maximum frequency deviation of the LM 566 is therefore +/- 20 KHz.


a.
Measure the output of the LM 386. Use the SYNC signal and External Trigger to lock on the waveform. Measure the peak voltage A(1+m) and the minimum voltage A(1-m) of the sinusoidal envelope and determine the AM modulation level, m. 



Notice the frequency of the signal under the envelope. At the peak envelope voltage, the frequency is 80 KHz. At the minimum envelope voltage, the frequency is 120 KHz. This is the FM demodulation process due to the slope detector (low-pass filter) of the phototransistor.

5.0
The AM Detector/Audio Amplifier:

1.
Connect the 1N34A diode envelope detector to the output of the LM 386. The capacitor is 68 nF to provide a good short to the frequencies between 80 KHz and 120 KHz. The load is 1 KΩ so as to provide a reasonable demodulation bandwidth (around 6 KHz). 

[image: image21.wmf]

a.
Measure the voltage (VDC and Vppk) at the output of the AM detector (node D) for Vs = 200 mVppk and f = 2 KHz (at pin 5 of LM 566C). Look also at the frequency components and determine the levels at f (2 KHz) and its harmonics (second/third). This is the modulation signal!



(The voltage is a bit noisy and I recommend that you use the Average softkey under the DISPLAY command).


b.
Repeat the spectrum measurements for Vs=800 mVppk. Notice the increase in distortion for Vs = 800 mVppk (this is a frequency deviation of +/- 40% and the slope detector is definitely not linear!).


c.
Sweep Vs (at 200 mVppk) from 200 Hz to 10 KHz and determine the 3-dB bandwidth of the demodulator (you will calculate this in the lab report).

5<Gain<50
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%000100000000000000023842494D03F4000000000012003500000001002D0000
%00060000000000013842494D03F700000000001C0000FFFFFFFFFFFFFFFFFFFF
%FFFFFFFFFFFFFFFFFFFFFFFF03E800003842494D03FD00000000000602010000
%0000
%EndPhotoshop
gsave
40 dict begin
/_image systemdict /image get def
/_setgray systemdict /setgray get def
/_currentgray systemdict /currentgray get def
/_settransfer systemdict /settransfer get def
/_currenttransfer systemdict /currenttransfer get def
/blank 0 _currenttransfer exec
1 _currenttransfer exec eq def
/negative blank
{0 _currenttransfer exec 0.5 lt}
{0 _currenttransfer exec 1 _currenttransfer exec gt}
ifelse def
/inverted? negative def
/level2 systemdict /languagelevel known
{languagelevel 2 ge} {false} ifelse def
gsave
/rows 709 def
/cols 917 def
440.16 340.32 scale
level2 {
/DeviceGray
setcolorspace} if
/beginimage level2
{/image load def}
{{pop .9 setgray 0 0 moveto 0 1 lineto
1 1 lineto 1 0 lineto fill 0 setgray
0 1 translate 1 cols div 1 rows div scale
/ratio {cols 400 div mul} def
/Helvetica findfont 15 ratio scalefont setfont
5 ratio -20 ratio moveto
(JPEG encoded image needs PostScript Level 2) show
/x 128 string def
{currentfile x readline {} {pop exit} ifelse
(~>) search {pop pop pop exit} {pop} ifelse
} loop } def}
ifelse
12 dict begin
/ImageType 1 def
/Width cols def
/Height rows def
/ImageMatrix [cols 0 0 rows neg 0 rows] def
/BitsPerComponent 8 def
/Decode [0 1] def
/DataSource currentfile /ASCII85Decode filter
/DCTDecode filter def
currentdict end
%%BeginBinary:     133099
beginimage
s4IA0!"_al8O`[\!W`9l!([(is6]js6"FnCAH66@zs4[N@!!33'!WiE)!WiE*!WiE*
"9S],!sAc1"9\i1"U5,6"U,&5"pP;;#R:S=#mgqG#mh"K$k*OQ$k*OQ$k*OQ%0+*C
$O?gQ"-ilf&HMjL!7CiI!!`N*!<E3$z!!!!%"Tnf1!<<?1#mq%O!!30'!s/T,"pY55
!X8^I!<N?8"98TK&hu[L"qtDhEIefZOeE!pYsK\O;UOGZ(1QbYEe<g-6Sq`)U9\9M
_DO_/PG>HB(K=pe_p[NM-A)U3(`A!k77O)[<mt%s)Y2q[`73l?AT`]lV7":mjn35/
L6e^F`n';G2b-q^GDDN_\&[+`pGb]GBR#?#W49q$kkHSe8QfbQM4(?Rak>qS.QU1*
C3kc+Wk-@,lMCP:!!E:Cs4RGY!<E0#561TVRl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-
fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,
c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'J,dmmq3s9Yfs)al$'I"N(mu81iiC%$8q<^=
PunYf"ZG8H/"8G5fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO
2Jh'QB$Hf'CtOtj,IG;GBU1U;)j7!f]N"G9,_8i_oK.:r(!W4+CtZ.,c'pV-fs>;8
Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-g&KIsq3s9Yfs>;8Rl5*9ZY%IO2Jh'QB$Hf'
CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'Q
B$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2LkbTqtZ^>EpZBg:J91:!'*0Fq(UN>e@O8"
r2Ham[OkSq(9lP-2g.)r$OZJY,Mn##-j#t6aFE=okO+i8Du&/`,Pad3BVl^ZcKM[G
1f$-RG)6VgY*0h<`F*QX1G`8eUaqa-)iBYE^(l%3q=UNI+7kT/QbW-Q)KqAm\`R6X
H%/ld5FCotRZ!kRRWqf?QJsTY>O-@8M(6XO.oXPUn!ULoc'pV-fs>;8Rl5'fW*(ID
Vr)4::N:4lrOfT-F(m-j4CV8<?7A^*7p=GG9gRQIa;meA7d5Ec2tUJQa6QOsaFDN<
I"uqA7s3uX6JqcC(9H+pV%Zcc&MdUZ98LMs3CC&j5A$pE\TrNlO3>*EMkELgJ#^J^
=BjEJWTof\GC=K`j&j7O<tZ/:b5?NH[d:r&36dpNCtZ.,c'pV-fs>;8Rl5*9ZY%IO
2Jh'QB$Hf'CtZ.-0)WB[e'e6r0m3Krc&Ds&dr)6tr20'mpe+Pr\LGP`jD!1KMbOID
83egp%U5*lct#B3oCM]No>g$$kE"\Hk)+Puk)[X+FG\pYDUNaZoW;HB4.,KsN=eQn
P!>hcabZr4ia7LCnr*,*8,VE=cf]eD4LM"VF<AVs0O"9\]\p,B[b@UUD7t?a-pU$6
l>dVr^,@7*d6Ut1bh9=7c'pV-fs>;8Rl3N]1;>JYIl"a@2jJLr13oM7QIB*VEclj[
lPE_GUo"@W&T95R,RE3DCI0i>GPpETj`[E^cTQ`(CS"u4q>B@+D>sS\rr>*f+"_ak
8AFc1V*1*`RA5(+70]T+A22mH>"VB0m3i'O[kFlZZY%IO2Jh'QB$Hf'CtZ.,c'pV-
fs>;8TE!C;q3r6Q@T_]IZRCr.Q:<@@U6San+SZP@0)WWe!&u8>hu)Q]jlX)qTDnmO
0"dT`jDQ_(rrA[`cWZjMSXunTgEC9>(&Q3m@"qcrSjJRe?'B?7#I4:/c<C3;lF5[B
NEUFRQU=jG?flS1j6bumk?lB6@og:4;:]Bpo).`/_J?-(ZX$-cW0KsnR9tL19TO\K
$s;g;RB?:[rr>'1kJ&Xqjki+JI;5M&b?>qIAS':PV4eF!l1U!?&W)fEhFSfHM.hrF
RH`W)aR;%Eq$Z`qo;Bm&:9sk*ei^.sST@]VFf<_K*o?VI``KQj8Q!lrWY>HU7Lf9I
f=]AjT?,p3h_TQ'qAiAV^1-Y>KrOm3;7?fTT(_Th)5iTb?minZ:VnR>[WT79ZY%IO
2Jh'QB$Hf-[28c$cD$s&R!2p/PEL3WhJFTHb>n*j^Qht/I^9L!e-4T3/Dd;&l*?0X
;S8(>Sp0b.Qfh`P*Eu5so'>oAcX3(YDjTJ7FYER4HS&S'$a2!n:u2hr+.)Wu4tBu0
det/dSe;>40em`NANrh/B$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'Ck_jr
q'+;Z(Wq&rP]*tu0R79b<%sZi]WJ2=B\K7GN2\5t05Xi<O-*0g!VhnE3un(lq$6p"
3(1J[r6>00o/=;FDp>s"5P\EifD\R7008AQ`T@Ub%6henDY5oB@b8UmVj]%D_(EWN
:iB0;o:6\HIfBD<Hi1hQ0DsqHjTgrd4OpRhq0,s=[/@hHYst#@9h?+=/mQS<*)[Rg
g4GL4[irU06^m2B5N`fs-EY$+rr=9kNT:1E[Igj)/a&[!^_5MiqN:X"V*'OJn!p-(
U+3?_J:GjLrakoSo(MDKELOedIV2G0lJIsNSR,Ljf!T-AE'.<YMfP.9W*@>T7OU6j
d%OM%_um`#%lS7WZY%IO2Jh'QB$Ho!r0mWcS86]*,Wp_Z!')4!h#;&kNICW7kAN,$
f%]d'_?G\S6abGh:,4iDH(d"JXDGksi&^=#Lk!\\_rf^U8+WK\df0;'I-LHlrr>%M
F0+*JIS=OkIFLJSl?\`7S4oBsWFpVPnAs=2e!5gGEb$LW)+)j)kRMF^ZY%IO2Jh'Q
B$Hf'CtZ.,c'pV-fsC_.qtZ^>CtX==:^R^Ao3_FX6uu$$!'$bR!'(aT=\YhTr4U_*
><p98'G`Hj?sP#l70Sai=p%A8&:+9U34E`NTD[_Nj9;Wnm;!shQ_%AM[s/P9P+#sr
`Ydd%;#:JXhD8cgRl5*9ZY%IO2J`osX'b[:MuF08Y'K'urrE%<,Q;]Go!e2tn+0K!
+.#fLDpJ+):E95,(YXM[I^B1%lY.rogT/I%`o90VgukI(B$Hf'CtZ.,c'pV-fs>;8
Rl5*9ZY%IO2Jh'QB$Hf'CtZ-+%`D=Yc^oXXT(Z5E]&3GEC."iQ?c8T.OM4b.\;D,@
,Djr'>ujL-.EdfR+Ggdc'%Cq%c_6c5B$Hf'CtZ.,c'pUKh'66$i=pEH1`q"aT:EQl
jR:<R/8G/To:D@ak"dORL*_ISd-_nM="u5,JK,mb&]k%t]D(&&hie!>o8fN.?h9>)
:9UAj;>F#c/#MXa8U7>ODf9QQP/Nr^FF398AQ2Ss<?XWk1UH5gRl5*9ZY%IO2Jh'Q
B$Hf'CtZ.,c'prtebf032Jh'Qb2;f\9!/*n3/.A43><B/&H;_4C8<Qee;-[(YWlgg
o^B51rrC+b+oI5qQSSE/WU_F'9V/IS-%ABgf8u'P#KE6G>0WNpCtZ.,c'pV2rrC?J
cbIVPq8]Zf5Fh`R2SA!_j_Z<3UXQ@+XLG\1XZpf:Bc(PsIu"^L85\n;<N4<.*ao!J
T7m4Ec;T5<;/.#1PeZAarr=7N4$=eEEGp!qXfk$-1VeDrOK3e<^I?hter)B6Z`OS7
P<a8#rr>7LrrAS$r8=1(>lOeoQi@&Ub1:F46VIFZ3mX(&]=EMQVb34D126I/\Rm>M
/Y,M4!JmWe%9rgZX8+2-S\07rk7=1AgVgQ-F$8^Mqm`Gl!EWBdhV=hGrXM?r!0r4u
rr>#Grr>7`r.)8^eGfO3*C&^>Y.lZEX@=.i-Ma"X[^?DlQBUUbRZuO.OYrin9Pu>)
T,D:(J*5n-R,=*V@'oj=rrAS_r0l/c/,[4FUfqEn5)X)ddVd['(RA0d=](:b$VP+`
^n&.aVL<+JLRc#TkPkN7l(2e`8!rr;2L/e8N6A'`g/Z(8<jO2#>E"]1'ikK?F]&Jf
&X$DPZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Ji3brr>'d)u`l>r8=p%
,DeqRVO4(pPtSEjV#9!-paDe4WbXukn"2l:B$Hf'CtZ.,c'phDrr>&4rr>($q#UKq
33jdX]`$t1[?!@R7OGP@^%2"iH)l7-!Ej:PUlHs9@)/b16nTs!%musMXoAAc^ZX^n
o9n(\h>TZb!oNuscgm]*Lj`LQHFKb8ZOFoh37MlKRVC3FiG/fsK^?p'CSq+3c`'&$
kNO'frrARNrrAS!o;A1`2.j;,fCW>tjtN35pms=Qe7Z9l<&>1/Wut4s:5Y`f^\RI+
OtA9rV>4j*!'(;I?RG'ho(1<`n*TN2h?6%NNcpJ]3F[\r<L9m]CdMG,9RkC<^ZQMQ
Xsa.Fr8b9c!1]DH?+ZTHd<s+]:T-l!i:NHi>#TBmJ-71+p?,gD;SCiU-iSR=q/,9m
H6:<Pq8c>`?iL,O3.>f"Z*r2)mkQCtB[(K%$EJ;jkt>j@%u;OMC85/_F.Z6jdR74_
@-HN(3gtX1i.=#A*Les'fs>;8Rl5*9ZY%IO2Jh'QB$Hf0s47)CRl5*9ZcZYHSDX1a
+7kUZp]P>]no$SPjE*;grrA4sPRprr>:=l_TI$><KPsS,kQ4a`O:=7$:3@Q0ZY%IO
2Jh'Q_k6Og?h9c$:]CEb<RN_K'2R'V!9IVfF8<S0IS0OG[#r%&oioj;]?a&ZOWsH^
'Lc>L2o(ZQ\p4DKTDid7o/lql-dT$s!7"#_c?sDjC:^jJ:!SOi'k\a]B;WSk9G[@5
'^i3BW4UeP9/T#,;^\NAln=[;YN<MGBU0]CnrA:!H"5%O>[f9D6di*2['YAhm)KMa
W4tU8gtAtPkMOJ?,^sG&@o;f0jr]l\rr>"R?WKo<g,>c5Q6u*D4#/ki=$dd"i.IXE
]_DF+38+,rrr>7Ye[=;[O86[f9(1*@PF)"FoCFL3EUR"$DrcN(2.gWn8Q5Ah,UlP8
;C@D+off[Ol1AcjEJOO6X7Eb!Ejs-1c6&C>ZJ+R^CG!;ir0sW%f2C&"=;%Yi,;=A<
TeT0;Mh$9"X.oGl2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$HnJrrAS:
L=Uk!:\hh/mhE,Ro<QWj.Ydo]=Bmsg"G'<VC3pEal(7n!Rl5*9ZY%IO2LM>#!1]Y\
!1`BH^%^YWht)aJo7gRTMt8Ij^A0.`o*:c4P"e$]dNC%qTlRA"f&5+NAro@f;&Djc
O\NUR(Vf.dhF.:Ie7SX&rrAR?e7&:Qr9;b0qXs!KXJ=WdFu-TC-9/0PL@/I-T3cMD
S0L?MI\EJ]BX,RN,<utU70!Et!$)'[B$Hoqr;Qcs!1[BnQN$rTR.BLg5;g*M(9):l
'T&Q0U<rjC=4:HkrT0m0Jjg3h_8F:2Ht_4(p=IUi!:u<poBWMo7.Q],/D&dO+7k52
Esln>q81S.R`C`-Aoeud/L$pNh'/"L'<MZr$Zh4ianZ%br_EC>npZ5Sh]V79^1Hl-
R;J8U8Cd)GW9ACSb%Sl[^oO41aM=hV5oDE%Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,ci;Vo
q3s9YfsAh.o:4_7a<1#95PP@rJ+@M>+6:XE_>-=k;[q9O=Brc)m0P/FNS7?cf2$oR
C@/V:3s'Udd^*Q1Rl5*9ZY+o?k;C$;1MhR(*-@/naIY`I^W/S1OT,<J@;UKHr.Str
QVS9"ZU5K#e56RY#s_VPj;q@TIMI$.#Q3Ofr8C\Mj@f<`k9GK>,aqLiJ'Lr;dcPsV
:qbAM$\e09\.V9XgAP0C"#IsX43-ibOVC)]=MN<)fs>;8Rm'5ic<#M@*r4R]Vp9ea
2kT\p[^#X4o/"S[aZ#j,/9K'S[Q=AL,"n93ZAX=IO2)X8et090a%=>?4b<V53.Lr.
3H=,Pq9'l'aS#�¡�À �KTU!\8bTZ7I*R%?Z#(7S%1IS(U_KkIl^UDVjYMP#`#HJ^Vsfs>;8
Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;:"Fn^-76KIs+7k*KDePKC0BYGM@?K8$
#p,LVmjBF<Z)B8[6:DC)4n"juCtZ.,c'pV=J,]M=\c2Z"Wr1->iq)jC!;tfZr8E<,
CVG,,=`"*<2h*PupoV8cAdO4cegm`072$eO-(S/'-dd_DkMc.'r8PKhic!qVr8O'*
f?:m&[J_K8X^3D[c[LAT8mgm#;0-VN]6\Fk8D]k/BV=crb<($22Jh'Q@4.I*[H6j:
kZXmM4P?F\q3T9ne-=Z/d'Yr[m]A*MD9>K[WlW&M*QMIWiZFciS,'8f!'[gga1;,p
r1UO1o@Np!hk%5hjR_i%ApG\hbHotZa2qkm'HdQ]/f5/8//.qfS%mXkb:h)s,lVcY
+$ohDr4LWho,!Yh`rVZ)e6kEW=JW1D]i%Cl8ie!CJJgSpRl5*9ZY%IO2Jh'QB$Hf'
CtZ.-s3UZ=Rl5*9ZcZYHSGrTca<1#95PP@r?h/+sQfW&*F89DCGB"Ybk+`pq=jgV>
6Vq?0]7k#[Lmm:bjAR:aM25ZP4.Ml(c'pV-fs>=R^ZR?O!9Yq]U&P*PQ2+j.k.OK+
otNV)>cg4D]T1HeEp=Hf#*qN^Fgngg)HR%::_<'*kC<<D0DWSZ2efk3\,QFgAcD`j
.rG,erc0O\6:igepob*HSHDKpN><AkN,oQUnLku<lPq0:GdjU^e/[/JB$Hf'D"uW^
!'-VG$i,AR!'&m3PlCaTS\OcS2XjgTkqQ92Zguu$hLDTkf$d10mnoAf>bf<];6CTW
n7;CG98=bV2uM^VkLYm3k9W>B]Y4-EjB%d%1KY0+W9H6?qUV49>EH<PF+rA5A:b*?
OK4A.B5YTBB3<VF]qal(rjR4qS"jY?F6X[XUG8Q`>2)Npbq"o`Kb6s"D"0-Mrr>89
rrAQ8e>IY<Ilo;7h&804H)0aaLj_ht@?p#\74JVC+ODd[BV:mh[Y(aI*b`pmIkl;!
:lAB$[JM@0*?.t.nquGXju&GB;!mb`0I%%5B$Hf'CtZ.,c'pV-fs>;/UISCRSn=6u
E7#g9"DSZQL`cab+L^r)peqpPRl5*9ZY%IO2Jh(*J,.9%P2Gk`rbuaF]Y(KSo6*[C
eh!jP1n$#e/0qQpo]7>g.'E*H:bh`@\hdsCRl5*9ZY.HGq9H2>bE"RG5%)dQk7U#B
)5:InrrC>3rb%:jhd0I@7ZHNaC"&[Abc)W,OTpuS0G)/c<r5I[T)Se\5lUhS<q;=L
ihtmTO-K:(@DDE2[#j/D@sPe>VUW!s(_.0J<H2pj((eK7a<^2t`;7)(CtZ.,c%VV;
MkkWZ8C[8@In[<%FA6B$>:j&N]npC2\[S,%8JJG>.a#n)+Gpc'%'JaaTD\PTo@qm!
n!X1Uk6jL8[@-/m$WsPYIk0>65>EKsA<;,aTj@Kb\qW#FP!=`iNg6VYg?+a!lWQa<
>)nfJ>/P]`l4>m6Vmj0%,Z;Y"Wk'l,pgF$]hj`MnrrA@WOPWcscbGq*B913,<_Kr=
(K#E0/t,G6N^bF,K$l*EG$p8BW-/=9)8giYrr>(Rrr>$:q3/#GITQ*$k;JrZjps4R
/t\kP2`=j!N3h>3/9&W8(O!$5dQE%&,]_b,$>Jihfs>;8Rl5*9ZY%IO2Jh'QBE-BV
q3s9YfsAh.o:5g\qT'cMO[&UDC1$OM44iT4CDZ*qOQ&g""HUa;>,3`ao`dZ5+otE3
-dX*9VdG)Cp;rnBfs>;8RlTs"\)r1)5:1k5][?PAkH.KB/'C+UZYQW+gsMp<6:1lC
p8"-H=ODK%%/DXX!'#i2ETU'mc2Rdh/)U0JO86jk$91/Qjm/&*J'L9->f[qem?:;4
b8p+*'Matb]5_j?--)t^<F\JD[5kR*c'pV-fs.]:.Qh_qaW-1=8D"!FUelXR:ikS;
k'i<P?hsBPr8_D'SR+Y2/p5M9`D=fS6#Aa_j\'\oq@<>`CP*A-YGR3)X%Lrc+\I'B
\Z2^&\@u8?#*7ok"%DfOQ`oE!1`nGSgZhs#V$Z6'p:!o#Yt1e/Q%?i)!<a!2Fs,tm
?!C+4\GlQ$X*J(<H;1`bBDDRLEMm&)[c1/d]OjQof84'>.LI)E8tNT[O"C;2c9ZnM
q8;e/>5Y;hYNBbiotS^H/c+e7Gt-*D?Kr2;_(H9Ipg'S'8JMO[CWHi$G!+HaB$Hf'
CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh(*rrDl;f[`jD?hqOWGa`#)2JubDg3n'pRLT,u
oVsm),,S01:`ch,B=Ka0c'pV-fsAZTo:,a[o9T5Sr8Mq^=k9Z_[F[W!]\=ZFhj47>
SX]R%jDbggb8c!N6YmcGJ0;H=5g.?4k25c\ht)^A?^2N6V>9TU\<!cl!7"/bFbt7U
3U8WH7E1[4W]JtES>\[baBXM1TH>1!*t2Vn7^H^ORl5*9ZY)K"eblZBLZ^VXn!a7V
/A1_TrfQcdS1Gtje72f/BT%r-gfqCkKUN\Y8Df9`l4"5NM#RIF9)R-/a8FmdkJ-s$
J*3'"J)kN&?d!Tf$i,VE_Dr9+OL;_(ZN)/YO^q33P=KXr2b"4jDDA5Ki!2O*)M#]:
Nr/"`5P`,7cS,*/qu1ZGc2M<\2p4+j2s7B5VUm]K\CSea9,fkNR'b::&Yk4;=oKX3
;L@T=rr=R!3^5+/4#DloGOhNTH;C->XY/r)>+Ns,2`#A4:uN]i$L,Z,<i\UAZoQV,
B$Hf'CtZ.,c'pV-fs>;:s3gf?Rl5*9ZcTuRSUtAO!'#?*!'(YT1+WA)K.m$:"c!Ep
@XsH\e-"@uoZp<HJ+:M*rrD0ghu6?Q)J76`2Jh'QiE,0nR^MV[q%*DbI?4<dYELRl
D>sV!(]OI\2)`/Ggt/Z2if@-O[?9KWA<'tKZH3]f[&:hCQ?j+80AI!A6de*%U1kZQ
o)>6kPG)Y*:hfbaR;P"'Dej2,MAVFnZ6FfQf/@HuZY%IO2JhR6R_P.0;#KJR^%5Um
Q_*jL!7F&4o7_k+)N8IM9bDCB]8LlUE0EWH8K71^>sY11Oe;6"rrAG#D>sU+1]77'
J*-q6!'E,n]^hZ)E,YaV+FNQsr%4^;a*3Ek'S6p8)itD2i42mIEqL.0gJ$a&q*F'u
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2.
Connect the output of the AM envelope detector via the 4.7 µF capacitor to the LM 380 audio amplifier (it is already built for you). The output of the LM 380 is connected to the headphones. 


a.
Listen to the demodulated 2 KHz tone for Vs = 100 mVppk. Set the gain of the LM 380 to result in a comfortable sound level. Change the frequency of Vs from 200 Hz to 6 KHz and listen to the tone.


b.
Set Vs to a nice frequency (600 Hz for example) and increase its amplitude from 100 mVppk to 800 mVppk. You are now changing the deviation. Listen to the distortion at 400 mV and 800 mV voltages!


c.
Connect the tape-payer to the modulation input of the LM 566 and listen to the music. Change the sound level and the gain of the LM 380 to get a good music response. The best quality sound will be achieved with a small input at the LM 566 (small deviation) and a reasonable gain at the LM 380 amplifier. Also, turn the lights off to eliminate the 120 Hz noise. You can display the music by looking at the output of the AM detector or the output of the LM 380 amplifier. You can display the modulated FM signal by looking at the output of the transmit LM 386 amplifier in time and frequency domain.

Experiment No. 6

Frequency Modulation (FM), Generation and Detection, 

FM Optical Link

Pre-Lab Assignment

1.
a.
Calculate and plot the spectrum (in dB) of an FM signal centered at 122 KHz with a maximum deviation of 10 KHz and mf = 1 and mf = 2. 


b.
For each case, determine the modulation frequency and the Carson’ s bandwidth of the signal. Also, label the sideband number and levels (in dB) which occur outside the Carson’ s bandwidth.

2.
Determine the decrease in the third, fifth and seventh harmonic level (in dB) of a 100 KHz triangular wave when passed by a low-pass filter with fc = 180 KHz. 

3.
a.
Make sure that the LM 566C component values (Ro, Co, V5) given in the experiment result in a center frequency around 100-110 KHz for V+ = 10 V.


b.
Calculate the frequency deviation of the LM 566 when an input ac modulation voltage of +/- 0.1 V is applied to pin #5 (this means that the voltage at pin #5 increases/decreases by 0.1 V)

4.
a.
Calculate the impedance of the 0.1µF DC blocking capacitor at 100 KHz, the 4.7 µF capacitor (at 1 KHz) and the 220 µF at (1 KHz). Make sure that they are much smaller than the resistances around them (there are 4 DC block 0.1µF capacitors, one 4.7 µF capacitor after the AM detector, one DC block capacitor after the LM 380 amplifier).


b.
Calculate the corner frequency set by the 1.6 nF capacitor at the input of the LM 386 amplifier/driver.

Optional:

You are welcome to review the Agilent FM Fundamentals computer-based training package. Talk to your TA about it.

Experiment No. 6

Frequency Modulation (FM), Generation and Detection, 

FM Optical Link

Lab Report Assignment

1.
On a single large page, draw neatly the entire FM transmitter system in detail and label the voltages (VDC and Vppk) that you measured at several points along the circuit (for the case of the 1.6 nF capacitor included). Also label the measured harmonic levels at the output of the LM 386.

2.
On a single large page, draw neatly the entire FM receiver system in detail and label the voltages (VDC and Vppk) that you measured at several points along the circuit. Label the frequencies at different points along the circuit and the modulation index, m, for Vs = 400 mVppk (Section 4.0). 


Label the measured harmonic levels at the output of the AM detector for a modulation voltage Vs=200 mVppk, and Vs=800 mVppk (harmonic levels). Label the measured bandwidth of the AM detector.

3.
From the measured DC voltage across the 1 KΩ load at the AM detector, calculate the current in the 1N34A diode and determine its total small signal ac resistance (n = 1.5, Rs = 100 Ω). Using this information (and the 1 KΩ and 100 Ω resistors in the AM detector), determine the AM modulator cut-off frequency set by the 68 nF capacitor. Compare with measurements.

Appendix A

Color Coding of Resistors/Capacitors

[image: image22.wmf]
Examples:
R = 2.2 kΩ
Red, Red, Red
(22 x102)


R = 1.0 kΩ
Brown, Black, Red
(10 x 102)


R = 100 kΩ
Brown, Black, Yellow
(10 x 104)


R = 560 Ω
Green, Blue, Brown
(56 x 101)


R = 47 Ω
Yellow, Violet, Black
(47 x 100)

Appendix B

Data Sheets 
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currentpoint
/picTop exch def
/picLeft exch def
psb
��� �¿�"�º����� �¾�¡�À�=pse
currentpoint
/picBottom exch def
/picRight exch def
psb
��� �¿� �¾�¡�À��[ 0 0 518 698]
��¡�À�Û1 dict begin /s exch def
picLeft picTop translate
picRight picLeft sub s 2 get s 0 get sub div
picBottom picTop sub s 1 get s 3 get sub div
scale
s 0 get neg s 3 get neg translate
end
/showpage {} def
/copypage {} def
���¡�À �%!PS-Adobe-3.0 EPSF-3.0
%%Creator: Adobe Photoshop Version 3.0.5
%%Title: MUR105,P3-229.ps
%%CreationDate: 8/29/97 10:13 AM
%%BoundingBox: 0 0 518 698
%%HiResBoundingBox: 0 0 517.92 698.4
%%SuppressDotGainCompensation
%%DocumentProcessColors: Black
%%EndComments
%%BeginProlog
%%EndProlog
%%BeginSetup
%%EndSetup
%ImageData: 1079 1455 8 1 0 1 6 "beginimage"
%BeginPhotoshop: 290
%3842494D03E900000000007800030000004800480000000002DA0228FFE1FFE1
%02F902450347052803FC00020000004800480000000002DA0228000100000064
%000000010003030300000001270F000100010000000000000000000000006808
%0019019000000000000000000000000000000000000000000000000000000000
%000000003842494D03ED00000000001000960000000100010096000000010001
%3842494D03F300000000000800000000000000003842494D271000000000000A
%000100000000000000023842494D03F4000000000012003500000001002D0000
%00060000000000013842494D03F700000000001C0000FFFFFFFFFFFFFFFFFFFF
%FFFFFFFFFFFFFFFFFFFFFFFF03E800003842494D03FD00000000000602010000
%0000
%EndPhotoshop
gsave
40 dict begin
/_image systemdict /image get def
/_setgray systemdict /setgray get def
/_currentgray systemdict /currentgray get def
/_settransfer systemdict /settransfer get def
/_currenttransfer systemdict /currenttransfer get def
/blank 0 _currenttransfer exec
1 _currenttransfer exec eq def
/negative blank
{0 _currenttransfer exec 0.5 lt}
{0 _currenttransfer exec 1 _currenttransfer exec gt}
ifelse def
/inverted? negative def
/level2 systemdict /languagelevel known
{languagelevel 2 ge} {false} ifelse def
gsave
/rows 1455 def
/cols 1079 def
517.92 698.4 scale
level2 {
/DeviceGray
setcolorspace} if
/beginimage level2
{/image load def}
{{pop .9 setgray 0 0 moveto 0 1 lineto
1 1 lineto 1 0 lineto fill 0 setgray
0 1 translate 1 cols div 1 rows div scale
/ratio {cols 400 div mul} def
/Helvetica findfont 15 ratio scalefont setfont
5 ratio -20 ratio moveto
(JPEG encoded image needs PostScript Level 2) show
/x 128 string def
{currentfile x readline {} {pop exit} ifelse
(~>) search {pop pop pop exit} {pop} ifelse
} loop } def}
ifelse
12 dict begin
/ImageType 1 def
/Width cols def
/Height rows def
/ImageMatrix [cols 0 0 rows neg 0 rows] def
/BitsPerComponent 8 def
/Decode [0 1] def
/DataSource currentfile /ASCII85Decode filter
/DCTDecode filter def
currentdict end
%%BeginBinary:     483087
beginimage
s4IA0!"_al8O`[\!W`9l!([(is6]js6"FnCAH66@zs4[N@!!33'!WiE)!WiE*!WiE*
"9S],!sAc1"9\i1"U5,6"U,&5"pP;;#R:S=#mgqG#mh"K$k*OQ$k*OQ$k*OQ%0+*C
$O?p>"?->^&HMjL!7CiI!!`N*!<E3$z!!!!%"Tnf1!<<?1#mq%O!!30'!s/T,"pY55
!X8^I!<N?8"98TK&hu[L"qtDhEIefZOeE!pYsK\O;UOGZ(1QbYEe<g-6Sq`)U9\9M
_DO_/PG>HB(K=pe_p[NM-A)U3(`A!k77O)[<mt%s)Y2q[`73l?AT`]lV7":mjn35/
L6e^F`n';G2b-q^GDDN_\&[+`pGb]GBR#?#W49q$kkHSe8QfbQM4(?Rak>qS.QU1*
C3kc+Wk-@,lMCP:!!E:Ws4RGY!<E0#561TVRl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-
fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,
c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY0<bqtZ^>CtZ.,
c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'
CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'Q
B$Hf'CtZ.-s3^`>Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'Q
B$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO
2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY0<dqtZ^>CtZ.,c'pV-fs>;8Rl5*9ZY%IO
2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8T.-kL
+8O,VcYrX%+8O&d+aFn'Eh;%V9?A9<qQH7QZje)2adO<>I:Up9kEmbmFs<.coNC)$
Q2W_8<!WJjc2Rc'MuNc;WBR.2WrE(jnf;jjV3&jI8)t+?4(-!'KsaWP?rc\mJ.As%
E;op`)?0]^A#tf=ht-D'2+\.\qP]u[[T@#FE#e016:Z&,aPg1%rr>#7rr>'#Xi4]`
rrDupT?g@B/!$cPe%E?IF#sCk%b>se9^4.>86JaZiO5N]!&uY3!'(c?r;+^"rr>7q
r7/(&k"(=)mD%6=(0"sN7N-Sf(@VHF8C:F+/%K%m4E<[^pNPf2ZI@CjrdHg%fe0:f
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/*AK+('.Bme`,AARZKr='],R\rrA[:rb7utd/O*<K7D037nHP%cce>oarl-j>$eBJ
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S)=3o"oeQ_#@IB807W>l#"S[n3!]8W+4`FO!7$)nI@mUqMeP1eP;Nqs:o>bg#P\I.
B]j]N`751o!(?MXbl7\*JUbs2rrD"LHiF(WH,&R7^R:_lcnG495Pur`J*a?OrrAd=
rb;5f^Z_?Jo8k%poS>4$!/Rhl:K*@MF8G8`nYkKf[GR<e2jaM_0CrLg:S7RJn)pqI
V\^l$=*1Ks<24E"E_7JL&&VS><LB*+rrC=IIVRQET$`&5If=^Tdk6XAYb,']E7,C;
j#E?;'?C!Dqmgu"gA$+UjC^.Di>:ZMC+ZF(rr>(Rq9'c00tk9m/Mmn;J_d1eNOWPS
)1=iYPuEc0@MD27/uS^L3",PkWF&n;2uNR]o@aL(mM]q3-oH:CLoYQ*QI+CA_\Kr,
`/Y/B-n6$ZMUK9&!<3$W[(Ef[:\jc%kIng,ba-@jXA<mM__ah,Y8,U3dCXqQ6h)-l
(/V*+YYE19i-4>^h:;/L5P+@TcOgoBV7!+=>O"q#;(]p'hn#=+Ftp+079<p=4$PX%
.DP''?^^N,AUjON&,bJiZN(8lbVrD%^]?ksPlmq=pnjP\!&t5Z[AV1W_>aM-JUVt$
:Mhqo>PbqLo#8Gtn6$sF\X?tXPR!;D2.3Ig@T%^%^4.r8Q:YH_IKTTM3<C+#0'aUH
Y2`]jWT't!'h<cUK*i.eqnM`lf$W0#kMe^t_?`Q%VrBb_U0coJko\HJoUlutAGDX_
bK52F`;E^^<rW/lI"$1nfhD[?rr>7or:.&'\$nmb>D`#GfodTF]X"rn_5Q*Oa_kW<
1+OcInmtftgE67cO66(R`k%f?r&=64mVr@[/=*m0Tl,iNXXA6]e7TpF[mf@M%?!GU
V>gOfGlDW8eAM:dcbk5rRAH%+N(1@V!<d!\$F^-0M=l[h1D6QGW=(s]2B+UQqt'E.
4'H?JoC.geCOJh4Pe)"fm]gn[DRU<d/NpYXN6`=j.iFEM.Olo`)fPQHQi,o\PM`_H
!7/bO2uO,@S*H+\l:CGL),.c60\:!dF<7/+D,J?1i[MY*h7rQCZ=tXGJ*5m"SA4%`
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UjP]1:0FO39e4Yb;jBY=rrDZYrrDl9komV0rrD6Chja/m>jsC$P>j7=kqB$Q-.gUr
Bu+p!_i/6WppY9Cht-8Sq8uiDi^nX_k.dA!XMhDjEGI;'Z!^AC^1a>l:]f(;+\X\!
q=j@Uja8d.(B4C+o+0&r$3d?0VVfWG+CJYPNTNDm(:RS+kZrBF9?pXhk7'Z=1C5H.
MG*)[r&g<^5OS'2re/VsF#3grRS2dmr$(P.!:MY3re/VsF#3grRS2dmr$(P.!:MXo
XafLF5Nal)fig')q%oD<V"!.?5ERL0*8i-)&MC*ATdShen@7/h!&3\6q8M7ec3\UG
oVVWgT8h`d>EtUePs6h,7(EAC1-Z/C^D!:Dr$>S^*t!!a"tfiT6Ke@K3U%JgUgN`_
olt^O/Z["h=lnL9391qs)4T)?&N<VCWmshX1bCrT*^AiG.j^RmrrA[E>=BK$5M)Gj
/3LU-7`rfV#h@T2J^>%kMA/,Pr/2%XU\VP$Et@i&rc<SgET?U;o0<4pC>\W4aM414
DSN4::oBNL9aR7O029r.NYhPf%5O+?n[N,"DcIsFHs^,7B$Hf'CtZ.,c(G$bqtZ^>
CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'Q
B$Hf'CtZ.,c'pV-fs>;8T.E4i"tfK[rr>'#rr>80]%'j>>b=1C;*`_b0;ra+RbM&,
%VS[*A+YaE_>$eEB@Qk4ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2LMS*
!1]0>Qi;GBrr>#,QM6H;hQDe!LS!mbaW&+*2ln-$THU-=nWkI![3,r+^K!(%c'pV-
fs>;8TE!F<q3s9Yfs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO
2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IS0YccY('ad=SAP:+T9%'90@G'&k5PE3
X3RE6<J\VpE.jlr;ICWdbHJcY_oeD>pGQj@ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8
Rl5*9ZY%IS0)ko7X8`/g6iR.V+.rl<F[%p0g]!H6[XCQgRl5*9ZY%IO2LkbWqtZ^>
CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'Q
B$Hf'CtZ.,c'pV-fs>;8T.GKT"B+'*k:;&FjNVI@Ktf>6E72h$AMT+M_^^bELBV^C
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gA+7]Z08rs(ACE;="j76*mXUpQ<'5LqUZ2\!!,@=[3qB]rr>8arrASBr0m40SR_Ke
q)>1/44d,nr4V5%"&ncnWAUDdilZN`.WR((2n#(a%/R6lJ,/kpjNj"h!9Y64L&V-5
2u4K;*anR%juqDFoIhh2Yek;Fon8(ajg2^bBk*#8MG#rSB2[fJ4D?!XSg"+6S5K:d
T:,\#rrC>;rrC>PGouV6pWK.6no*W.R\SGao$sO6hI"9g3`YSF%5+J--`Jbu$EGpL
)AO2\%9l$*J'L@ZH?hUOEQ@X>c!QrHG*/TL4M;)uL62kDh!.u8$mW0c[gcNRY'2]b
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currentpoint
/picTop exch def
/picLeft exch def
psb
��� �¿�"�Ç����� �¾�¡�À�=pse
currentpoint
/picBottom exch def
/picRight exch def
psb
��� �¿� �¾�¡�À��[ 0 0 519 711]
��¡�À�Û1 dict begin /s exch def
picLeft picTop translate
picRight picLeft sub s 2 get s 0 get sub div
picBottom picTop sub s 1 get s 3 get sub div
scale
s 0 get neg s 3 get neg translate
end
/showpage {} def
/copypage {} def
���¡�À �%!PS-Adobe-3.0 EPSF-3.0
%%Creator: Adobe Photoshop Version 3.0.5
%%Title: MUR105,P3-230.ps
%%CreationDate: 8/29/97 10:22 AM
%%BoundingBox: 0 0 519 711
%%HiResBoundingBox: 0 0 518.88 711.36
%%SuppressDotGainCompensation
%%DocumentProcessColors: Black
%%EndComments
%%BeginProlog
%%EndProlog
%%BeginSetup
%%EndSetup
%ImageData: 1081 1482 8 1 0 1 6 "beginimage"
%BeginPhotoshop: 290
%3842494D03E900000000007800030000004800480000000002DA0228FFE1FFE1
%02F902450347052803FC00020000004800480000000002DA0228000100000064
%000000010003030300000001270F000100010000000000000000000000006808
%0019019000000000000000000000000000000000000000000000000000000000
%000000003842494D03ED00000000001000960000000100010096000000010001
%3842494D03F300000000000800000000000000003842494D271000000000000A
%000100000000000000023842494D03F4000000000012003500000001002D0000
%00060000000000013842494D03F700000000001C0000FFFFFFFFFFFFFFFFFFFF
%FFFFFFFFFFFFFFFFFFFFFFFF03E800003842494D03FD00000000000602010000
%0000
%EndPhotoshop
gsave
40 dict begin
/_image systemdict /image get def
/_setgray systemdict /setgray get def
/_currentgray systemdict /currentgray get def
/_settransfer systemdict /settransfer get def
/_currenttransfer systemdict /currenttransfer get def
/blank 0 _currenttransfer exec
1 _currenttransfer exec eq def
/negative blank
{0 _currenttransfer exec 0.5 lt}
{0 _currenttransfer exec 1 _currenttransfer exec gt}
ifelse def
/inverted? negative def
/level2 systemdict /languagelevel known
{languagelevel 2 ge} {false} ifelse def
gsave
/rows 1482 def
/cols 1081 def
518.88 711.36 scale
level2 {
/DeviceGray
setcolorspace} if
/beginimage level2
{/image load def}
{{pop .9 setgray 0 0 moveto 0 1 lineto
1 1 lineto 1 0 lineto fill 0 setgray
0 1 translate 1 cols div 1 rows div scale
/ratio {cols 400 div mul} def
/Helvetica findfont 15 ratio scalefont setfont
5 ratio -20 ratio moveto
(JPEG encoded image needs PostScript Level 2) show
/x 128 string def
{currentfile x readline {} {pop exit} ifelse
(~>) search {pop pop pop exit} {pop} ifelse
} loop } def}
ifelse
12 dict begin
/ImageType 1 def
/Width cols def
/Height rows def
/ImageMatrix [cols 0 0 rows neg 0 rows] def
/BitsPerComponent 8 def
/Decode [0 1] def
/DataSource currentfile /ASCII85Decode filter
/DCTDecode filter def
currentdict end
%%BeginBinary:     499725
beginimage
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c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%P`d/3X.2Jh'Q
B$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO
2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9
ZY%IO2Jh'QB$^M)qtZ^>CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-
fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,
c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,ci;Gjq3s9Yfs>;8Rl5*9ZY%IO2Jh'Q
B$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO
2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;:s3pl@
Rl5*9ZY%IO2Jh'QB$Hn`rrAS9rrASJcp-\&J)suGF3#8\SknJ]lK6IGhSWqWNg-ua
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V1jWJns6[%Hm"akr(%If>452_=64AukHb)!J'MEshu7UqIk%AC8!C)5]79@Q`iQI/
_9n':rr>l":_@;$YOBR@6:H&%ht*@&o:0e"!6uK9jeABj=[+V'r5Oq"#R7:c['WO\
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U-Qq](^a6AY=tDIc'pV-fs>;8Rl5*9ZY%IO2Jh'QB$Hf'CtZ.,c'pV-fs>;8Rl5*9
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N`MT59IoWZa<:oO,Q;^&ng"-SU],8&rc:_6rrAS!r.snIn)lp%4OH=3Tm<Ni6S85@
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