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|. OBJECTIVES

In this laboratoryyou will design, build, and test AM and FM transmitters and ver®i
The objecties of the lab are:

1.  toreinforce the lecture material in this course,
2. toteach the use of basic electronics lab equipment,
3. andto develop good laboratory practice.

II. LAB NOTEBOOK

A key part of good laboratory practice is to maintain a lab notebook. All your pre-lab
calculations, lab notes, data, and reports shouldepeik a bound lab notebook. Lab reports
need not repeat information that is already in this lab mard@lvever, your lab notebook and
manual together should contain enough information to repeatxpgeriments. Br example,
after completing a pre-lab assignment, you may find that your calculated component values do
not produce optimum measured resulfaur lab notebook should summarize your tests with
other componentalues. Mosbf your lab time should be spent reading the experiment, doing
the pre-lab assignment, and doing the experiment instead of writing a report. Each student
should maintain a separate lab notebook, prepared completely by the student himself/herself.

1. PROTOBOARDS

Although the performance of the circuits described in this manual could bevednp
using printed-circuit boards with a ground plane, all the circuits for thgserinents will be
built on protoboards to simplify construction and revision of the circuits. Each group will need
at least one protoboard, andotyrotoboards per groupauld be helpful. For example, using
two protoboards would all® each group to test corresponding transmitters and veseli
together instead of only testing each separately.

If the protoboard you k& keen using in other classes is wearing out, you should buy a
newv one for this class.The circuits that you will build in this laboratory are complicated
enough that debugging will be challengingere with a nev protoboard. Oldprotoboards that
do not mak reliable connections tevery component will greatly increase the difficulty in
debugging.

Even with nev protoboards, the characteristics of the protoboard will affect the measured
results for the circuits that you construct in this class. In particolatoboards hee a hrge
parasitic capacitance (about 5 pF) frony ane raw of pins to the net. At 100 MHz, 5 pF cor
responds to a capae#i reactance of only about 3@ Therefore, the isolation between adja-
cent "unconnected” rails may be podklso, because protoboards do not usually usena lo
impedance ground plane, the inductance in the ground connection may berhegkefore,



circuits may interact through the ywer and ground rails in ways that would not be predicted
when ideal pwer-supply and ground connections are assunte.example, multi-stage high-
gan amplifiers sharing the samewper-supply and ground rails may oscillate because of feed-
back through the supply or ground connections.

V. TOOLS

In addition to protoboards, each lab group will need a pair of needle-nose pliers and wire
cutters/strippers. Althougtinese tools are not required for other lab coursey, dteerequired
here to help youunld your circuits in as small a form as possible. This is important because
several of these ¥periments operate at frequencies where parasitic inductances and capaci-
tances from long component leads may cause performance limitafoablems from these
parasitics will be reduced by minimizing lead lengths with the use of these @wolthe other
hand, the component leads need not be so short that probing the circuietoeaskirements
is difficult.

V. EQUIPMENT

1. General
Please do not rerme any @uipment from the lab room, including probes and
cables. Hwever, you are welcome to takyour parts with you out of the lab room.

2. Oscilloscope

a. The oscilloscopes hee a DO-MHz bandwidth limit. While signals abke 100
MHz can be examined, some attenuation should be expected.

b. The oscilloscopes also Ve a ltton that further limits the bandwidth to 20 MHz.
This reduced bandwidth is useful in reducing the observed noise when the desired
signal frequengis less than 20 MHzHowever, the full 100 MHz bandwidth will
be required in some cases such as in Experiment #2, where the goalild #mb
FM transmitter that operates between 88 MHz and 108 MHz.

C. Thefrequeny meters on the oscilloscopes/gifalse numbers for improperly trig-
gered and/or highly modulatedawdorms. Inall cases, the displayed numbers
should be checked by direct measurement of the period.

d. Whenyou want to observthe phase relationship betweerotagnals (such as in
the phase-loadd loop in Experiment #5), display both simultaneously on the oscil-
loscope and trigger on channel 1 or channdD@.not trigger on "vert mode" when
you want to see the phase difference betweerstynals.

3. Probes
The lab has 100-MHz "10X" oscilloscope probesilable for your use.These
probes attenuate the input signal by a factor of Tis attenuation increases the
input impedance of the probe. As a result, the loading caused by these probes on a
circuit under test at high frequencies is much less than the "1X" probes y®u ha
used in other labs, which consist of coaxial wire with alligator clips.

4. Paver Supply
The experiments use a +12-\olt power supgize "COM" terminal on the supply
should be viewed as the 'getive’ side of the power supply.



5. HP3312AArbitrary Wavdorm Generator

a. Thisgenerator can produce sine and squaagevwith frequenyg up to 15 MHz
with or without amplitude or frequepanodulation. Tiangle waves can be pro-
duced at frequencies up to 100 kHz.

b. An option in the System Menu on this generator controls whether the readout is
calibrated for 52 or for infinite output impedancdf the 50Q option is selected
but the generator is connected to an impedance much higher tifarifs genera-
tor output will be double that indicated on the readout.

6. SpectrumAnalyzer

a. Sincethe lab room does not Y a pectrum analyzer for each bench, use of the
spectrum analyzers is not required ity af the experiments. Hwever, use of the
spectrum analyzers is highly recommended, especially to abdervspectra of
both amplitude- and frequency-modulated signals.

b. The lowest frequencthat the spectrum analyzer will properly display is 9 kHz.
Therefore, it cannot be used to display the spectrum of the unmodutated v
band signals you will use in this course.

VI. DEBUGGING TIPS

1.

Try to kuild your circuits linearly so that the entire circuit runs down onggufground
strip.

Do not assume that a component has the value indicated on the bin from whash it w
selected. Learto read and measure the component values directly.

Try to build your circuits so that the correspondence between the schematic and the lay-
out is easy to se€This process will help you separate components that are properly con-
nected from those that are n@&implicity is of the essence here because simple layouts
reduce the time required for checking.

Whena drcuit does not work as expected, the process of finding and fixing the problem
can be expressed as "divide and confu&his expression means that you separate the
parts of the circuit that work correctly from those that do A@t.do this separation, you
must knev what to epect at the output of each circuit and sub-circuit that you wite-b

ing. Thisknowledge requires thinking about and possibly simulating the circuit before
coming to lab The basic idea is to start at the output and waslat the input until you

find something that works correcthAlternatively, you can start at the input andk
toward the output until you find something thabnks incorrectly Then you try to nar

row down the exact point at which the circuit transitions from working correctly to incor
rectly. This process can be simple or difficult, depending on the problem.

In mary cases, checking the d.c. biasing is a good way to determine whether a circuit is
correctly connected and operating properly.

Donot assume that the output of an instrument is correctly indicated on the instsument’
panel. Ailvays check the output with an oscilloscope or other measuring device.

If your paver-supply voltage is not constant, use extra bypass capacitors. In commercial
products, each supply is usually bypassed by more than one cap@xitthre one hand,
an electrolytic capacitor of about 1 is dten used to filter v-frequeng noise from



each supply Therefore, it can be placed anywhere on the supply rail because parasitic
inductance in the supply line between the capacitor and the elements connected to the

supply is of little consequence atnldrequencies. Othe other hand, ceramic capacitors
of about 0.01uF or 0.1 yF ae often used to filter high-frequanooise from the supply

To minimize the effect of series inductance, the leads of these ceramic capacitors should
be minimized, and tlyeshould be placed as close as possible to points where the supply

voltage is used.

8.  Whencircuits from previous experiments are not in use, disconnect the power supplies

from these circuits so tigelo not interfere with the circuits under test.

9.  Occasionallya mmponent is not functional or does not mgkoper contact with the
protoboard. Sincthis is rarely a problem, concentrating on other potential problems first
is usually a good idea. If you do find a defeettomponent, please throit away!

VII. DATA SHEETS

The data sheets for some of the gnéged circuits can be found oexas Instruments’
world-wide-web (WWW) pages. The table b@lshows the part numbers, the experiments in
which the/ are used, and the WWW addresséxinting all the data sheets at one time may
save ime in the long run.

Part Number | Experiments | Datasheet addresson WWW

LM741 1-2 http://www.ti.com/lit/ds/symlink/Im741.pdf
LM1496 3-5 EEC112 class web page this quarter
CA3086 3-4 EEC112 class web page this quarter
LM386 3-5 http://www.ti.com/lit/ds/symlink/Im386.pdf
LM565 5 EEC112 class web page this quarter
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UNIVERSITY OF CALIFORNIA, DAVIS
College of Engineering
Department of Electrical and Computer Engineering

EEC 112
Experiment #1
AM Transmitter

PARTSLIST
Rs 47Q
Ry 270 Q
Rio 1 kQ
Ri1 39Q
L, 100 uH Epoxy Dipped
(ESS #1N100UH, Mouser #43LR104, or equ
L3 10 mH Molded Plastic
(ESS #1N10MH or equi)
L, 10 uH Epoxy Dipped
(ESS #1N10UH, Mouser #43LR105, or eqgui
Ls 1 mH Epoxy Dipped
(Mouser #43LR103 or equ)
Cy 0.4 uF-0.1uF
Cs 0. uF-0.1uF
Cq 0. uF-0.1uF
ClO OOL,LIF‘Ol/,IF
Cn 0. uF-0.1uF
C12 2.2nF
C13 2.2nF
)] 2N2222
Qs 2N2222
Q4 2N2222
Voice-Band Input & speaker
Voice-Band Amplifier | LM741 and
Miscellaneous resistors and capacitors

All resistors should be able to dissipate at least 1/4 Watt and all capacitors should be able to
withstand at least 20 V.

. INTRODUCTION

Amplitude modulation (AM) is the process of forcing the amplitude of a high-freguenc
carrier signal to follw the amplitude of a le-frequeny information signal. In the United
States, AM is used for radio broadcast from 535 kHz -1605 kHz. Adjacent broadcast channels
are separated by at least 10 kHAerefore, the maximum frequgnof the information signal
is 5 kHz. In this experiment, you will design and build a simple AM transmitter with a carrier



frequeny somewhere in this band so you can listen to your transmission using a standard com-
mercial AM radio recefer. Rules for the intentional radiation of radio frequgreoemy in this

band are published by the Federal Communications Commission (FCC) in the Code of Federal
Reyulations (CFR), Part 47, Section Ibhese rules span 56 pages, and the essence is that your
transmitter is not allowed to interfere with other peoples’ communications devices, including
radios and televisions forxample. D conform to these rules, the transmission range of the
transmitter described belois extremely limited. If you operate a transmitter outside the labo-
ratory, it is your responsibility to read and abide by these ruldsey can be found in the go
ernment documents section in the basement of Shields Library.

II. CIRCUIT
Figure 1.1 shows a block diagram of the transmitter.

\Voice
Band o
Input Antenna

Amplitude| _| Antenna J
Modul ator Coupler

RF
Buffer

Oscillator

Fig. 1.1: Block Diagram of an AM Transmitter

It consists of a @ice-band amplifiervoice-band bffer, oscillator, radio-frequenyg (RF) kuffer,
amplitude modulaterand antenna-coupling netwk. Figurel.2 shows a schematic of all the
circuits except the voice-band amplifier and the oscillator.

The voice-band uiffer consists of);, Rs, C4, and L;. TransistorQ; operates as an emit-
ter follower, which reduces the effect of the loading from the modulator on dihee¥band
amplifier The purpose oRs is to limit the maximum current that canvlon Q,. The purpose
of L, is to allawv the lonv-frequeny voice-band signal to control the@eaage voltage from the
collector ofQ, to ground. Also, L; andC, attenuate the feedthrough of the high-freqyesac-
rier to the voice-band amplifierA resistor is not required from the emitter @f to ground
because non-zero d.c. current flows through

The RF luffer consists of);, L3, Cg, and Ry. TransistorQ; also operates as an emitter
follower, which reduces the effect of loading from the modulator on the oscillatductorl;
is a radio-frequencchoke (RFC). Together withCg, it attenuates the feedthrough of the high-
frequeng carrier to the pwer-supply lead, reducing accidental RF radiation. (The transmitter
should only broadcast from the antenna.)
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Fig. 1.2: Schematic of an AM Transmitter

In the broadcast AM band, the FCC requires that the antenna and connections must be
less than 3 meters long. Therefore, the carriavdgngth is much longer than the antenna
length. For example, a 1-MHz carrier has awvdength of 300 meters. Under these conditions,
the antenna can be modeled by a series connection of a resistor and a cdpalsgag®hmic
resistance of the antenna and ground plane is zero,atbe wf the resistor is the radiation
resistance, which models the power transmitted from the antenna to free gheeantenna
is a vertical conductorver a horizontal ground plane, the radiation resistariRgy, in Ohms
is:

_ 40,20
Rrad = 40772D3D1 (1.1)

whereh is the height of the antenna ands the wavdength of the carrier [1-3]. In this appli-
cation, the radiation resistance isry small 0. ¥Q for a 3-meter antenna at 1 MHz), which
means that such a short antenna radiates littheepQAlso, the series capacitor in the antenna
model represents energy stored in the electric field around the antenna. The capacitance,
Cageries, IN picoFarads is:



24.2(h)
Caeries = : 1.2
S Jog(2h/d) - 0. 353 (1.2
whereh is the height andl is the diameter in meters [3, 4For antennas less than 3 meters
long with a diameter of 2.5 mm, the series capacitance is about 9 pF/ ingdeactice, Equa-
tions (1.1) and (1.2) are only approximate because of imperfections in the ground plane as well
as electromagnetic coupling to objects near the antenna.

The antenna coupler consists@f — C;3 andL, — Ls. InductorLs acts as a loading coil.
Its purpose is to resonate with the series capacitance in the antenna model so that the antenna
appears resiste & the carrier frequenc A 3-meter antenna transmitting at 1 MHz is assumed
in the parts list. Since Equation (1.2) is only approximateeer, the optimum value ok is
difficult to predict analytically The purpose ofC;; is to block d.c. signals.Capacitors
Ci» —Cy3 and inductorL, together form a matching network that is intended to increase the
power transfer from the modulator to the antenna. The matching network acts as a tuned cir
cuit. Straightforvard linear analysis can be used tovglibat the parallel impedance of these
three elements is:

_ 1+ s°L,4Cys
S(Ci2+ Cia)d + L4Crq)

whereCegq = C1,C13/(Cy, + Cr3). Thereforejf we view the input fromQ, as a current, and if
we ignoreC,4, Ls, the antenna impedance, and parasitic impedances, Eq. (1v& stai the
maximum antenna output occursat17/T,Ceq, which is abou(1.5) Mr/s or 1.5 MHz
with the element values\gn in the parts list. The matching also attenuates the output of the
modulator at harmonics of the carrier frequendhis is important here because another FCC
requirement in this band is that emissionsvabb7 MHz must be attenuated so thatythee at
least 20 dB belo the carrier.

The modulator consists €y, Rjo, Q4, Ry1, ad Cg. BecauseCq blocks d.c. signals, the
d.c. voltage from the base @Qf, to ground is approximately 0. VlhereforeQ, is biased in the
cutoff regon and acts as a Class-C amplifidihat is,Q, remains df for most of the carrier
period and turns on only for a short time each period when the oscillator output igepositi
enough to forward bias the base-emitter junctio@gf WhenQ, turns on, it pulls a pulse of
current from its collector tward its emitter until it saturatesThe current pulses occur at the
carrier frequeng. Because.; is selected to prade a higher impedance than the antenna cou-
pler at the carrier frequencthe current pulse comes primarily frd@j, in the antenna coupler
Therefore, the current pulses increase the amplitude of the oscillation in the antenna coupler
Since the pulses occur only wheéq is not saturated, and since therage voltage from the
collector ofQ, to ground is controlled by the output of the voice-baufieln the ewelope of
the oscillations in the antenna coupler are forced tovidlie amplified wice-band input.That
is, an AM signal is generated.

(1.3)

1. PRE-LAB ASSIGNMENT

The input to the @ice-band amplifier should come from an ordinarf 8peakeracting
as a microphone. Using a microphone input, design a voice-band amplifier thdepra gin
of about 200 in the band from about 100 Hz to about 4 R¥én ae allowed to use a 741 op
amp withVge =0 dong with miscellaneous resistors and capacitors. The data sheet for the
LM741 can be found on theasld-wide web as indicated in Section VIl on or near page 4 of



this lab manual.If you use a 741 op amp under these conditions, you should bias the non-
inverting input to mid-supplya.c. couple the input from the speskand choose resistorlues

that eliminate offset arising from non-zero input bias current. The unity-gain bandwidth of the
741 op amp is about 1 MHZTherefore, the bandwidth with a closed-loop gain of 200 will be
about 5 kHz.

V. EXPERIMENT

For this experiment, you should usg: =12 \blts and a HP3312A function/arbitrary
waveform generator as the oscillator unless otherwise stated. Also, the oscilla@wafonm
should be sinusoidal unless otherwise specified. The oscillation frgqskeocld be some-
where in the AM broadcast band@he peak-to-peak amplitude of the oscillator output should
be about as large as the power supply.

1. To let you obser® the amplitude modulationven when you are not talking into the
speakeryou can provide a continuous sinusoidal signal at some voice-band fredgoenc
parallel with the speaker acting as a microphone. Since the only sinusoidal generator at
each bench is used to produce the carrier signal, you can use a HP8112A pulse generator
to provide the voice-band inpuhe settings required to produce a sinusoidal output of
the pulse generator are unusual, and you should abterwutput of the pulse generator
on the oscilloscope as you adjust these pulse generator controls:

a. Turn off the output DISABLE function on the pulse generator.

b. St the frequengcof this wice-band input to 1 kHz by setting PER (the period of
the pulse generator output) to 1 ms.

C. Setthe transition mode to Gaussian and adjust the rise ahdirhes to about
35-40% of the period. The rise arallftimes are adjusted with the LEE (leading
edge) and TRE (trailing edge) buttons.

d. Becausehe direct input from the speaker is small, trengof the wice-band
amplifier must be lae. (Thepre-lab estimate of the required gain was 200.)
Therefore, the output amplitude of the pulse generator should be minimized by set-
ting HIL (high level) to 0.05 V and LOL (lav levd) to -0.05 V.

Since the minimum peak-to-peak output of the pulse generator is 10@ m¥%istve

attenuator between the pulse generator output and theespeplit may be required to

avad overloading the transmitterThe speaker itself can act as the shunt resistance in the
attenuator.

2. Build the transmitterusing a piece of insulated wire no longer than 3 meters as an
antenna. Adjusthe \alue of the series resistance in the attenuator connected to the
HP8112A pulse generator so that the modulationxindéh a 100-mVp-p input is about
10%. Equatior{1.4) defines the modulation inden,

max— min

m= ———,

max+ min

where max and min are the maximum and minimum peak-to-peak amplitudes of the out-
put at the antenndf you use a standard AM reeer to help test your transmittekeep
the volume lav enough so that you do not disturb others in the Idila recever is not

available, you can obsesvthe performance of your transmitter using an oscilloscope and
a gectrum analyzerIf necessaryadjust the gain in theoice-band amplifier so that

(1.4)



10.

11.

input from the speaker is easily obsdnle. Alsoplease cooperate with others in the lab
to avoid transmitting signals that interfere with those transmitted by other groups.

Afteryou get the transmitter working, reduce the peak-to-peak amplitude of the oscillator
until the transmitter stopsarking. Recordhe range of oscillation amplitudes for which
the transmitter wrks. (Limitthe maximum peak-to-peak amplitude to be about equal to
the power-supply voltage.)

Again set the peak-to-peak amplitude of the oscillator output to be about equal to the
supply wltage. Sethe amplitude of the voice-band input so that modulationxinsle
about 50% for an input frequenof 1 kHz. Sletch the vavdorm at the antenna output.
Measure and record the modulation xder input frequencies of 100 Hz and 4 kHz.

Returnto an input frequencof 1 kHz. Usingthe XY mode on an oscilloscope, display
the antenna output and the output of the voice-band amplifier for a 100-mVp-p input
from the pulse generato(Many oscilloscopes enter the XY mode when the time base is
rotated all the way countetockwise.) Increasthe output of the pulse generator to 600
mVp-p. Sletch the patterns obsed. Seepages 88-89 irCommunication Circuits:
Analysis and Design by Clarke and Hess to understand the displayed patterns.

Measurehe power dissipated from tRgc supply.

Reduce/c to the minimum value required to keep the transmitter working and record
this value ofV-c. Measure the power dissipated from the redigdsupply.

Returnto V¢ =12 \Wlts. Changehe wavdorm at the oscillator output from a sinave
to a square ave Is a snusoidal vavdorm at the oscillator output important?

Demonstratgour transmitter to your TA.

If time allovs, design and build an oscillator for your transmittdse the information
gahered abwee 0 determine the important characteristics of the oscillator output. If pos-
sible, determine the range of your transmitter to a standard commercial AMerecei

If possible, keep the transmitter intact so that you can test it with the AMemsctiat
you will build in Experiments #3 and #5.

V. REPORT

For your report, describe what you expect to obsarveach of the parts of thexperi-

ment abwe and explain (where applicable).

VI. REFERENCES

[1]
[2]
[3]
[4]

W. H. Hayt, Jr, Engineering Electromagnetics, p. 432-436, McGraw-Hill, N& York,
1989, Fifth Edition.

S. E. Schwrz, Electromagnetics for Engineers, p. 356-359, Saunders, Philadelphia,
1990.

U. L. Rohde and TT. N. Bucher,Communications Receivers Principles and Design, p.
175-177, McGraw-Hill, Nev York, 1988.

S. A. Schelkundfand H. T Friis, Antennas. Theory and Practice, Wiley, New York,
1952.
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UNIVERSITY OF CALIFORNIA, DAVIS
College of Engineering
Department of Electrical and Computer Engineering

EEC 112
Experiment #2
FM Transmitter

PARTSLIST
R 10 kKQ
R, To be determined
Ry 220Q
L, 10 nH Molded Plastic
(ESS #1N10MH or equi)
L, 0.1uyH-0.2uH
about 6.25 inches of #19 enamel coated magnet|wire
wound around a standard pencil
or Epoxy Dipped Mouser #43LR227 or equi
Lg 10 nmH Molded Plastic
(ESS #1N10MH or equ))
C 3 pF
C, To be determined
Cs To be determined
Cs 1nF
Q 2N2222
Q> 2N2369
Voice-Band Input & speaker
Voice-Band Amplifier | LM741 and
Miscellaneous resistors and capacitors

All resistors should be able to dissipate at least 1/4 Watt and all capacitors should be able to
withstand at least 20 V.

. INTRODUCTION

Frequeng modulation (FM) is the process of forcing the frequeata hgh-frequency
carrier signal to follw the amplitude of a le-frequeny information signal. In the United
States, FM is used for radio broadcast from 88 MHz -108 MA&tacent broadcast channels
are separated by at least 200 kHz. The maximum freguaithe information signal is 15
kHz, and the maximum frequendewviation from the carrier frequegas limited to 75 kHz.In
this experiment, you will design and build a simple FM transmifiéae goal is to set the car
rier frequeng between 88 MHz and 108 MHz so you can listen to your transmission using a
standard commercial FM radio reee Rules for the intentional radiation of radio frequgnc
enegy in this band are published by the Federal Communications Commission (FCC) in the
Code of Federal Rpilations (CFR), Part 47, Section 15. These rules span 56 pages, and the
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essence is that your transmitter is notva#ld to interfere with other peoples’ communications
devices, including radios and televisions foaeple. D conform to these rules, the transmis-
sion range of the transmitter described taele amall. If you operate a transmitter outside the
laboratory it is your responsibility to read and abide by these ruldsey can be found in the
government documents section in the basement of Shields Library.

. CIRCUIT
Figure 2.1 shows a block diagram of the transmitter.

To
Antenna
Voice - Voltage
Band \A%ce Controlled
Input P Oscillator

Fig. 2.1: Block Diagram of an FM Transmitter

It consists of a voice-band amplifier and voltage-controlled oscillafaure 2.2 shows a
schematic.

The core of the eltage-controlled oscillator uses a Colgitfructure and consists @J,,
L,-L3, Ry-Rs, and C,-C,4. ResistorR, sets the d.c. current iQ,, and capacitoiC, shorts out
R, at the carrier frequewcto dlow the loop gain to be large enough for oscillation to accur
The frequeng of oscillation is determined primarily bl, and the capacitance to ground from
the base and collector leads @f. Since C, is essentially a short circuit at the carrier fre-
gueng, C5 should be dominant from the base to ground under ideal conditivos the col-
lector to groundC, should be dominant under ideal conditions. In practice/eher, parasitic
capacitances will be important beca@eandC; are small to operate in the FM bandduc-
tor L, is a radio-frequencchoke. It passes theoice-band output from the amplifier to the
oscillator with little loss, bt attenuates the magnitude of the oscillator signal that couples back
to the amplifier Since L, is essentially an open-circuit at the carrier freqye@; and Q;
essentially appear to be in series at this frequeng; is operated in the cutfofegon.
Because the capacitance of &eree-biased p-n junction depends on the voltage across the
junction, Q; acts as a variable capacitance. It changes the total capacitance from the collector
of Q, to ground, depending on the output of the voice-band amplifieis change in capaci-
tance changes the oscillation frequeslaghtly as a function of theaice-band input. That is,
an FM signal is generatedSince the junction capacitance is not a linear function of the
reverse-bias voltage, the frequgndeviation from the carrier is also not linear here. In prac-
tice, the collector-to-substrate capacitancéefis also voltage dependent and contributes to
the frequeng deviation.

Inductor L5 is a radio-frequencchoke (RFC). Itattenuates the feedthrough of the high-
frequeng carrier to the pwer-supply lead, reducing accidental RF radiatighhe transmitter
should only broadcast from the antenna.)

12
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Fig. 2.2: Schematic of an FM Transmitter

The carrier vavdength in the broadcast FM band is much shorter than in the AM broad-
cast band.For example, a 100-MHz carrier has avdength of 3 meters. This reduction in the
wavelength reduces the length of the required antenna in tpisrienent. (Ydu may not need
an antenna at all.)

1. PRE-LAB ASSIGNMENT

Use HSPICE to design the oscillator for tixperiment. Uséhe configuration shvn in
Figure 2.2 and the parts shown in the parts li$te transistor models can be found on the class
web page.SelectR, to set the d.c. current iQ,. SelectC, andC; to set the frequemcof
oscillation to 15Gt 10 MHz usingL, =0.1 #H. Although the FM band (88 MHz - 108 MHz)
is the taget in this experiment, the pre-lab assignment sets the simulation target to 150 MHz

because the simulation does not account for parasitic capacitances and inductances that may

limit the frequeng of oscillation in practice. In particulaprotoboards hee poor performance
from a parasitic standpoint.

On the day that this experiment is conducted, bring these itemsto lab:

1. aplot of the oscillator output (the node to which the antenna is connected) versus time
calculated by HSPICE and

2. aplot showing the return-ratio magnitude versus frequeamd the return-ratio phase
versus frequeng
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The magnitude and phase of the return ratio will be generated by a script named "rr" that will
operate on the frequency-domain portion of the HSPICE output. The script will be posted on
the www page for this clasdf the magnitude of the return ratio is greater than one at the fre-
gueny where the phase is 180°, the oscillator will start oscillating at this freguémceady

state, the frequegaf oscillation is predicted by the time-domain portion of the HSPICE out-
put, described in item #1 ab® The 150+ 10 MHz target should be met in the time-domain
output.

V. EXPERIMENT

For this experiment, you should usg. =12 \blts and the same voice-band amplifier
configuration that you designed in Experiment #1.

To let you obsere the frequeng modulation @en when you are not talking into the
speakeryou can use a HP8112A pulse generator twigeoa continuous voice-band input in
parallel with the speaker acting as a microphone as in Experiment #1.

1. Usingthe component alues calculated in the pre-lab assignment, build the oscillator
without an antenna. Use an-aiound coil wound forL, as described in the parts list.
Strip the enamel from the ends before windingAibout 5 turns tightly wound around a
standard pencil will gie @out 01 xH to 0.2 yH. However, L, is too small to measure
on the LCR meters in the lado minimize parasitic inductanceseép the leads of your
components as short as possible and place your components as close together as possible
on the protoboard. At first, do not connect the voice amplifiestead, connect the top
of inductorL; to a 6-Volt power supplyLet us call this supplW'y". SetV,y =6 Volts.
Measure the frequepcand amplitude of the oscillator outpuMake sure the 20-MHz
bandwidth limit on the oscilloscope isfoflif necessarychange the design and/or layout
of your oscillator so the output frequenis in the FM band. Operation at such a high
frequeng on a potoboard may not be easin particular protoboards hee a hrge para-
sitic capacitance (about 5 pF) fromyame rav of pins to the net. Also, because proto-
boards do not usually use a ground plane, the inductance in the ground connection may
be high.

2. Measureand record the output frequgmneersusV,y for 3<V|y <9 Volts. Isthe charac-
teristic linear? Should it be linear? What is the maximum frequdeaation?

3. Disconnect,y from L; and connect the voice-band amplifierltp If the oscillation
frequeng is in the FM band, and if a standard FM reseeis available, try to transmit to
it without an antennaKeep the volume v enough that you do not disturb others in the
lab, and cooperate with others in the labtoic transmitting signals that interfere with
those transmitted by other groups. If necessajyist the @in of the voice-band ampli-
fier so that input from the speakis easily obseable. Oer what distance can a stan-
dard FM receier receve ransmissions from your transmitter? If necessaapeat using
a pece of insulated wire no longer than 1 foot as an antenna. If you were unable to reach
88 MHz, you may be able to regeithe transmission with an FM radio that also operates
in the band from 54-88 MHz. Some FM radios offer reception in this band because FM
was dso used to carry the sound in NTSC (Nationaedision System Committee) tele-
vision systems. Channels 2-6 in the VHIerfv high frequency) band used to be broad-
cast between 54 MHz and 88 MHz.
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Measuraghe power dissipated from thgc supply.

5. Reduce/c to the minimum value required to keep the transmitter working and record

this value ofV-c. Measure the power dissipated from the redu¢ggd supply and the
new oscillation frequeng.

6. Spreadhe coil out and re-measure the carrier freqyerrum the coil as though it is a
guitar string and listen to the output on an FM radio if possible. Explain what you hear.

7. Demonstratgour transmitter to your TA.

8. If possible, keep the transmitter intact so that you can test it with the FMeretteit
you will build in Experiment #4.

V. REPORT

For your report, describe what you expect to obsarveach of the parts of thexperi-
ment abge and explain (where applicable).
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UNIVERSITY OF CALIFORNIA, DAVIS
College of Engineering
Department of Electrical and Computer Engineering

EEC 112
Experiment #3
AM Heterodyne Receiver

PARTSLIST
Rip 820Q R, 3.9kQ
Ry; 1 kQ Rig 1 kQ
Rig 1 kQ Ry 5.1kQ
Ry, 5.1kQ Ro3 20 IKQ
Ro4 10 kKQ Ros 10 KQ
Ras 20 kQ Ras 10 kQ
Rss To be determined| Ry 10 kQ
Ry3 10Q
R4 10 kQ Single-Turn Cermet Potentiometer
PC Mount, 3 Leg, 90°, ESS # CRST103-P orequi
Cn 0. uF-0.1uF | Cp 0.4 uF-0.1uF
Cis 0. uF-0.1uF || C, 0.4 uF-0.1uF
Cis 0. uF-0.1uF | Cy 0.4 uF-0.1uF
Cis 0. uF-0.1uF | Cy 0. uF-0.1uF
Cy 0. uF-0.1uF || Cx, To be determined
Cu 0. uF-0.1uF | Cyp 0.4 uF-0.1uF
Cus 1 uF Cua 0. 047 uF
Cus 0. uF-0.1uF || Cg 100 uF
Loy 10 nmH Molded Plastic
(ESS #1N10MH or equi)
Ly 10 nmH Molded Plastic
(ESS #1N10MH or equi)
L4 1 mH Epoxy Dipped
(Mouser #43LR103 or equ)
Y1 455 kHz Ceramic Filter; Bandwidth (-6 dB) = 12 kHz
Input Impedance 2. 5kQ; Output Impedance 2. 5kQ
(Digi-Key #TK2334-ND, Tolo #HCFM2-455E, or equn)
Mixer LM1496 Power Amplifier | LM386
IF Amplifier | LM3086 Detector LM3086

All resistors should be able to dissipate at least 1/4 Watt and all capacitors should be able to

withstand at least 20 V.
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. INTRODUCTION

Heterodyne receers mix inputs centered arounddwifferent frequencies and bandpass
filter the result to select a band around théed#ince between the twnput frequenciesOne
of the inputs often comes from an antenna, and the other from a local oscillatotocal-
oscillator frequeng is adjusted so that it dérs from the carrier frequepcof the desired
antenna input by the center frequgrd the bandpass filterf,z, which is referred to as the
"intermediate frequenc' Unlike smple tuned-radio-frequenaecevers, heterodyne recexs
can provide nearly constant seletti. Also, heterodyne rece¥s are insensite  d.c. offsets
and local-oscillator leakage because of the bandpass #itareve, with simple mixers that
do not keep track of the polarity of the difference between toeirtput frequencies, hetero-
dyne receiers suffer from an image-rejection problem. That isythet only sense inputs
whose carrier frequewds less than the local-oscillator frequgray f,, but also inputs whose
carrier is greater than the local-oscillator frequebg f,=. In practice, @ercoming the image-
rejection problem requires the use of ateenal filter which increases power dissipation and
limits portability.

1. CIRCUIT
Figure 3.1 shows a block diagram of the reeei

Local — Oscillator
I nput

|

Y.
Antenna : 1 Power To
Input ™ Mixer ﬁ: Detector Amp Speaker
.

Fig. 3.1: Block Diagram of an AM Heterodyne Reeei

It consists of a migr, a 465-kHz crystal bandpass filteY;§, an intermediate-frequendIF)
amplifier, a detector and a power amplifier.

Figure 3.2 shows the mixer schematic. It consists of an LM1496 balanced madulator
demodulator and miscellaneous resistors and capacitbescomponents drawn with thin lines
are inside the LM1496 integrated circuit (IC). The circled numbers in Fig. 3.2 represent the
external pin numbers of the LM1496 in a 14-pin DIFhe data sheet for the LM1496 can be
found on the wrld-wide web as indicated in Section VIl on or near page 4 of this lab manual.
Ri3, Ris, and Ryg set the d.c. bias voltages at the bases of the differential pirsets the d.c.
bias current in the LM1496C;5 connects the emitters @s and Qg together at high frequen-
cies. Theantenna input is applied to pin #1 throuGls, and the local-oscillator input is
applied to pin #10 throug@,;. In this experiment, the antenna input should be small so the
mixer responds almost linearly to the antenna input. On the other hand, the local-oscillator
input should be large so th@t — Q, behae & switches, effectively producing an output that is
+1 times the antenna inpuSinceRy; is a small resistothe switching inQ; — Q, is done with-
out saturating these transistors. Therefore, this multiplication can be done at high speed. If the
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antenna input is at frequend, and the local-oscillator input is at frequgnt o, the mber
output contains components|it+ f o|. Oneadwantage of the balanced reixis that the out-
put contains no componentsfat or its harmonics if the mixer is perfectly balanced.

Vee o
IC17
3 Ris Rz Riy =
—\—Mixer
@ @ Output
Q Q2 Qs Qa4
Local __ AN Cl 1|1 ]
Oscillator

Input ! Ria N Py

. ,\R,\15 . N

L
Ci2
AT
poteme—/ P\ f— % %

npu R D @

Y A Y |-

‘/5{? . M \;\ r:/
—c —c T
I I ® (@ | | ©)
= = Qo Qs Q7
3 Rio
500Q 500Q 500Q
L
Fig. 3.2: Mixer Schematic (Components with thin lines are inside LM1496)

The mixer output is bandpass filtered by the ceramic fitgr (Thecenter frequencof
the ceramic filter is about 455 kHz. Therefore, all mixer outputs except those in a small fre-
gueny band nearf,z =455 KHz are heavily attenuated before sent to the intermediate-fre-
gqueny (IF) amplifier Figure 3.3 shows the schematic of the IF amplifiérconsists of an
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From Ve T
Crystal @ —20
Filter @™ 6 Detector

Fig. 3.3: IF Amplifier Schematic (Components with thin lines are inside LM3086)

LM3086 transistor array along with miscellaneous resistors, capacitors, and an induneor
components dran with thin lines are inside the LM3086 IC. The circled numbers in Fig. 3.3
represent the external pin numbers of the LM3086 in a 14-pin BdRe that pin #13, the sub-
strate of the IC, is connected to ground, which is the lowesepsupply voltage hereThe
LM3086 is configured here as a differential p&) ¢ Q,) biased by a current mirroc; - Qs)

and luffered by an emitter followerd;). Ry andR,, set the d.c. bias voltage at the bas@®of
and Ly andCy pass this bias voltage to the bas&efout greatly attenuate signals aleodc.

R,; sets the d.c. bias current in the LM3088,, acts as a resise load to the differential pair
Note that in may practical recaiers, Ry, - Ros andQ; are replaced by a transformer tuned to
fie to improve the recerer selectvity and to reduce the effect of loading from the next stage.
Here, the emitter folwer (Q; and R,5) overcomes the effect of loadingA transformer is not
used because the external package of commerciaiijalale IF transformers cannot plug
directly into protoboards. Omission of a tuned IF transformer here reduces thevisgletti
the recerer built in this experiment.

To demodulate the AM signal, a simple diode detector (which consists of a diode, a resis-
tor, and a capacitor) can be usefl.key poblem with this approach, i@ver, is that practical
diodes require a biasitage of about 0.5 \Volts to turn oo overcome this problem, most
commercial AM recefers use more than one IF amplifier stage so that thait-ig very lage.

On a protoboard, weever, this approach is difficult to implement because increasing the IF
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gan increases the chance that oscillation will occur through one of thye pagesitic feedback

paths present on the protoboartb overcome this problem here, a precision rectifier circuit
will be used. Precision rectifiers reduce the effect of the voltage required to turn on the diode
through the use of a local getive feedback loop [1, 2].

Figure 3.4 shows the schematic of the detector (or AM demoduldtazhnsists of an
LM3086 transistor array along with miscellaneous resistors, capacitors, and an inahCits
structure is similar to that of the IF amplifier shown in Figure 83- Q, and Ry, form a dif-
ferential amplifier with a resiste load, which is biased by current mirQy - Qs. The ampli-
fier output is connected to an AM demodulatanich consists 03, Rss, and C5,. Q; andRss
form a voltage rectifierand Cs, reduces the rate at which the demodulated output can change
when Qs is off. The output is connected back to the bas&efto close a ngetive feedback
loop that reduces the effect of thige required to turn or; by the amount of the loopam.

Since the feedback factor here is unthe loop @in is the gain of the differential amplifier
Note thatRs3 sets the current in the current mirror aRg sets the current iQ, whenQg is on.

Fig. 3.4: Detector Schematic (Components with thin lines are inside LM3086)

Figure 3.5 shows the schematic of the power amplifieconsists of an LM386 audio
power amplifier which can diwve the 8Q speakeradong with miscellaneous resistors, capaci-
tors, and inductorsThe circled numbers in Fig. 3.5 represent the external pin numbers of the
LM386 in an 8-pin DIP The data sheet for the LM386 can be found on the world-wide web as
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indicated in Section VII on or near page 4 of this lab mantlé internal configuration of the
LM386 allows its inputs to be biased to groungrethough ground is the lowest supplglt

age. Capacito€,; is used here to bypass an internal resistor and increase the closeditoop g
of the LM386 from about 20 to about 20ResistorsRy; - R4, form a variable voltage dider

that will be used here as a volume contr@GhpacitorC,, and R43 shunt the output to suppress
oscillation of the LM386 during myetive svings with large loadslinductorL,, and capacitors
C,s5 - C46 band-pass filter the power-amplifier output.

Vee
From Car L
Detector —| 4
Output
Ry L
I C42
Raz Laz Cao To

Fig. 3.5: Power-Amplifier Schematic

1. PRE-LAB ASSIGNMENT
LetVcc =12 \Wlts for these calculations.

1. In Figure 3.2, calculate the d.c. biasltages from each pin of the LM1496 mixer to
ground.

2. In Figure 3.4, calculate the d.c. bias voltages from each pin of the LM3086 transistor
array to ground whe®; operates in the forard-actve regon. Underthis condition, cal-
culate the loop gain.

3. Balancinghe issues of distortion and carrier feedthrough, select valugg ahdC;, in
Figure 3.4 to demodulate the AM signal. Use theslees in HSPICE to simulate the
detector circuit. Because models for the transistors in the array arealable, use

models for 2N3904 transistors that will be posted on the class web Pagsimulate
with other values folR;5 and Cs, until you understand what happens whery tae too

big and too small.
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V. EXPERIMENT

For this experiment, you should usg: =12 \blts and a HP3312A function/arbitrary
waveform generator to provide the antenna input unless otherwise stated. Also, you should use
either a HP8112A pulse generator or a HP3312A function/arbitramgarm generator as the
local oscillator.

1. Build the mixer shown in Figure 3.ZTake your time and do a good job the first time
because the mixer is theykdrcuit in this and the remainingkperiments. Measuréhe
d.c. wltages to ground from all the pins of the LM1496 and compare to your pre-lab cal-
culations. Eaclmeasured bias point should each be within 200 mV of the corresponding
calculated value.

2. Build the detector shown in Figure 3.4, andviegpace on your board between the afix
and detector for the IF amplifier sho in Figure 3.3. Measure the d.c. voltages to
ground from all the pins of the LM3086 and compare to your pre-lab calculations.

3. Connecthe mixer output to the detector input through the crystal,fifterSet the local-
oscillator input to a 200 mVp-p squarawveat 1.6 MHz. Set the antenna input to a 100
mVp-p sine vave at (1600-455) kHz = 1145 kHzObsere the mixer output and the
crystal-filter output as a function of the antenna input frequenc

4.  Adjustthe antenna input frequgn¢éo maximize the crystal-filter output. Apply sinu-
soidal AM with a frequencof 500 Hz and a modulation indef 50% to the antenna
input. Obsere the detector output. Repeat while changing thexratel frequeng of
modulation. Ighe amplitude of the output a linear function of the inolemodulation?

5. Obsere the detector output as a function of the peak-to-peak amplitude of the local-
oscillator input.

6. Studythe image problem by changing the carrier freqyeotcthe antenna input to
another value to which your reger should be sensite. Obsene the detector output.

7. If time allows, build the power amplifier shio in Figure 3.5 and connect to the detector
output. AdjustR,, so that the volume isWwwenough that you do not disturb others in the
lab. Listen to the outputs generated in parts 4 and 5.

8. If your AM transmitter from Experiment #1 isalable, try transmitting to your recsr.

a. If you built a stand-alone oscillator for the AM transmitter in Experiment #1, dis-
connect both the HP3312A as the antenna input and the HP8112A as the local-
oscillator input. Reconnect the HP3312A as the local-oscillator input in the
recever, and use the HP8112A pulse generator to provide a continumces-band
input in parallel with the microphone in the transmitter as in Experiment #1.

b. If you did not lild a stand-alone oscillator for the AM transmitter in Experiment
#1, disconnect the HP3312A as the antenna input bu¢ e HP8112A con-
nected as the local-oscillator input. Reconnect the HP3312A as the oscillator in
the transmitter.

C. Connech dhort piece of insulated wire to the antenna input or directly to pin #1 of
the mider. (C;3is not required as long as the antenna input flodtsy)transmit-
ting to your receier.

d. Build the IF amplifier shown in Figure 3.30 test the IF amplifier by itself, cou-
ple the test input through a OuF capacitor to @oid disrupting the d.c. operating
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point of the IF amplifier Compare the performance of the reeeiwith the IF
amplifier to that without it. Note that the reesiin this lab does not e auto-
matic gain control. As a result, you will probablywkao adjust the antenna posi-
tion so that the antenna input is neither so big thatat@ads the receér nor so
small that it cannot be detected by the nemrei

9. Demonstratgour recever to your TA.

10. If possible, keep the nex IF amplifier, and paver-amplifier circuits intact because you
may use them again in Experiments #4 and #5.

V. REPORT

For your report, describe what you expect to obsarveach of the parts of thexperi-
ment abwe and explain (where applicable).

VI. REFERENCES

[1] P.R Gray, P. J. Hirst, S. H. Lewis and R. G. Mer, Analysis and Design of Analog Inte-
grated Circuits, p. 702-708, Wilg, New York, 2001, Fourth Edition.

[2] A.S. Sedra and K. C. SmitNicroelectronic Circuits, p. 1378-1386, Oxford, Ne York,
2010, Sixth Edition.
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UNIVERSITY OF CALIFORNIA, DAVIS
College of Engineering
Department of Electrical and Computer Engineering

EEC 112

Experiment #4
FM Heterodyne Receiver

Mehmet Aslan and Stephen Lewis

PARTSLIST
Ri1 820Q R, 3.9kQ
Ri3 1.2kQ Ria 1 kQ
Ris 1 kQ Ris 820Q
Rig 1 kQ Ry 5.1kQ
Ry, 5.1kQ Ro3 1 kQ
Roa 1kQ Ra1 To be determined
Rau 10 KQ Rus 10Q
R4 10 kQ Single-Turn Cermet Potentiometer
PC Mount, 3 Leg, 90°, ESS # CRST103-P orequi
Cu 0@ uF-0.1uF | Cp 0. uF-0.1uF
Cis 0. uF-0.1uF || Cyu 0. uF -0.1uF
Cis 0. uF-0.1uF | Cy 0. uF-0.1uF
Cis 0@ uF-0.1uF | Cy 0. uF-0.1uF
Ca To be determined || Cs, 0. uF-0.1uF
Cu 0. uF-0.1uF || Cy 0. uF-0.1uF
C43 1 ,UF C44 0.7 ,UF
Cus 0. uF-0.1uF | Cye 100 uF
Lxn 10 mH Molded Plastic
(ESS #1N10MH or equ))
Ly 10 nmH Molded Plastic
(ESS #1N10MH or equ))
Lao 1 mH Epoxy Dipped
(Mouser #43LR103 or equ)
Y1 10.7 MHz Ceramic Filter; Bandwidth (-3 dB) = 230 kHz
Maximum Insertion Loss = 6 dB
Input Impedance 330Q; Output Impedance 330Q
(Digi-Key #TK2306-ND, Tolo #SK107M2-A0-00 or equi)
Mixer LM1496 Detector LM1496
IF Amplifier | LM3086 Paver Amplifier | LM386

All resistors should be able to dissipate at least 1/4 Watt and all capacitors should be able to

withstand at least 20 V.
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. INTRODUCTION

The front end of the heterodyne raeeiin this experiment is similar to the front end of
AM heterodyne receer in the last &periment with one »xeption. Thats, the intermediate
frequengy, f, here is 10.7 MHz as in standard broadcast FM vece(instead of 455 kHz for
broadcast AM).The lkey reason for this change is to simplify the required image-reject filter
The image-reject problem stems from a property of simplersixthg sense not only inputs
whose carrier frequemds less than the local-oscillator frequgray f,g, but also inputs whose
carrier frequeng is geater than the local-oscillator frequgnisy f,-. Therefore, the band-
width that separates the desired input from the undesired imadg jend increasingf,r sim-
plifies filtering of the image. On the other hand, the valugg©ofs limited by theQ of practical
tuned circuits in the intermediate-frequgn¢F) amplifier This is because the -3-dB band-
width, f_g4g, Of a tuned circuit around ¢ is f;/Q. This bandwidth determines the seleityi
of the recerer. (Selectvity is a measure of the number of channels that theverasn sepa-
rate from each other)With f;r =107 MHz andQ =100, f_345z =100 KHz, which allows adja-
cent channels to be separated by 200 kHz, as in broadcast FM.

1. CIRCUIT
Figure 4.1 shows a block diagram of the reeei

FM Demodulator

Local - Oscillator i Phase
Input | Shift _l
: Y, | :
Antenna_> Mixer | Mixer o LPE
Input #1 E i #2
1 |

Fig. 4.1: Block Diagram of an FM Heterodyne Reeei

It consists of a mier at the input, a 10.7-MHz crystal bandpass filfg), @n intermediate-fre-
qgueny (IF) amplifier an FM cemodulatorand a power amplifier The FM demodulator uses
the configuration of a quadrature detector and contains a secord anphase-shift circuit,
and a low-pass filter (LPF).

Figure 4.2 shows the mixer schematic. The tmixers here are the same as the one used
in the AM heterodyne reoesr.

The mixer output is bandpass filtered by the ceramic fitgr (Thecenter frequencof
the ceramic filter is about 10.7 MHZ herefore, all mixer outputs except those in a small fre-
gueny band nearfr =107 MHz are heavily attenuated before sent to the intermediate-fre-
gueng (IF) amplifier Figure 4.3 shws the schematic of the IF amplifidt is amilar to the IF
amplifier used in the AM heterodyne resi The main difference is th&,; andR,, here are
greatly reduced compared to the values selected in the AM IF ampliires decrease in
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Fig. 4.2: Mixer Schematic (Components with thin lines are inside LM1496)

resistor values increases the bias current and the bandwidth of the ajwyghiioér is required
here to cope with the increase fif from 455 kHz to 10.7 MHz. Also, the decreaseRsy
eliminates the need for an emitter-follower buffer at the output of the IF amplifier.

In mary commercial FM recerers, the IF amplifier prades amplitude limiting; that is, it
forces the peak-to-peak output amplitude to be constant for inpute a@bgven threshold
value. Amplitudelimiting is used to eliminate amplitude modulation from the input to the FM
demodulatar This is important because makM demodulators, including the one described
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Fig. 4.3: IF Amplifier Schematic (Components with thin lines are inside LM3086)

below, ae sensitre ot only to FM but also to AM inputsClassical limiters use clipping to
control their output amplitude. Therefore, yheorvert sinusoidal inputs to squareawe out-

puts, generating high-frequgnbarmonics off,r in the processAlthough classical limiting is
important in FM recefers in practice, it is not used in thigperiment because of @édulties
imposed by protoboards. In particylance protoboards do not usually use a ground plane, the
inductance in the ground connection may be high, making the processing of harmonics of 10.7
MHz difficult. Although clipping is not expected to occur in the IF amplifier in thipezi-

ment, the gain provided by the IF amplifier here increases the likelihood that the inputs to the
FM demodulator will be big enough to be seen by the demodulator as digital signals.

Figure 4.4 shas the schematic of the FM demodulatttrconsists of a phase-shift net-
work, a mber identical to the one shown in Figure 4.2, and a low-pass filter (LPR9.
demodulator uses the basic architecture of a quadrature detecidrich the input is phase
shifted by an amount that depends on the input frequéeftee mixer multiplies the input to the
FM demodulator and its phase-shifted counterplaieally, the signals applied to the naixare
big enough to turn 6bne transistor in each differential pair in the LM149&en these signals
can be thought of as being digital, and theenixcts as anxelusive-nor gate. Asa result, the
mixer output before filtering is Yo only when one of the twvinputs (but not both) arevo If
the phase shift between theohaignals applied to the mixer is 0°, the mixer output vgagk at
its maximum walue. Onthe other hand, if the phase shift between theityuts is 180°, the
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mixer output is alays at its minimum &lue. D maximize the range of potential mixer out-
puts, the phase shift is usually set to 90° when the input freguerig. (Under this condi-

tion, the tvwo inputs are said to be "in quadrature,Vigg rise to the name of the detec}tor
When the input frequegcincreases because of the FM on the input signal, the phase shift
increases and viceewsa. Becausthe center frequegcoof both inputs isf,z, the main compo-
nents of the mie@r output before filtering are at frequencies of zeroahg. As a esult, the

duty cycle of the f,r mixer output before filtering depends on the input frequefihie LPF
converts this variation in dutyycle to a variation in the amplitude of the filtered mixer output,
which is passed to the power amplifier tovdrihe spea&r. The low-pass filter is formed here

by adding capacitaCs, from the mixer output (pin #6 of the LM1496) to ground.

To produce a phase shift of 90° §t, the phase-shift network in a quadrature detector
usually uses a tuned circuiflo amplify the construction of the circuit for this experiment, a
tuned circuit is not used herdénstead, the phase-shift network here consists of cap&gifor
and resistorRy. As a esult, the range of possible phase shifts is 0° to 90°. Therefore, the
phase shift is set to 45° &f, and the circuit here is not truly a quadrature detecliétre main
effect of this simplification is that it reduces the range of possiblemaxtputs by a factor of
two.

Phase — Shift Networ

r-———"~>~>~"~>"~>"=>"=7=777 il

: Ca :

! | | !

| l l |

! Ra |

: : '

! ! LO

! = LPF

S B 1 A < Y s

From _ ﬁ Mixer 8 . E’(())wer
IF Amp T #2 T : B : Amp
| I C32 |
L.
Fig. 4.4. Schematic of FM Demodulator

Figure 4.5 shas the schematic of the power amplifidtris identical to the power ampli-
fier used in the heterodyne res#iand repeated here for caanience.

1. PRE-LAB ASSIGNMENT

1. Assumehat the frequencof the input to the phase-shift network in Figure 4.4js.
Write an equation for the phase shift of the phase-shiftarktwis the phase-shift a lin-
ear function off,y?

2. Selecthe values oR; andCy; to set the phase-shift to 45° &/t = fir =107 MHz. To
minimize problems with parasitics, usifRy; < 500Q is recommended here.
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Fig. 4.5: Power-Amplifier Schematic

V. EXPERIMENT
For this experiment, you should usg: =12 \blts and a HP3312A function/arbitrary
waveform generator to provide the antenna input unless otherwise stated. Also, you should use
either a HP8112A pulse generator or a HP3312A function/arbitramgerm generator as the
local oscillator.
1. Build and test the phase-shift network shown in Figure 4.4 usingatbesvcalculated in
the pre-lab assignmenihe input signal for the test should be a sirsebecause the
protoboards cannot handle the harmonics of a high-freglsepare vave

2. Build the back end of the FM reeer (the demodulator shwn in Figure 4.4 and the
power amplifier shown in Figure 4.5). Use the associated circuits from Experiment #3
wherever possible. AdjustR,, so that the volume iswoenough that you do not disturb
others in the lab.

3. Test the back end of the FM rexsias Pllows:
a. Apply a 10.7-MHz sine vave as a carrier to the input of the FM demodulator
Obsene the output of the power amplifier.

b. Apply frequeng modulation to the FM demodulator input. At first, use a modulat-
ing frequenyg of 1 kHz and a maximum frequenceviation of 10 kHz. Observe
the output of the pmer amplifier Repeat while changing the modulating fre-
gueng, the maximum deviation, and the carrier frequendow does the output of
the power amplifier change in each case?

C. Disablethe frequeng modulation and apply amplitude modulation to the FM
demodulator input. Obsesvhe output of the power amplifier.
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10.
11.

Build the IF amplifier shown in Figure 4.3Jse the associated circuits from Experiment
#3 wher@er possible. Measuréghe magnitude of theagn of the IF amplifier at 10.7
MHz. Isit frequeny dependent? Connettie IF amplifier output to the input of the FM
demodulatgrand repeat enough of the procedure in part #3 toengate that the circuit

is working properly.

Build the mixer shown in Figure 4.2. It is identical to the mixer used in the FM demodu-
lator. (Remember that the LPE3,, is not used here.) Measure the d.c. voltages to
ground from all the pins of the LM1496 to help confirm that the mixer is connected cor
rectly.

Connecthe mixer output to the IF amplifier input through the crystal filkgras $iown

in Figure 4.1. Sethe antenna input to a 100 mVp-p sineveat about 14 MHz.(Note
that the maximum frequepwut of the HP3312A is 15 MHz.) Set the local-oscillator
input to a 200 mVp-p squareameat about (14-10.7) MHz = 3.3 MHz. Adjust the-car
rier frequeng on the antenna input to maximize the crystal-filter outjudading on the
crystal filter may change its center frequesdayhtly.

Apply frequeny modulation to the antenna input in Figure 4.1. At first, use a modulat-
ing frequenyg of 1 kHz and a maximum frequeyndeviation of 10 kHz. Obsere the out-

put of the power amplifierRepeat while changing the modulating frequerice maxi-
mum deviation, and the carrier frequgnddow does the output of the power amplifier
change in each case?

Disablethe frequeng modulation and apply amplitude modulation to the antenna input.
Obsene the output of the power amplifier.

If time allows, try the following experiments:

a. Obsere the output of the power amplifier as a function of the peak-to-peak ampli-
tude of the local-oscillator input.

b. Sudy the image problem by changing the carrier frequeht¢he antenna input to
another value to which your regei should be sensite. Obsene the output of the
power amplifier.

C. If your FM transmitter from Experiment #2 is stilvadable, disconnect the
HP3312A as the antenna inpuConnect a short piece of insulated wire to the
antenna input or directly to pin #1 of the mix (C,3 is not required as long as the
antenna input floats.) Increase the local-oscillator frequémd¢he recerer and
decrease the frequgnof oscillation in the transmitter so that thefdience is 10.7
MHz. Try transmitting to your receer.

Demonstratgour recever to your TA.

If possible, kep at least one mixer and the power amplifier intact because you will use
them again in Experiment #5.

V. REPORT

For your report, describe what you expect to obsernveach of the parts of thexperi-

ment abwe and explain (where applicable).
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UNIVERSITY OF CALIFORNIA, DAVIS
College of Engineering
Department of Electrical and Computer Engineering

EEC 112
Experiment #5
AM Homodyne Receiver

Mehmet Aslan and Stephen Lewis

PARTSLIST

Ry 2.2kQ R, 1 kQ
Ry 1 kQ R4 2.2kQ
Rs 100 IKQ Rs To be determined
R; 100Q Rs To be determined
Ri1 820Q R, 3.9kQ
Ri3 1.2kQ R4 1 kQ
Ris 1kQ Rie 820Q
Rig 1 kQ Ra 160Q
Ra 10 KQ Rus 10Q
Ras 10 kQ Single-Turn Cermet Potentiometer

PC Mount, 3 Leg, 90°, ESS # CRST103-P orequi
C, 0. uF-0.1uF C, 1nF
Cs 1nF Co To be determined
Ci 0.4 uF-0.1uF Co 0.4 uF-0.1uF
Ci3 0. uF-0.1uF Cia 0. uF-0.1uF
Cis 0. uF-0.1uF Cis 0.4 uF-0.1uF
Cy7 0. uF-0.1uF Cis 0.4 uF-0.1uF
Ca 1000 g- Cu 0. uF-0.1uF
C42 0. ,UF_O].[IF C43 1 ,UF
Cus 0. 047 uF Cus 0.4 uF-0.1uF
Cus 100 uF
La 10 mH Molded Plastic

(ESS #1N10MH or equ))
L4 1 mH Epoxy Dipped

(Mouser #43LR103 or equ)
PLL LM565
Mixer LM1496
Power Amplifier LM386
BNC T-connector

All resistors should be able to dissipate at least 1/4 Watt and all capacitors should be able to

withstand at least 20 V.
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. INTRODUCTION

Homodyne receers mix two inputs centered around the same frequeamdl low-pass
filter the result to shift a radio-frequgn{RF) signal from a band around its carrier freqyenc
to a band around zero frequgncBecause the RF signal is eerted directly to baseband
instead of first to an intermediate frequgribese receers are also called "direct-cosrsion”
recevers. Homodynestructures eliminate the image-reject problem and also the needdor e
nal IF filters. However, homodyne structures are sensgtiio d.c. offset, drift, and 1/f noise,
which are important nonidealities especially in CMOS technologies. Other issues such as
local-oscillator leakage are also limitations in the use of homodyne structures.

1. CIRCUIT
Figure 5.1 shows a block diagram of the reeei

Phase Shift
r——==-=-=-- |
Antenna ' Car : Powe To
Input™ T | —= PLL > Mixer == LPF == Amp Speaker
l Ra |
| | A
LT

Fig. 5.1: Block Diagram of an AM Homodyne Reaci

It consists of a phase-shift network, phase-locked loop (PLL), attepuaxer, and a pever
amplifier The PLL locks onto the carrier of the selected input and introduces a phase shift of
90° when the input frequewnds equal to the free-running frequagnof the PLL. The attenuator
reduces the amplitude of the raixinput stemming from the PLL output teoad overdriving

the mider. The mixer multiplies the antenna input by the attenuated PLL output, shifting the
selected input to baseband where it can beveeed by a low-pass filter and amplifielf the

two mixer inputs are separated by 90° ytlaee orthogonal and the output of the LPF will be
zero. D overcome this problem, the phase-shift network here offsets the 90° phase shift intro-
duced by the PLL.

Figure 5.2 shows the the PLL and attenuator schematics. The components drawn with
thin lines are inside the LM565 integrated circuit (IC). The circled numbers in Fig. 5.2 repre-
sent the external pin numbers of the LM565 in a 14-pin s #11, #12, #13, and #14 are
unconnected.) Thdata sheet for the LM565 can be found on the world-wide web as indicated
in Section VIl on or near page 4 of this lab manual. The complete schematic of the LM565 is
given on its data sheet. It consists of a phase deteatoanplifier, and a wltage-controlled
oscillator (VCO). The phase detecto@{ — Qg) uses a structure similar to the LM1496 erix
with diode clamps. The amplifie@(, — Q1) is a $andard differential pair with emitter gen-
eration and a resist load. TheVCO (Q;» — Qs andQ,o — Q) contains a wvltage-to-current
corverter and a Schmitt triggefransistor€)s; — Qzg are used for d.c. biasing.

32



-
1
e e e
Fk:om C,
Phase
S
Network Ry 3R7 ’_le
1—\/\/\, <
To
R, 2 py ©® Rs i
+—AA— Detector = AP @ 9 weo |1 AA—ga X
3R4 (5) r Re
@ ©
M T M

Fig. 5.2: Phase-Locked Loop and Attenuator Schematics

ResistordR; — R, in Figure 5.2 set up the d.c. bias on the phase-detector inputs at pins #2
and #3. ResistorsRs; — Rg form the attenuatorResistorR; reduces the load resistance at the
output of the amplifier inside the LM56S herefore,R; also reduces the PLL loomigp and
hold and capture ranges. (In this application, the hold and capture ranges shouldweemarro
that the number of channels the rgeeican select in the AM broadcast band igg&) The
PLL loop filter is formed by the combination of this load resistance and capagitor

ResistorRg in Figure 5.2 and);; inside the LM565 form a voltage-controlled current
source that is controlled by the voltage from pin #7 to ground (VCO inpiiis wltage-con-
trolled current,Ic, sets the current that charges and discharges cap@gitdVhen ¢, flows
into Co, the voltage from pin #9 to ground rises with a slopd QfCy. When this wltage
reaches an upper threshold set by a Schmitt trigger inside the LI@565 Qsg), the current in
C, reverses and the slope of theltage from pin #9 to ground becomelk ./Co. When this
voltage reaches a lower threshold set by the Schmitt trigggercurrent inCq reverses agin,
and the cycle repeats. Therefore, tlodtage from pin #9 to ground is a trianglewewhose
frequeng is controlled by the voltage from pin #7 to grourk}, and Cy. When the PLL is not
locked, this frequencis the free-running frequegicof the voltage-controlled oscillatorThe
free-running frequeng fr, measured in Hz is gen by:

(o= 1
" (37)ReCo
The error in Equation (5.1) is small fég <100 KHz. For frequenciesin the AM broadcast

band, the error in Equation (5.1) can be as large as 50% because the LM565 was designed
to operate at frequencies bwlthe AM band.

(5.1)
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Figure 5.3 shows the schematic of the mixer and low-pass flltexr mixer is the same as
that used in both the AM and FM heterodyne nemsi Thelow-pass filter is formed here by
adding capacito€,g from pin #6 of the LM1496 to ground.ow-pass filtering is required here
because the mex output in Figure 5.3 is centered around zero frequelmccontrast,C;g was
not used in the AM heterodyne regsibecause the met output there was centered around a
non-zero IF of about 455 kHz. Therefore, band-pass filteriag i@quired in the heterodyne
recever instead of low-pass filtering here.

Vee, :
£
I Cl?
SRy R R L
N, Filtered
1 Mixer
IC16 ®) 12 Output
= Q Q2 10 Qs Qa4
Cll ]
From—/] | T r
Attenuator R
. il B \ W) M
. Ris . A
- C
12
Rie :L:
_r\_(|: —
Antenna:
. 17 A
Res N e
A o M M M
—c —c T
I I 5 @ | | ©)
= = Qo Qs Q;
3 Rio
500Q 500Q 500Q
Fig. 5.3: Mixer and LPF Schematic (Components with thin lines are inside LM1496)

Figure 5.4 shows the schematic of the power amplifiers identical to the power amplifier
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used in the heterodyne reediand repeated here for cagnience.

Vee
From Cy
Filtered Ly
Mixer
Output )
= L
I C42
Re2 Loz Cas To

Fig. 5.4: Power-Amplifier Schematic

II1. PRE-LAB ASSIGNMENT

1. Choose arrier frequeng in the AM broadcast band. If you built an oscillator for your
AM transmitter in Experiment #1, choose its carrier freqyemere to simplify testing
your transmitter and reoar together Call the selected carrier frequenéy.

2. UsingEquation (5.1), select the valuesRyfandCy in Figure 5.2 to set the free-running
frequeny to fc. Since Rg forms the degeneration resistor in a voltage-controlled current
source, Rg controls the wltage-to-current-corersion constant to thextent that it is
large. UsingRg =100Q is recommended here. Also, sinCg appears in parallel with
the parasitic capacitances attached to pin #9, large val@sretluce the importance of
the parasitics in determining the free-running freqyeridsing Cq =100 pF is recom-
mended here.

3. Usingthe \alue of Rg given in the parts list, choose the valueRy§ to avoid overdriving
the mixer. The PLL output is a 6-Vp-p squarawe The mixer input from the attenuator
should be just lgre enough to turn bbne transistor in each pa; — Q, andQz — Q4 in
Figure 5.3.

V. EXPERIMENT

For this experiment, you should usg. =12 \Wlts and a HP3312A function/arbitrary
waveform generator to provide the antenna input unless otherwise stated.

1. Usingthe values folRg, Rg, and Cq calculated in the pre-lab assignment, build the PLL
and attenuator shown in Figure 5.2 on the same protoboard that holds #reamilx
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power amplifier from Experiment #3Let the PLL input float (pin #2 in Figure 5.2), and
measure the PLL free-running frequgné:, at oth the LM565 output, pin 4, and at the
attenuator output, the junction Bf andRg. Is there a diference? lfyes, wly is there a
difference and which measurementegithe lowest error? (Hint: the capacitance at the
input of the oscilloscope probe is significant and may cause the PLL output tavbe sle
rate limited.) Verify your answer experimentally and summarize in your lab notebook.

Measure¢he hold range of the PLL.

a. Connecthe PLL input to the HP3312A generat@elect a sine-aveoutput with
amplitude 1 Vp-p and frequeyof about fr. The output frequerycof the PLL
should lock to the input frequeyc Follow these steps to determine whether the
PLL has locked to the input frequency:

I. Simultaneouslyisplay both the PLL input and attenuator output on an oscil-
loscope. (Thettenuator output is at the junction B and Rs.) A simple
way to do this is to use a BNC T-connector on the HP3312A generator out-
put. Whileone side of the T-connector is connected to the PLL input, the
other side of the T-connector can be connected to an oscilloscope fput.
standard oscilloscope probe can be used to obds\attenuator output.

il. Setthe oscilloscope to trigger on either the PLL input or the attenuator out-
put but not both.

iii. ThePLL is locked onto the input when both traces are synchronized.

b. Decrease the input frequgn steps of 1 kHz until the output frequents no
longer equal to the input frequencRecord the minimum input frequendo
which the PLL remains locked.

C. Again set the input frequendo fe. Increase the input frequenin steps of 1 kHz
until the output frequencis no longer equal to the input frequgncRecord the
maximum input frequercto which the PLL remains locked.

Measureghe capture range of the PLL.

a. Connecthe PLL input to the HP3312A generat@elect a sine-aveoutput with
amplitude 1 Vp-p and frequepsmall enough that the PLL output is unleck
(about 100 kHz should be fine). The output freqyesfche PLL should bd .

b. Increase the input frequanantil the output frequenclocks to the inputRecord
the smallest input frequendor which lock occurs.Fdlow the directions step 2(a)
above b determine when lock occurs.

C. Setthe input frequenclarge enough that the PLL output is unledk(about 10
MHz should be fine). Decrease the input freqyeuatil the output frequenc
locks to the input. Record the largest input freqyeioc which lock occurs.

Connecboth mixer inputs in Figure 5.3 to a HP3312A function/arbitraay&dorm gen-

erator Set the generator input to a 100 mVp-p sireveat the carrier frequeng fc, that

you selected in the pre-lab assignment. Add capaCigto low-pass filter the mex
output, and connect the filtered mixer output directly to thveep@mplifier Obsene the

output of the paver amplifier as you change the amplitude of the mixer in@aipacitor

C in Fig. 5.4 should be temporarily shorted out for this measurement so that it does not
block d.c. inputs to the power amplifieFind the range of mier inputs for which the
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8.

gan is constant.

Disconnecthe HP3312A generator fro@y, in the mixer, and connect the attenuator out-
put toCy; instead. Leze the HP3312A generator connectedt@. Connect the phase-
shift network R andCg in Fig. 5.1) to the PLL inputd, in Fig. 5.2). Apply sinu-
soidal AM with a frequencof 500 Hz and a modulation indef 50% to the antenna
input. Changethe carrier frequenc of the generator fc, until the PLL locks to it.
Obsenre the output of the power amplifieRepeat while changing the indand fre-
gueng of modulation. Isthe amplitude of the output a linear function of the inde
modulation?

ReplaceR; in the PLL with a potentiometeg (0 kQ). Setthe carrier frequencof the
signal generator to a frequgnian the AM broadcast bandAdjust Rg until the PLL locks
to the carrier frequenydhat you selected. Repeat the measurements of part #5.

If your AM transmitter from Experiment #1 is stiNalable, disconnect the HP3312A as

the antenna input, and connect a short piece of insulated wire to the antenna input or
directly to pin #1 of the mie. (C;5 is not required as long as the antenna input floats.)
Try transmitting to your receer. Note that the receer in this lab does not va auto-

matic gain control.As a result, you will probably a © adjust the antenna position so

that the antenna input is neither so big thavérloads the receer nor so small that it
cannot be detected by the reeei

Demonstratgour recever to your TA.

V. REPORT

For your report, describe what you expect to obsarveach of the parts of thexperi-

ment abwe and explain (where applicable).
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