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ABSTRACT

The purpose of this report is to describe the design of a wireless voice transmission system.  The system generates and conditions to voice signals.  These two voice signals are then stereo multiplexed and the resultant signal is frequency modulated. The intended receiver for the transmitted signal is a conventional AM/FM radio.  Therefore, the carrier will exist in the FM broadcast band that ranges from 78MHz to 108MHz.
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1.) INTRODUCTION

The goal of this project was to design a wireless voice transmission system.  The system will be designed so that a traditional AM/FM radio will be capable of receiving the signal and playing the transmitted voice signals.  The Rohm BA1404 is used to assist with stereo multiplexing and FM transmission.  Optimal sound clarity and transmission distance are the two specifications that this project was designed to obtain.

The motivation for this project was to enable communication between multiple cars on a road trip.  If someone had this transmitter in his or her automobile he or she would then be able to speak into the microphones, and another car would then be able to tune his or her car radio to the transmitting frequency and hear what the others said.  This project was divided into three main subprojects.  A block diagram shown in Figure 1 highlights some of the components.  (All figures appear at the end of the report.)

1.)  Input signal conditioning: This includes receiving and preparing the two voice signals to be sent to the next stage of the system.  The signals are received from two electret condenser microphones and then amplified, low pass filtered, and pre-emphasized.

2.)  Stereo Multiplexing: This section includes taking the two input voice signals and stereo modulating them to form one signal that can then be sent to the final stage of this system.
3.)  Frequency Modulation: This last subproject involves frequency modulating the stereo signal with a carrier in the FM broadcast band so that it can be transmitted and received with a conventional AM/FM radio.
2.) INPUT SIGNAL CONDITIONING DESIGN

2.1 Design Procedure of Amplifier

At the first stage of this system two electret microphones are used to acquire the voice signal.  The output voltage of the microphones varies linearly with the change in air pressure due to sound.  This voltage is very low, on the order of V – 20 V, therefore an amplifier must be used to increase the voltage so that enough power is delivered to the input of the transmitter.  The positive lead of the microphone is connected to a dc source through a resistor to power the microphone’s internal amplifier.  This built in FET acts as a pre-amp to raise the output voltage to about 10 mV – 20 mV.

In order to achieve the required 1.25 V for the input to the transmitter, a gain of 40 dB is needed.  To achieve this gain an additional external audio amplifier must be used.  There are many different types of audio amplifiers that can be used.  An audio amplifier can be constructed using an operational amplifier with a gain set resistor, allowing the gain to be adjusted by varying the resistance.  Also, a JFET can be used to construct an audio amplifier.  The design that was chosen for this project utilized a bipolar junction transistor, a 9V battery source, and a set of biasing capacitors and resistors.  A large enough gain, on the order of 40 dB, can be easily attained with a BJT, and a 9V battery.  The amplifier must meet the required gain requirements over the voice band of 300Hz to 3000Hz, but also block dc current.

2.2 Design Details of Amplifier 

To construct this amplifier the components needed are: a 9V battery, a BJT, two resistors to bias the base, one collector resistor, one emitter resistor, one emitter capacitor, one output capacitor, one capacitor for the input signal and a resistor to connect the microphone to the 9V battery.  The BJT used was the MPS2222.  The schematic for the entire system is shown in Figure 3.  The amplifier can be found in the upper portion of the circuit.  The theoretical gain of this amplifier is very difficult to calculate for low frequencies.  A numeric representation of the transfer function is shown below.  The symbolic representation was calculated to obtain the numeric representation, but it is very long.  The negative sign in the transfer function indicates that this is an inverting amplifier.
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Initially, this function was plotted using Mathematica and the various values were changed to obtain the desired gain.  PSPICE was used to decide the final values of the components.  The two base resistors were used to set the base current.  As the collector resistor is increased the gain is also increased.  However, if this resistance is raised too high, to about 8 k then the dc voltage at the collector will be reduced too much and the gain will then decrease.  A plot generated by PSPICE of the frequency response for the amplifier is shown in Figure 2.

The resistor connected from the base of the BJT to ground was actually a 10 k potentiometer.  By varying this resistor, the base current can be varied, which results in a variable gain.  The desired gain for the amplifier was achieved when the potentiometer was set to about 5 k.  The capacitor connected to the input, and the capacitor connected to the output, serve to block dc current and shape the frequency response curve.  The large value capacitor at the emitter serves to increase the gain by a factor of about six.

2.3 Low Pass Filter

A human’s voice usually generates signals in the range of 300 Hz to 3000 Hz.  Therefore, an ideal input would contain no signal components with energy above the level of 3000 Hz.  However, the output of the audio amplifier may indeed have energy above the level of 3000 Hz.  This may exist from noise generated by the microphone, or within the amplifier.  Also, the output of our amplifier will have energy at the radio frequency of the transmitter, along with energy from any other source that may be radiating a signal at high frequency.  In order to remove these high frequency components and the noise from the input signal a low pass filter is used.  A simple RC filter with a 3dB frequency at about 3000 Hz was chosen for the filter.  The values chosen for this were R = 51 k and C = 1000 pF.  These values yield f3dB  =  3121 Hz.  The 3-dB frequency can be calculated using the formula:
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2.4 Pre-Emphasis Filter

The purpose of pre-emphasis and de-emphasis filters is to reduce the amount of noise that is heard in the received signal.  The noise spectrum is quadratic, therefore resulting in greater noise energy at higher frequencies and lower noise energy at lower frequencies.  Therefore, the signal-to-noise ratio is worse at higher frequencies.  To remedy this problem a de-emphasis filter is used at the receiver to attenuate the high frequency signal components.  To compensate for de-emphasizing the high frequency part of the desired signal, this signal is pre-emphasized at the transmitter.  The traditional AM/FM radio has a de-emphasis network.  Because this was the intended receiver, a pre-emphasis network was constructed and applied to the input.  The pre-emphasis network is a simple resister in parallel with a capacitor.  The values chosen after research and PSPICE simulation were R = 47 k and C = 1000 pF.  This results in a 3dB frequency of 3386 Hz, which is the industry standard.

2.5 Coupling Capacitor

Lastly, before the input signal enters the BA1404 a coupling capacitor is used to remove any dc offset that may exist within the signal.  A capacitor with a large capacitance is used so that none of the lower frequency signal components will be attenuated.  The value chosen for this capacitor is 10(F.

3.) STEREO MULTIPLEXING DESIGN

3.1 First Stage of BA1404
The signal for the right channel enters Pin 1 and is amplified by the right channel amplifier.  The signal for the left channel enters Pin 18 and is amplified by its respective amplifier.  Next, the two signals are converted to a single signal that will be modulated with the carrier and then transmitted.  The addition of the two signals is represented by L+R and the difference of the two signals is represented L-R.  A 38 kHz oscillator is then used to modulate the L-R signal so that its center frequency is now 38 kHz.  Double side band suppressed carrier modulation is used here.  The L+R signal is left at baseband and the two signals are then added to form one signal.  Interference would occur if one or both of the signals had energy above 19 kHz, but this was prevented earlier with the low pass filter.  The spectrum of the stereo signal is represented in Figure 4.

3.2 DC Balance of the Multiplexer


Pins 16 and 17 represent the dc balance of the multiplexer, they are adjusted to minimize the dc offset and leakage of the 38 kHz.   This stage allows the perfect recovery of the left and right inputs at the receiving end.   The two signals, L-R and L+R, which are modulated and transmitted, need to be separated before they are fed to the speakers.  The typical way receivers handle this problem is by the addition and subtraction of the two signals which simply leave twice the left and the right signal, respectively.  However, when the dc offset is not minimized there are problems separating the two signals.   If dc offset is not minimized the signals could become cL-R and kL+R, where c and k are constants.   The left input can still be separated by the same means, however it is impossible to separate the right input because the left input will not cancel out.  A 50 k( resistor was connected across pins 16 and 17 in order to minimize the dc offset.  This resistor allowed a significant amount of freedom when controlling the voltages on the pins.

3.3 38 kHz Oscillator


Pins 4, 5, and 6, control the frequency by which the L-R signal gets modulated, as well as the exact frequency of the 19 kHz pilot.  All FM stereo receivers are based on 38 kHz.  The L-R signal is usually the signal modulated at this frequency.   The industry standard 38 kHz crystal was used. The crystal is connected in a feedback loop through pins 4, 5, and 6 where the loop gain has to be greater than 1.  The gain is determined by the ratio of the capacitors connected between pins 4 and 6.  For our circuit we chose to use a 1000 pF capacitor for pin 4 and a 10 pF capacitor for pin 6.  This resulted in a gain of 100.

3.4 Design Procedure of Stereo Output

The signal shown in Figure 6 is the output of Pin 14 in the time domain.  A 19 kHz square wave, called the pilot signal, is output at Pin 13 as seen in Figure 7.  These two signals are passed through a filtering network with different characteristics for each signal.  The resultant signals are then added and sent to Pin 12 which is the input for the RF portion of the circuit.  The network essentially forms a low pass filter for the output of Pin 14 and a band pass filter for the output of Pin 13.  The low pass filter for Pin 14 has a cutoff frequency that attempts to remove all of the energy except for the stereo portion of the signal, which theoretically extends to 57 kHz.  In the frequency domain, the pilot signal looks like a set of impulses at integer multiples of the fundamental frequency, 19 kHz. The ideal pilot signal is a 19 kHz sinusoid, which has just one impulse that exists at the fundamental frequency.  To obtain a sinusoid, the network at the output of Pin 13 forms a band pass filter to remove the harmonics and only pass the fundamental impulse at 19 kHz.  At the demodulator this sinusoid is extracted with a narrow band pass filter.  This sinusoid is then frequency doubled and used as the local oscillator to demodulate the stereo signal.  This results in a local oscillator that matches the modulator’s oscillator in phase and frequency.

3.5 Design Details of Stereo Output
The circuit for each of these filters looks identical except the values of the components are different.  A representation of this circuit is shown in Figure 5.  The input impedance to Pin 12 labeled R2 is 5 kBoth filters also share the same value for C2, 470 pF.  This capacitor has the function of eliminating high frequency energy.  The transfer function for both filters is as shown below in symbolic notation:
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For the Pin 14 output, C1 = 10 F and R1 = 2.7 kand for the Pin 13 output, C1 = 220 pF and R1 = 150 kthese values yield the desired characteristics described above.

4.) FREQUENCY MODULATION DESIGN

4.1 Design Procedure of FM Modulation

Pins 9, 10, and 11 control the frequency of the FM modulation.  As stated earlier, the goal of this project was to transmit a voice signal modulated in the FM broadcast band, 88 MHz - 108 MHz, so it could be received by any type of FM radio.  In order for  the to chip transmit properly, the breadboard was abandoned, and a circuit board with soldered connections was used.  The reason for this is that at high frequencies the length of the wire plays a major role in transmission.  At radio frequencies the self and mutual inductance of the connecting leads, and the capacitance between conductors often cannot be neglected, as is usually the case at audio frequencies.  Thus the length between connections needed to be minimized.


Inside the chip there is an oscillator based around 100 MHz, the circuitry between pins 9, 10, and 11 controls the exact frequency that the signal is transmitted at.  An inductor in parallel with a capacitor was used to determine the frequency.   The inductor is a coil wrapped around a core, which is variable.  The relationship 
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governs the transmission frequency.  The adjustment of the frequency is controlled by the varying the inductance, while the capacitance is held constant.  For fine adjustment of the frequency the LC circuit was then added in parallel with another capacitor and a variable capacitor, or varactor.  The idea behind this being that the variable capacitor could allow a small change in frequency.

4.2 Design Details of FM Modulation

Based on the equation stated earlier a frequency in the FM broadcast band was determined.   The capacitor in parallel with the coil was 47 pF.  The inductor used was the Sumida 10C2FC, which is a 2.25 turn coil wrapped around a ferrite core.  The inductance was adjusted by moving the core through the coils.  When the core was completely surrounded by the 2.25 turns, the inductance was 93 nH, which corresponded to a frequency 76 MHz.  As the core moved out of the turns it reached a minimum inductance of 58 nH, which corresponded to 96 MHz.  The equation for inductance is
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n = number of turns, l = length of core in coils,  = permativitty of core, and A = cross sectional area.  For the demonstration a carrier frequency of 88.5 MHz was used.  The main reason for this was based on the radio stations in this area.  The bandwidth of the signal was wide, and in order for it to be transmitted clearly it needed to be transmitted at a frequency that would not overlap with other radio stations.

For fine adjustment a 5 pF capacitor and a varactor in series were then added in parallel with the coil, as shown in Figure 3.  The varactor was a diode, model SVC 321, connected to a 150 k( resistor, which was then connected to 50 k( potentiometer.  By adjusting the resistance of the potentiometer the voltage across the diode would change which would vary its capacitance.  The varactor allowed the capacitance in the parallel connection to vary from 0 to 5 pF, which in turn changed the capacitance across the coil, which allowed fine frequency adjustment.

4.3 Antenna

The antenna used in our project was a ground plane antenna.   The ground plane antenna has been around for many years and it is relatively simple to construct.  Simple whip antennas that you see on police vehicles use a single one-quarter wavelength, radiating element and the vehicle's body is the ground plane.  Since the goal of this project was to communicate between automobiles, the ground plane antenna was perfect.   The radiating center element is placed in the vertical plane and the ground radials are placed at a 45( angle to create a 50 ( impedance.   Impedance matching is essential in transmitting the maximum amount of power to the antenna.     If the antenna impedance is not matched with the output impedance of the chip, the complete wave will not be transmitted; thus some of the power will be lost in the reflected wave.   Typically the output impedance of a transmitter is 50 (, which was the case for this transmitter.   As stated earlier the length of the antenna is determined by a quarter wavelength.  Since transmission was occurring at a frequency of 88 MHz the length of the antenna was 85 cm.  The wavelength is determined by
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The ground plane antenna that was used in the demonstration is not the same one that would be mounted on a car.  However, mounting a simple whip antenna on a car does not always result in a true 50 ( impedance since the car’s body is not at 45( to the antenna.  The signal is often not radiated uniformly due to the effects of the car’s body and, in particular, the location of the antenna on the vehicle.   

5.) DESIGN VERIFICATION

5.1 Amplifier and Low Pass Filter

The amplifier and LPF were tested simultaneously for experimental response.  A sinusoidal input was applied to the network.  The sinusoid was swept across incremental frequencies in the voice signal band.  The ratio of input and output voltages was calculated to obtain the gain.  These values were then plotted versus the input frequency to construct a frequency response curve, shown in Figure 8.  The frequency response curve generated is very similar to the one that is depicted in the PSPICE simulation except for the addition of the LPF effects.  The gain is similar for all frequencies across the audio frequency band.

5.2 Input Impedance of BA1404

The input impedance was also calculated in the lab experimentally.  A 47 k resistor was connected to the input of the transmitter and therefore in series with the transmitter.  An input voltage was applied and the voltage drop was calculated across the resistor.  The voltage divider rule was then used to calculate the impedance across the transmitter.  This impedance was calculated to be 87.4 kThis value was used for calculating various values during the design process.

5.3 Stereo Multiplexing Output

The outputs at Pin 13 and Pin 14 and the input at Pin 12 were viewed on the spectrum analyzer in the frequency domain, and on the oscilloscope in the time domain, to ensure that the correct signal was present. The time domain representations are shown in Figures 6 and 7.

5.4 Power and Distortion

Numerous test were performed on output power and distortion of the transmitted signal, since these are key to the performance of the project.  Because the transmitted frequency can vary between 76 and 95 MHz, tests were done to determine if the frequency affected the power.  The output power was measured in decibels from the spectrum analyzer, and the conversion to milliwatts is as follows:
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The output power really did not vary with the frequency; the typical value was about 5dB, which corresponds to about 0.316 mW.

The distortion at the receiver was at a minimum.  Measured on a distortion analyzer, the distortion between the input signal and its output at the receiver was tested over a range of 200 to 2000 Hz input.  The distortion was consistent for the entire range off input frequencies, and was as low as 0.5%.  A plot of the audio outputs from the receiver is shown in Figure 9, with an input sine wave of 1000 kHz.

6.) COST ANALYSIS

Labor:


150 hours 



2 Men       



45 $/hr each


       X   2.5              


             $33,776.30

TABLE 1. COST ANALYSIS

PART
UNIT PRICE
# OF PIECES
TOTAL

Electrolytic Cap   (10uF)
$0.10
4
$0.40

Film Cap  (1000 pF)
$0.10
3
$0.30

Ceramic Cap (5 pF)
$0.10
3
$0.30

Ceramic Cap (15 pF)
$0.10
3
$0.30

Carbon Film Resistor (47Kohms)
$0.10
3
$0.30

Carbon Film Resistor (150Kohms)
$0.10
1
$0.10

Carbon Film Resistor (2.7Kohms)
$0.10
1
$0.10

Carbon Film Resistor (100Kohms)
$0.10
1
$0.10

Quartz Oscillator  (38KHz)
$4.00
1
$4.00

Coil 
$3.80
2
$7.60

Microphone
$1.50
2
$1.50

BA 1404F
$4.80
1
$4.80

Transistor (MPS2222)
$0.20
2
$0.40

9 V Battery
$0.50
1
$0.50

1.5 V Battery
$0.32
2
$0.64

Battery Holder
$0.49
1
$0.49

Double Pole Double Throw Switch
$0.99
1
$0.99

Coaxial Cable (2”)
$0.49
1
$0.49

Project Box
$2.99
1
$2.99

TOTAL


$26.30

Total Cost:
Labor + Parts



$33,750.00 + $26.30 = $33,776.30

7.) CONCLUSION


Overall our project was a success.  We met our original project goals and were able to transmit a stereo voice signal that was received within the standard FM broadcast band.  The transmission was extremely clear with an average distortion of 0.5%.  However we were unable to test the true functionality and its application in the real world.  All of our tests and demonstrations were done in a laboratory setting.  The antenna on the receiver we used was not a true antenna; it was a simple copper wire, which we added.   Also, in the lab there is a lot of other electrical equipment, and other groups using high frequencies, not present on a highway, which can create problems with our transmission.   Another important application that we were unable to verify was the distance at which a signal could effectively be transmitted.  Obviously, the range of transmission is key to the success of our project, but due to lack of time and equipment we were unable to verify transmission distance.    We performed a couple of tests with the spectrum analyzer to determine output power at a distance, however the spectrum analyzer is pretty much unable to make accurate readings of this due to the lack of an antenna.  One of the biggest obstacles for us was trying to understand a lot of the RF and audio circuitry.  We were a little unprepared for our project, since neither of us had taken a radio communications course.  We had both taken a digital signal processing course and communications I, but lacked true RF knowledge.  Most of the initial stages of the project involved research and meetings with our TA.   We were able to overcome this obstacle, and now have a solid grasp of RF circuitry.
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Figure 1.  Block diagram
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Figure 2. PSPICE plot of amplifier frequency response
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 Figure 4.  Symbolic representation of spectrum of stereo output
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Figure 5.  Representation of stereo output network
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Figure 6.  Time domain output of pin 14
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Figure 7.  Time domain output of pin 13
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Figure 8.  Experimental output of audio amplifier and LPF
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Figure 9.  Audio output spectrum

Figure 3.  Complete schematic of design
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Amp and LPF Gain

		Frequency Response for Audio Amplifier and Low Pass Filter

		Input Frequency (Hz)		Input Voltage Vin (V)		Output Voltage Vout (V)		Gain Vout/Vin		Gain (dB)

		50		0.018		0.5		27.7777777778		28.8739499847

		100		0.018		0.875		48.6111111111		33.7347109584

		200		0.018		1.25		69.4444444444		36.8327501581

		300		0.018		1.375		76.3888888889		37.6606038613

		400		0.018		1.43		79.4444444444		38.0012706472

		500		0.018		1.46		81.1111111111		38.1816070136

		600		0.018		1.47		81.6666666667		38.2408965929

		700		0.018		1.485		82.5		38.329078971

		800		0.0178		1.485		83.4269662921		38.4261290269

		900		0.0175		1.475		84.2857142857		38.5150794326

		1000		0.0175		1.475		84.2857142857		38.5150794326

		1100		0.0175		1.46		83.4285714286		38.426296142

		1200		0.0175		1.453		83.0285714286		38.3845513122

		1300		0.0175		1.445		82.5714285714		38.3365959681

		1400		0.0175		1.426		81.4857142857		38.2216295366

		1500		0.0175		1.415		80.8571428571		38.1543678235

		1600		0.0175		1.395		79.7142857143		38.0307231785

		1700		0.0175		1.38		78.8571428571		37.9368207543

		1800		0.0175		1.365		78		37.8418920538

		1900		0.0175		1.355		77.4285714286		37.7780249305

		2000		0.0175		1.335		76.2857142857		37.6488643403

		2100		0.0175		1.32		75.4285714286		37.5507176504

		2200		0.0175		1.29		73.7142857143		37.3510332323

		2300		0.0175		1.28		73.1428571429		37.2834384192

		2400		0.0175		1.27		72.5714285714		37.2153134454

		2500		0.0175		1.25		71.4285714286		37.0774392864

		2600		0.0175		1.25		71.4285714286		37.0774392864

		2700		0.0175		1.22		69.7142857143		36.8664356398

		2800		0.0175		1.21		69.1428571429		36.7949464326

		2900		0.0175		1.2		68.5714285714		36.7228639472

		3000		0.0175		1.175		67.1428571429		36.5399963584

		3100		0.0175		1.172		66.9714285714		36.5177912599

		3200		0.0175		1.16		66.2857142857		36.4283988108

		3300		0.0175		1.14		65.1428571429		36.277336053

		3400		0.0175		1.15		65.7142857143		36.3531958333

		3500		0.0175		1.15		65.7142857143		36.3531958333

		3600		0.0175		1.11		63.4285714286		36.045698602

		3700		0.0175		1.08		61.7142857143		35.807714136

		3800		0.0175		1.05		60		35.5630250077

		3900		0.0175		1.05		60		35.5630250077

		4000		0.0175		1.03		58.8571428571		35.3959835204

		4500		0.0175		0.968		55.3142857143		34.8567461724

		5000		0.0175		0.925		52.8571428571		34.4620736811

		5500		0.0175		0.875		50		33.9794000867

		6000		0.0175		0.844		48.2285714286		33.6660879588

		6500		0.0175		0.781		44.6285714286		32.9922597038

		7000		0.0175		0.76		43.4285714286		32.7555108719

		7500		0.0175		0.719		41.0857142857		32.2738168339

		8000		0.0175		0.688		39.3142857143		31.891007791

		8500		0.0175		0.655		37.4285714286		31.4640650261

		9000		0.0175		0.644		36.8		31.3169563735

		9500		0.0175		0.615		35.1428571429		30.9167413418

		10000		0.0175		0.595		34		30.6295783408
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