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ABSTRACT

-2

A Communication Link featuring the analog transmission
of four simultaneous Frequency Division Multiplexed audio
signals, via optical means, was designed, constructed,

"and experimentally tested. Low cost and common components ]
were utilized throughout the system. Active filter tech- :
niques were employed and extended to uncommonly high -
frequencies. Fidelity of the recovered waveforms proved -

to be exceptionally high with crosstalk between channels o
of less than -50 dB.
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I. INTRODUCTION

The subject of this thesis is the design, construction,
and experimental testing of a communication system capable
of the simultaneocus transmission and receipt, via fiber

‘ optical cable, of four high fidelity waveforms in the range
of 0-20 kHz. The novel aspect of this endeavor is the fact
that purely analog technigques are employed.

While each of the components of this system are
discussed in detail within the body o¢f this report, a
general cverview of the decisions affecting the final design
(Figure 1), a description of the conceptis involved, and a
familiarization with the total system layout are presented
here.

The reader will appreciate the unusual nature of anaiog
transmission over fiber as almost all such links utililize
on-off binary pulse transmission. The analog approach taken
with this system avoids the complex circuitry associated
with digitization and also achieves transmission of four
simultaneous channels without the need for Time Division
Multiplexing (TDM).

The design of any communications system begins with the
selection of the type of modulation to be used. In this
case, FM was the logical choice for two reasons. First of
all, FM classically provides superior noise performance over
AM and, secondly, the availability of FM transmitters and
receivers (Voltage Controlled Cscillators and Phase Lock
.ocps raspectively: made <tThese 2lements Iar simpler To
implement than their coherent AM counterparts.

With the decision to use FM, the goal of transmitting

four simultaneous channels of information becomes a classic

Frequency Division Multiplexing (FDM) problem.
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The actual multiplexing of the four signals is achieved

- with a standard voltage summer, as seen in Figure 1. This

summed voltage which c¢ontains the {requency components of

r‘l

all four channels is then applied to an optical tranamitter

o

I “for transmission.

N The optical transmitter used acts as a light source wiztn
&“ - 3 (] . s (]

> an intensity which varies in direct proportio . to an input

bias wvolage (i.e., the summed voltage plus a dc offset).

For an FM carrier, the peak amplitude of the sinusoid

>

waveform 1is constant, only the frequency changes. In the

A ‘r'ﬂ"

optical transmitter, only the intensity changes; the
wavelength is fixed at 665 nm. The bridge between the two

LS,

is achieved by having the optical intensity change at a rata
determined by the instantaneous frequency of the FM carrier.

AN

For satisfactory transmission, therefore, all that was
regquired was that th LED in the c¢prtical transmitter

"follow" the complex, rapidly changing input volitage.

AR 4

The optical receiver performs the inverse function of

o

the optical transmitter and reproduces a FDM signal
\ faithfully. The remainder of the systen. is unremarkable
w; with the expected Dbandpass filters to isolate «each
;ﬁ respective channel and the associated FM receivers as also
shown in Figure 1.
o The basic system parameters are as follows:
gf 1) A maximum input information signal level of 0.1 volt
Ef peak to peak.
i 2) Center frequencies(f.) of:
- a) Channel 1: £_=92 kHz
- =) CThannei Z: £_=32S5 kH
5 ) Channel 3: =477 Xiiz
n d) Channel 4: £.=700 kHz
:f Note: The positioning of these channels was driven
Sj by performance characteristics of the band-
kk pass filters and attention to harmonic

A
N

>
a

3
AN

v

.




3 interference. The final placement, however,
was to a great'extent, trial and error.
3) A minimum acceptable attenuation of the receiver
bandpass filters of =40 dBv. This number was experi-

mentally detarmined by varying a test tone set to a

i
|

frequency near to anh operating channel. With the
: carrier fixed in amplitude at 2 volts, peak-to-peak,
20 millivolts was the maximum permissible "bleed
through", hence -40 dBv.
With this broad overview and Figure 1 firmly fixed in
mind, the reader is now invited to examine each of the major

components of this system in detail.




II. TRANSMITTER

The transmitter group, Figure 2, consists of:
1) four FM mocdulators
2) four bandpass filte+s
3) a summing amplifier and
4) an optical transmitter
To reiterate, the overall aim of these subsystems is the
Frequency Division Multiplexing of four analog informaticn
channels capable of high fidelity waveform transmission in
the 0 to 20 kHz range. With this purpose in mind, each
subsystem is dis~ussed as to its construction and design,
its peculiarities, and its contribution tewards the desired

gocal.

A THE FM MODULATOR

The task of any modulator 1is <to accept a baseband
information signal as the input and to output a higher
frequency carrier sigral with some characteristic impressed
upon it (mocdulation) which permits a suitable distant
receiver to recover (demodulation) the original baseband
information signal. In FM modulation, the type chosen for
this system, the characteristic is a variation of the
carrier freqgquency proportional to the information signal.
The mathematical descripticon of this operation is

Spm = Acos(wgt + 65 + kpyff(t)dt) (1)
rmata Y <= o arave l S =y~ or ina ~arrsar <oy = ~a
nere A 1= Tne ampiitud £ tie rcarriaerx iy 13 the
nformaticn 3ignal, 80 is an arkbitrary vhase ang.2, Xgy 13
- aa

an arbitrary positive constant, the expressicn wot + 60 +
kFMjf(t)d(t) is the instantaneous phase angle, and S5gy 1is
the FM signal itself.

There are many methods of accomplishing this feat, some

very complex. The method chosen, however, 1is Xnown as

11
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direct FM modulation and is made exceedingly simple through
the use of a wvoltage controlled oscillator (VCO) as the
actual modulator.

The VCO selected was the XR-22C6 Monolithic Function
Ganerator, described in Referencs 9. This particular device
was used pecause of 1ts range of freguency operation, (C.01 k-
Hz to 1 MHz), its low sinewave, hence carrier, distortion
(0.5%), and its low EM distortion (<10%). Employed as an FM
modulator, Figure 3 and Table 1, this device outputs a
frequency-modulated sinewave carrier proportional to an
input analog voltage, Ve The basic governing eguation is
simple in that

£9 = 1/RC (2)

where fo is the free running frequency of oscillation with

P. RS + R6 (3)

and

C = C4 (4)

Additionally, the instantaneocus frequency of oscillation as a
function of Vc is

1
“inst - R(1+R/R1(1-V_/3)

(5)

with V. a maximum of 0.1 volt. The voltage to frequency
conversion gain is

® = -0.32 7/ {R1l % C) (8)

A3 TtThe caryier t3el: 13 a sinewave, low distorTion L5
desired in order to prevent unnecessary frequency components
from entering adjacent FDM ~ignals. These components cause
interference with adjacern. <channels and c¢omplicate the

receiver filtering operation. Therefore, the schematic of

13
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TABLE 1

TRANSMITTER COMPONENT VALUES

Channel 1 Channel 2

"Rl = 7.5k Cl =1 uf "Rl = 3.0k Cl =1 uf
2 = 5.1k c2 = 10 uf R2 = 5.1k C2 = 10 ug
R3 = 20.0k C3 = 1 uf R3 = 20.0k C3 = 1 uf
R4 = 5. 1k Ci = 1 nf R4 = 5,1k Ci =1 nf
RS = 13.0k CS = 1 uf RS = 2.4k CS =1 uf
%6 = 0-1.0k Cs = 10C uf R6 = 0-1,0k C6 = 100 uf
R7 = 20.0k R7 = 20.0k
R8 = 30.Ck R8 = 30.0k
R9 = 0=5.0k RQ = 0~-1.0k
R10 = 10.0k R10 = 10.0k
K1l = 36.0k R1l = 36.0k

Channel 3 Channel ¢
Rl = 2.0k Cl =1 uf Rl = 2.4k Cl =1 uf
RZ2 = 5. 1k C2 = 10 uf R2 = 5.1k " C2 = 10 uf
R3 = 20.0k C3 = 1 uf R3 = 20. 0k C3 = 1 uf
R4 = 5.1k C4 =1 nf R4 = 5.1k C4 = 750 pf
RS = 1.1k C5 = 1 uf RS = 1.5k C5 = 1 uf
R6 = 0-1.0k Ce = 100 uf R6 = 0-500 Cé = 100 uf
R7 = 20.0k R7 = 20.0k
R8 = 30.0k R8 = 30.0k
RS = 0~1.0k R9 = 0-1.0k
R10 = 10.0k R10 = 10.Ck
R11 = 36.0k R11l = 36.0k
Note: ToL=rance OSf all Resistors: +/« 3%
Tolarance >I a.l <Capacizors: -/~ 0%




Figqure 3 shows a version of this VCO which is especially
'adjustable for - low sinewave distortion. Particularly,
resistors R7, R8, and R9 serve this purpose. Resistors R7
and R8 were originally a variable potentiometer arrangement
_to permit fine syvmmetry tuning while RS is a basic shape
tuner which was left variable for experimentation.
Additionally, the dC removal/voltage isolation network of
R1l and C6, and a voltage follower are shown. In all
respects, the XR-2206 performed according to expectations
“with the sole problem being that of a tendency not to return
to the exact center frequency at each start-up. This quirk
mandated a slight tuning capability, R6.

B. TRANSMITTER BANDPASS FILTERS

The bandpass filter of Figure 4 and Table 2 is known as
a Generalized Immittance Convertor (GIC). A thorough
discussion of its attributes is included in Chapter Il as
it is used on a grander scale in the receiver. For the
moment, therefore, only its purpose in the transmitter will
be discussed.

As mentioned previously in the section on the FM
modulator, great care was taken to ensure that the carrier
wvas as pure a sinewave as possible. Even with the fine
tuning circuit, however, some slight distortion was still
evident. The task of these filters is to remove this
remaining distortion. Figures 5,6,7, and 8 are the spectra
of the unmodulated carriers after filtering. A word about
the spectral analysis figures is in order at tlis point.

m

These £figures are direct wnlots from +he Hewlett-Packard

n

5 p

(VY]

: 63 JoecTrum Analyser. Tha

4 - < A - .
mportant uantitia2s 2. 7.,

see Figure 5) are:

1) Center: This is the frequency at the center vertical
line.

16
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R1
R2
R6

Rl
R2
R6

R1
R6

TABLE 2

TRANSMITTER BANDPASS FILTER AND SUMMING AMPLIFIER
COMPONENT VALUES

BANDPASS FILTER

Channel 1 Channel 2
5.1k Cl = C2 750 pf R1 10.0k Cl1 = C2 = 220 pf

R3 = R4 = RS 2.4k R2 = R3 = R¢ = R5 = 1.8k
50. 0k R6 = 10.0k

Channel 3 Channerl 4
11.1k C1l = C2 = 150 pf Rl = 8.2k Cl =122 = , LE
R3 = X4 = R5 = 1.0k R2 = R3 =R4 = R5 = &
20.0k R6 = 20.0k

VOLTAGE SUMMING AMPLIFIER

20.0k, R2 = 20.0k, R3 = 39.0k, R4 = 39.0k, R5 = 5,1k
1.0k
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2) Span: This is the frequency coverage of the entire
: graph.
'3) DL: When present, this is the horizontal line
dencting a 0.0 dBm reference level and is the
line above and to the right of the inscription.

4) Ref: This is the noise floor height in c&2m.

5) 10 dB/: This indicates that each horizontal grid equals
10 dB. ’

6) MKR: When present, this indicates the freqguency and

distance in dB below the DL of the small diamond
marker This is included when highlighting of
a s_.ugle component is desired.

Other quantities which arpear but were not used are

7) RES BW: Resolution Bandwidth permits the expansion of
“he trace, (i.e., small values vield a large
expansion and large values yield a small

expansion).

8) VBW: Video Bandwidth permits smoothing of the trace,
(i.e., small values yield a smooth tr = and
large values yield a racged trace).

9) SWP: Sweep time is the time taken to present an
updated spectrum 3 culation or th- screen

10) ATTEN: Attenuation is the amount that the input
signal is attenuated.

Returning now to Figures 5,6,7, and 8 (the spectra of
the unmodulated carriers afte» filtering) it is apparent
that any local spurious frequen.ies are indeed removed.
Mome: 3v incr2asing The span, the numcered narmoniss are
s5till detaczable, acwewver, they occur at =mhe predictad

positions, are attenuated 50 dbm, and are of no consegquence,

C. SUMMING AMPLIFIER
The actual multiplexing of the four FM signals 1is
achieved via a standard voltage summer, Figure 4 and Table

19
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2. Due to filter gains, the signals arriving at the summer
are of different amplitudes and the varicus values of Rl %o
R4 are adiustments for this conditicn. The reader will also
note that this summing "amplifier"” is actually a summing
attenuator. This is necessary because the optical receiver
has an analog <transmission vrange <¢f oniy 6.5 volts.
Therefore, the maximum amplitude of each of the four summed
inputs 1s reduced to 0.1 wvolt to allow for periods of
maximum coincidence. Failure to account for this limitation
results in c¢lippring o¢f the <transmitted waveform with the
attendant formation of unpredictable harmonics which grossly
interfere with the received signal.

D. OPTICAL TRANSMITTER
The optical transmitter chosen was a Hewlett-Packard
EFBR-1402 analog c¢avable LED device (Reference 1). The

-

complete schematic 135 Jiven it Figure 9 ana Taple 3.

Biasing range for the LzZD, as shown, 1is 2.2 <%to 2.7
volts, permitting the aforementioned 0.5 volt peak-to-peak
analog wavelform transmission. The lower level is actually a
free choice commensurate with the trar.mission of suitable
power at the minimum waveform level. 7The values listed give
good performance over reasonable distances, (i.e., 10 's of
meters).

The driving circuitry itself is mostly concerned with
the application of the biased signal to the transmitter. A
voltage divider network, R4 and RS, is employed to provide
the needed -2.2 volts (including inversicn of the summer) to

cne input of a voltage summer while the FICM signal to be

o
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is included for voltage isolatiocn. Capacitor Cli serves to
shunt any power supply transients to ground and resistor R8
provides current protection. The wiring of the actual

HEFBR-1402 is direct and in accordance with Reference 1.

24
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Figure 9. Optical Transmitter
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In summary, the transmitter ccnsists of an ™ modulater

which accepts audio signals and appiies EM modulation to a

subcarrier sine wave, a bandpass filter which lowers

harmonic distortion of the modulated wave, a voltage summer

wnich accompiishes the multiplexing, and an optical

transmitter which transiates the electrical signal o an
optical signal for insertion into the optic cable.
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ITI. RECEIVER
The receiver group,

detailed in Figure 10 consists of:
1) an optical receiver and associated

power amplifiers,
2) a parallel arrangement of bandpass

filters,
3) a phase-lock loop FM demodulator, and
4) low zmass £ilters and a power amplifier.
It is

appropriate to discuss each of these primary
functional sub-systems of the receiver group in full detail.
‘A. OPTICAL RECEIVER AND ASSOCIATED POWER AMPLIFIERS
Low-cost  optical

receivers fall invo “wo basic
tategories: those with an internal logic
comparator/threshold device,

nulse

suitable only for receipt of

Transmissions, and those

capable
response.

of full
The nature of this system requires th
review of readily available

analog
latter. A
devices resulted in the

+the HFBR-2404 by Hewlett Packard due to its
numerical aperture, simple drive

"breadboard" compatible mounting.

salection 2of
high

circuizt, and

A schematic of the entire optical receiver subsystem is
given in Figure 11 and Table 4.

power is provided to

The reader will note that
source via

receiver from a 10
divider/follower

the optical
a voltage

volt
variable voltage

combination. A
requlator would have served as well or

better, however, the simple arrangement used is sufficiént.
The purpose of the supply is that the HFBR-2404 (max VCC of
-o-"'r)

7)) e prowvided with -% voits freom the same rower supply as

-
\oahe

This

ooweyr ampiliier 3, WhizZll reguire greater than +5 volus.
arrangement permits the use of

any combination of
supply voltages desired.

The actual receiver wiring is in accorcdance with data
from Reference 1 for the 2402 device and
satisfactorily for the 2404.

operates
(No explicit diagrams for the

28

PR o« e
Plte- A PN VR Wt

LI A R TN T




AUDIO

LEF

[ ——
| S

FM DMOD
I
| 2 H
} :
3
4
Receiver Group

‘ _ *
[aV]
‘ A __
L.
W - o~ ) < S
, Q
] | | :
_ ;
¥ Ixg
< i
O >
— O
a x
7
o T T I
e WSy  Seddpws . DESORFAS  PEIEATe i TR e Soaihcer -gumeees  CALARARS SROARRIS] (SRR AR



[ R T

e

Figure 11. Optical Receiver

L S W NeTYTY T




TABLE 4

OPTICAL RECEIVER COMPONENT VALUES

3
g
i
>
%
:
y
.j

RL = 51.0k R10 = 2.0k Cl = 10C uf
R2 = 51.0k R11 = 500 C2 = 1500 of
R3 = 510 R12 = 1.0k
R4 = 300 R13 = 15.0k
R5 = 100.0k R14 = 500
R6 = 1.0k R15 = 1.0k
R7 = 2.0k R16 = 3.9k

) R8 = 500 R17 = 500

2 R9 = 1.0k

i Note: All Op-Amps are LF 356
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2404 could be located.) The only exception is the addition

"of Rl which provides current protection and also lowers the
DC value of the output.

The final output signal level 1is on the order of
millivelts and requires considerable power ampliification
before a usable voltage is obtained.

Cesign of the power amplifiers prdved more difficult
than first anticipated due primarily to the small signal
“input levels involved. The first step was the elimination
of the dC component of the signal for voltage isolation.
This was accomplished with the simple RC network of C2 and
R5 and a standard voltage follower. Amplificaticen was
gradual wi<h experimentation revealiing the following ortimum
values: stage 1l1l--2Xx max, stage 2-~-2X max, stage 3- =-15x
max), and stage 4--10x max (with 4x chosen). These values
rasulted in an overall amplification »f 240 and yielded a
clear output signal of S volts peaxk-to-peax.

It 1is essential that the input impedances of <the
amplifier stages be kept as low as possible to minimize
additive amplifier noise. Not doing so caused tremendous
noise problems in early work on this receiver.

B. RECEIVER BANDPASS FILTERS

The requirement for a parallel arrangement of bandpass
filters to isolate the frequencies of interest (i.e., the
modulated subcarrier) from the received composite signal is
intrinsic in the nature of a Frequency Division Multiplexed
cemmunications system, AM or FM. This isolation must be as

complete as possible to aveid '"crosstalk": a situation in
which <Ireguenciess of suZZficient stTrengthr Irom acd’rcent

channels overlap into the channel of interest and c: :se
interference. Measurement of this "crosstalk'" is one of the
benchmarks of multiplexed systems and will be addressed
fully in the System Performance Chapter.
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The selection of the appropriate design and the

o determination of the optimum center frequencies for the four
& , L : -
A bancdpass filters to minimize "crosstalk" occupied most <X

the effort required to complete this communication link.

Preliminary dasign o¢f *this communications system was
qguite straightforward and the reguirement for ZIcur pandpass
filters, of wide passband and +40 dBV attentuation between
channels, appeared equally straightforward utilizing Active
Filter techniques. There existed many '"handbooks" and
"cookbooks" as well as complete texts on the subject. The
problem became one of arranging four FM modulated carriers
separated in the frequency domain so as to avoid excessive
"crosstalk" and yet net to =xtend <o such high frequencies
that Active Filters could not be used. (The exact extent of
this frequency limitation was not made <c¢lear in the
reiarances, cnly alluded =2.)

Adequate attentuation between channels had teen
experimentally determined earlier to be 40 dBV. A good rule
of thumb for most active filter designs is 20 dBv per decace
per second order stage (References 2 and 3). The logistics
involved dictated that three stages were the largest filter
that could be conveniently constructed. (Additional stages
would have reqguired an additional '"breadboard".) These
considerations allowed a 6th-order, 60 dBv/decade filter
skirt. (This ability to cascade individual "stand alone"
stages is one of the primary attributes of Active Filters.)
It was hoped that these 60 dBV/decade filters could come
very close to the 40 dBV between channels required if
separa<ion were Zept =c at l=ast 137 XkHz. This was .acer
reriiled o fce tThe case (I: 2

Given a broad passband, the filters available, and
minimum 150 kHz separation, the four channels reguired a
bandwidth of at least 450 kHz. With the channel spacing and
filter parameters determined, construction of the filters

began. At this point a very unpleasent surprise arose in
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that ncne of the designs in the available literature
functioned at all above 250 kHz. This fact was ascertained
experimentally at great effort as the literature itself
(References 2-5) made little to no mention of the freguency
limits of +the designs. State Variable, 3igquad, Positive
Feedback, Sallen-Key, Multiple TF2edback, and several other
filter designs with no particular title were tried with no
success. The completion of this part of the endeavor is due
in no small part to Professor Sherif Michael who provided a
design known as the Generalized Immittance Converter GIC
(Reference 6). Professor Michael had much experience with
+his design and the version utilized is his design with one
minor variation provided Dy The autler.

The next step was the center frequency selection. It was
found that up to the 5th harmonic had to be considered when
selecting channe. spacing. The oroblem oi harmonic
avoidance  theresfore, grew "exponentially" with  each
additional channel, so much so in fact, that the final
channel selection was achieved by the less than
aesthetically pleasing method of sweeping a FEM modulated
carrier through the frequency spectrum from O to 800 kHz and
choosing the freguency position of minimum interference
effect on the remaining 3 channels.

Figure 12 and Table S provide complete schematics of the
6th order, 3 stage, modified GIC bandpass filter which was
ultimately used. (Note the voltage isolators on both ends.)
The arrangement is vezry direct and very simple to utilize.
A generic single GIC stage is illustrated in Figure 13. The

Jesign =2guaTions 2SI TALS CArTicular Zandg-7ass ZLiT2r are

P =

g e om — - - % = M ~l. — - - -~ A v R
exTraoriinarzly simpi2. The centar {raegusancy 13 givven oY
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R =Rl = R2 = R3 = R4 (8)
and

C=Cl =c¢cC2 (9)

The Q and gain of this filter are equally straightforward with

Q = R5/R (10)
and

Gain = 2. (11)

The reader will note the slight difference between the
generic GIC of Figure 13 and the diagram of the actua:
£ilter used, Figure 12 (i.e., the addition of one extra
resistor per stage, pvarticularly resistors R6,R12, and R18).

It was experimentally discovered that the standard GIC
design provided by Professor Michael performed well at
frequencies approcaching 800 kHz. A reduction of gain and
timing component shifts of approximately 30% were the only
effects of high frequency operation, save cne, with both of
these effects being easily compensated £or. However, the
one effect which did occur and was not tolerable, was the
tendency for the filter to go into a "lockup" mode when
powering up. To make matters worse, the phenomenon appeared
randomly. After experimentation with various values of R
and C failed to resolve the difficulty, it was discovered
that the filter could be cleared of its lockup conditicn by
momentarily sherting the + terminal of the second
speraticna:. ampiili2r in the 3tage o Jround. The auwhor
then realized that a path to ground at this point would
provide stable operation at very high frequency. The exact
mechanism of this effect is beyond the scope of this thesis
but could be the subject of future study.
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Receiver Bandpass Filter

Figure 12.
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TABLE S

REZCIZIIVER BANDPASS FILT

Channel 1

Stage 1
Q Resistor R1 = 20.0k
R2 = R3 = R4 = RS = 2.4k
tability Resistor RS = 50.0k
Cl = C2 = 850 pf ,

Stage 2
¢ Resistor R0 = 20.0k
R7 = R8 = R9 = R11 = 2.4k

tability Resistor R12 = S51.Ck
C3 = C4 = 680 pf

Stage 3
Q Resis tor R17 = 10.0k
R13 = Rlg = RlS = R16 = 2.4k
Stability Resistor R1i8 = 50.0k
CS = C6 = 750 pf

Channel 3

Stage 1
Q@ Resistor Rl = 13.0k
R2 = R3 = R4 = RS = 820
tability Resistor R6 = 20.0k
Cl =c¢C2 = 370 pf

Stage 2
Q Resistor R10 = 13.0k
R7 = R8 = R9 = R11l = 820
Stability Resistor R12 = 5,1k
C3 = C4 = 288 pf

Stage 3
Resistor R1LT = 3.2%
=1

* — 1 - 4 - - x
= RLl=+ = 21> = X1g = 3

: 2z
tability Resistor R18 = 2
S = C6 = 320 pf

g o
0.0k

0wl

ER COMPONENT VALUE

37

Channel 2
Stage 1
Q Resistor R1 = 15.0k
R2 = R3 R4 = RS = 1.8k
Stabilit y Res;stor Ré = 20.0k
Cl =cC2 220 pf
Stage 2
Q Resister RI0 = 15.0k
R7 = R8 = R9 = R1ll = 1.8k
tability Resistor R12 = 20.0k
C3 = C4 = 220 pf
Stage 3
Q Resistor R17 = 9.1k
R13 = R14 = R15S = R15 = 1.8k
Stability Resistor R18 = 20.0k
CS = C6 = 220 pi
Channel 4
Stage 1

Q Resistor Rl = 20.0k

R2 = R3 = R4 = RS = 1.0k
Stability Resistor R6 = 51.0k
Cl = C2 = 182 pf

Stage 2
Q Resistor R10 = 20.0k
R7 = R8 = R9 = R1l1 = 1.0k
Stability Resistor R12 = 51.0k
C3 = C4 = 168 pf

Stage 3
2 Raesistor 217 = 16,38
212 = 2RI+ = RLZ3 = R13 = 1.2k
Stability Resistor R18 = 51.0k
CS = C6 = 168 pf
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Figure 13. Generic GIC Bandpass Filter
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I summary, an experimentally determined resistance of
2C Xohms placed in the indicated positicn of Figure 12,
prevented filter lockup and permitted channels 3 and % to be
operated at 475 kHz and 700 KkHz respectively. (Note:
Resistances ¢f 20 Rehms or higher do not markedly affect
either the center fregquency or the gain characteristics of
the filter although a reduction in Q appears to occur.) The
filtar zan ze forced inte lockup by applying a momentary +
supp.y voltage tO the + terminal of the second Op-Amp. A
resistance of 5.1 kohms was found to aliow auto-reccvery
from this condition but at the cost ¢of reduced gain.

1

The perficrmance characteristics of the IZIilters are fel:
To e very gocd with high phase lirearity and gent>2 siop
reax gain curves. It was found that the Fliase Leccxk Loop Fil
receiver was insensitive to AM thereby permitting the use o

-

Zilzers with gently sloping pears which were £ar easiar

'
O

construct than cnes with sharp skirts.

The Q of these filters was chosen in accordance with
Carson's Rule for estimating the bandwidth and the results
were generally good. The stages were, of course, staggzared
somewhat to provide the width and slope desired. Reference
3 provides a thorough discussion of this staggering
technique.

Included as Figures 14 to 21 are the gain and phase
characteristic plots as taken from a HP 3575A Gain Phase
meter fed by a swept FM signal and plotted on a standard X-Y
plotter. A discussion of each set, gain and phase, 1is

cresentasd below.

[
144
n

(1}

- .- o r o s .
. Ly T . - s en -
ure 14 and 13, wizth Z.=90 =zEz Raz 13 gain

uy

of almost 1 to 1 and a 3 dB passband of 54 kHz. The phase

is linear throughout the passband with 2zero phase shift

1" an

occurring at 94 kHz. Tae wraparound’ effect apparent in

the phase diagrams was the result of the recorder resetting

20 ARG\ A LA AV AA AN S\ ae LA 1y S "oy
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in response to the Gain/Phase Meter's output undergoing a
sign change at 180 degrees,

Chanhel 2 (Figures 16 and 17) with £ c=325 kHz has a gain
of 4.5 dB and a passband of 51 kHz. The phase is once

again very linear in the passband with zero phase shift at

Charnel 3 (Figures 18 and 19) has a high center
frequency of 477 kHz. As noted before, the g¢ain o¢of these
filters tends toward attenuation at high frequencies and
o All
other characteristics are desirable with a passband of S0 R

this is evident with this filter's ~7.8 dB gain at £

.. 9 -

A5z and linear pnezse. Zero phase shiZl occurred at 172 XEz.

Channel 4 (Figures 2 and 21) has a higher center

0
frecuency of TOCKkHz. his <c¢hannel suffers even more

T
ion (=-1C dR) at f bBut again maintaias gcod shape

attenuat
a.ad phasa linearity. The passband is 81 kHz with zero phase
shift occurring at 700 KkHz.

For a final check on the performance of the filters in
parallel, the system was brought up to £full operation with
all four channels transmitting. The filter to be examined
then had its carrier removed. Figures 22 to 25 illustrate
the spectrum as seen by the receivers through their
. respective filters in this condition. Notice that the
largest interference component in any of them is -36.5 dBm

for chann2l 3 (Figure 24) with the others well into the =40 -
I dBm range. ("Marker zoom" indicates the level of these
E somEonents. ) Alchough 2ot a direct measure cf zyosstalX
' lamunLity, it deces dramatically hign.iight the [ilzers'

1
t
1
'
.

isolation capabilities, especially concerning the 40 dBv

attenuation pnetween channels requirement mentioned earlier.
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Frequency
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Figure 14.
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~C. PHASE LOCK LCOP M DEMCDULATOR

The task of M demodulation was greatly simplified by
the use of the Signetics NE,SE 565 Phase=-Locx Loop c<hip.
Reference 7 provided the necessary schematic, Figure 26 and
‘Table &, which was used with the exception of the addition
of Rl to reduce signali strengtih. This was necessary due To
the exceptional sensitivity of this device. .

The free running fregquency ¢rf the demodulator is
to = 12/(4 x R4 x C2) (12)

while the Lock Range is

&
-

le = 8 % (£5/V.2) (13)
with

Vee +/= surely voltage (14)

The Capture Range is

fop = 159 x JZWE /3600 x C3 (15)

D. RECEIVER LOW PASS FILTER

The output of the FM demodulator is adulterated with
high fregquency components so precision lowpass filtering is
required. The 3-stage, 6th-order lowpass, filter with fc=20
kHz (Figure 27 and Table 7) was employed with excellent
results. The design chosen was a Sallen and Key lowpass
filter from Reference 2.

This design performed flawlessly in accordance with the
source equations. The component value selection process,
whil2 not Z2ifficulz, i3 more complizated Than that of the
GIC pangpass Zilzer and 15 net .ncluded IZor that reason.

A word of caution 1is necessary concerning the input
voltage follower isclation section of this filter. For

unknown reasons, an additional resistance of 1 megohm, R1,

was reguired to achieve full isolation. Poor performance




resulted before this isolator was included. (Note: Although
not part of the actual filter, the power amplifier section
is included for completeness.)
In summary, the receiver consists of an optical receiver '
to translate optical signals to electrical signals, a bank e
of bandpass filters to demultiplex tThe resu.ting composite
signal, a FM demodulator to recover the information signal, .
and a lowpass filter to remove high frequency noise from the

recovered signal.
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TABLZ ©

FM RECEIVER COMPONENT
Channel 1
Rl = 20.0k Cl = 10 nf Rl
R2 = 1.0k C2 = 1 nf R2
R3 = 1.0k C3 = 1 nt R3
R4 = 0-5k C4 = 100 pf R4
Channel 3
R1 = 20.0k Cl = 10 nf Rl
R2 = 1.0k C2 = 560 pf R2
R3 = 1.0k C3 =1 nf R3
R4 = 0-5k C4 = 100 pf R4

VALUES
Channel 2
= 20,0k Cl = 10 nf
= 1.0k C2 = 680 pf
= 1.0k C3 =1 nf
= 0=-5k C4 = 100 pf
Channel 4
= 20.0k Cl = 10 nf
= 1.0k C2 = 370 pf
= 1.0k C3 = 1 nf
= 0-5k C4 = 100 pf




i,

Figure 27. Receiver Lowpass Filter and Power Amplifier
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Note: All channels use the same values

R1
R2
R3
R4
RS
R6

Note: All Op-Amps are 741 CN

TABLE 7

RECEIVER LOWPASS FILTER AND POWER AMPLIFIER
COMPONENT VALUES

= 1 Meg R7 = 1.0k Cl = 10 nf

= 680 R8 = 160.0k C2 = 5 nf

= 680 R9 = 51.0k C3 = 0.022 uf

= 51¢C R10 = 300. 0k C4 = 0.0025 uf

= 1.0k R11 = 20.0k C5 = 22 nf

= 1.0k C6 = 10 nf
C7=1 uf
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IV. SYSTEM PERFORMANCE

A. CROSSTALK

The "crosstalk"” measurement was achieved by the spectral
analysis of a 5 kHz test signal transmitted on the channel
of interest while adjacent channels were carrying a 3 kHz
test signal. Tigures 28-31 show the resul%s. ©Notice that,

to the limit of the spectrum analyzer's capakility, (=50

AEN PR BRARPAS s ssEd

dB), there were no observed frequency components of the 3

kHz signal present. Figure 32 is the spectrum of the 3 KkHz

A signal for comparison. This absence ot interfering
ﬁ components is the definition of a "cresstalik Zree” channel.
)
B. HARMONIC DISTORTION
Spectral analvsis of a3 transmitted sinewave information

s

signal of 9 kHz (Figures 33-38) shows the maximum harmonic
distortion of any channel to be =45 dB. This is considered
adequate against a commercial standard of -50 dB. The

marker arrows o.. Figure 33-36 indicate the position of these

sk, - SRRUNI

: harmonics.
'}: C. GAIN
i ' A flat gain versus frequency response curve for end-to-
5 end <*transmission 1is ideal. That goal was essentially
% reached with channels 2 and 4 (Figures 28 and 40) while
-

channels 1 and 3 (Figures 37 and 39) performed less
spectacularly exhibiting reduced gain and fidelity above 16

AR - i3

~3 kHz. The reason fcr this is simple; the solution is not.
¥
d ~— . L P . . . . R .
be' The zandwidth 2Z the transmitted signal lncreas:2s as e
& frequency of the information signal increases. In
! accordance with Carson's Rule an estimation of EFM bandwidth
I“‘
- is given by

59

N AL NSRS




" T Lk b " " (g 2 ™ e - T
P Sl . ! ” A

I Tauuey) ‘sysdATeuy feajoesdg WHTeissox),, ‘gZ ainbrj

W oBEe QA0 "E dMS ZH QOE MAaA ZH QOT M8 S3M
, ZHY @ 01 NVdS ZHY 0 °S ¥3iIN3D

|
=
.
|
l

60

2 "0
ZHM |@ "5 na
\ . NEITNER

\

8P Q€ N3I1lv wgP @ 'e< d43d

TN LETGEE AR L I RSN AT T AN N S M e AT VY P T VN F T T TN TP W I O T TR AT I RTNTENIET I T eV snaTTgneTs T R agugwegn s T TsTe R T Tw Ty Vwrwvuarsrovvwwee
.
]

R 7 2SS vt St A VAR S et A P Al 0 A BT A WA A A 3 ATt AT A S I WS NS W00 WO W S WA (W EE A A S SRS OLA BN P e S T A o Al

e T R o TR e S BB s wRww EO "IN W IS S TN APy, RN Wl e i BUNM RS [N YW 1 B



Z 1auueyy ‘sysdyeuy r1exaoads ,{Ie3ISS0ID, °6Z 2InbHTJ

o®B8 0 "E 4dMS ZH QOE M8A ZH Q@O1 M8 S3H
ZHX B 'Ol NVYJAS 243 @ 'S Y¥3LIN3D

] r

61

wgp
2 "2
gle

8P BE N3ILLV wgP 9 "e2 43y




€ Tauury) ‘syshAiruy TeI3d3ds ,}{1eISS0ID,

O®6 QY "E dMS
NV IS

ZH* @ a1l

—— e e

zH

‘BOE MEA zH

‘0¢ @anb1g

A1 M8 S3H
ZHY @ "S Y3ILN3D

wap

% I %
1d

/8P 01

8P 8BE N3LLlV

wap @ oz  43n Y

62



ZHM 8 "81 NVdS

p [suueyd ‘syskyeuy 1exjoads ,}I"3ssoa), “I¢ dInbTH

oBe @YV 'E dMS ZH QBE MLA ZH @81 M8 S3H
zZH™ .S ‘S ¥3IIN3D

e elmE !|- e

— wgp

Q-9
ZHM [ "G 1a
SEFDER])
/7apP @l

. R
8P OE NILLY wap ® as a3y

XAAZAA] (i

63

~y PV VYT w WY
»



gsyshA1euy Texjosads Teubys juade(py °Zg 8anbyrg

Q0 "E dMS QAE M8A

Mg s3I
ZHM O 'S H3ILN3D

THY @ "8l NVdS

LARY

8P BE N3ILLV wgpP 9 o<

]

wgp
28
gle)

5o

gy M 3 8 ]
YIF 1-II

64




I Touuey) °‘sysATeuy jexjoads ofuowIey °g¢ 3InbTJ

oBe A1 JdMS ZH E M8A ZH ©BE M8 S

ZHM @ "B¥ NVJS ZHM S G2 Y3UIN3D
- e - i

]

— [TaY

£

iP B [RE
RETNEREEER

Hvonn [svan

S r

smo&w.@ﬂa mn@vzw»k<smvo.om!1mmmﬁ
ZLM 20 BT MMW :

/8P 821




Z T2uuey) ‘sysAfeuy jeijzosads OofuowIey HE SIANBTI

ove Q°"B1 dMS ~2H E MgaA zH BYE M8 S [
ZIiMd @ "6¥ NVdS ZH> S 'G2Z Y3LN3D H_
S T : T :

| le(STzzilﬁ/. 1 h

- ey

T T) TR PPNV DI P

AN

_ * a

: l |

iR B B T w_ T ;
T - T v -

e . . EMM;U (%) .Qm-..:_ !

THAI | 43 _

!

- - I
L _ o .

GvaNN |svaw /8P a1
wap 82 ‘al- T 8F Ov N3LLv _ wap @ -oc 43y Ot i

ZHM 28 01 UMW | ;

R AR 5 AR A



€ 1Puuey) ’‘sysAieuy jea3zoadg ojuowaely ‘GE 2INHTJ ]

pe A== P01 dMS zH E MAaa zH BAE M8 S3IAM :_

, um:I 0 ‘6 NVJS CZHM S TGS ¥Y3LN3ED ]
- — 7;

- ,\Il’l\lL.l.)ll"\J\l[ ~ |
. ﬁ f/\mwfrn‘} i

-_ llﬁu j 2 :“
:_

|

- o~ ;

L) K

| - _ | : !
3 Q T [
il

|

- - - —
wHP g e ]

L — — —_—— —_—— - - Il
ELERIEER ﬁ

:_

- — —} - l
[

,,_

- m
IV INN ISVY3INW x_ /8P 01 :_
wgp @31 “11- 8P Ov NILLY  wWaP B ‘@€ 434
Z)IM 20 1 MW ”,m

PP IR R TRPEREES ~ nRRRRRet TASAIARS. [MARNILAS




~

L a1 Wk B K PO N WV W05 s 2Ol

p Tauueyd ’'sTsATeuy Texxn2ads oTuocwIey °'gg 3INbTJ

OB8 2 Tatl JdMS ZH € M8A ZH BBE M8 S
N__I %) mv Z(Qm ZHY © 'S2 H3LIN3D

ol v

, e e e e

7(\!!\/\/.\/.\,

IR it NS S Naav: .

TVINN [SV.AW

/8P 01

wap @z 21— ap or N3Llv  wap @ ot g3y O
ZHM 20 "3BT UMK

- [ AP el ST % ST N P AT T e e A PATLPARL PR ﬂ-“,-...h- s .v...-.............ﬂ...
-ARW-‘ ﬁl. LA, Nh-\..\.\ -4'*- \ £ L ;ﬂ..-\n-ﬁ.! h\ﬁg ’ \-.-\I.ﬂ- el el Ses .-;m!.. LN Ry



|
.
7

|
, 1 T3uUueyd ‘pus 0} pua ’'I¥38TIIIDJIRYD UTIRH ", 2Infr1J
: Kouanbaxg
| ZHH 0Z ZH 0O
|
i
0t~
x
s
W 0z- 1
m a .
w . AM (Ne)
m T
W 2

, a

,,. 0t- a
B |
7 /
|
|
}
| :

o o il et A A e DX Lk SN & 3P OCTARRS TA o P I X S K B KN e 472 I W s % W S WA Y N _C 30 CHRPSS S s Ll T XA




T3uueyds ‘pus 03 pus ‘OT3STIIJORIBYD UTEy ‘8¢ @aunbhrg 5

Kousnbaag

ZHY{ 0¢

2H O

“.Il,w
oe-
) s
— 0z- T
9 O
[a
9
T
o}
9
O1- a
4
r.ﬁ
y
— - e s - emmama— s e s e o= ———— ¢ e e Emmme e SR N FTEFERAN-STY F L LM LT TeteTe sy HERT O 4 e 4w N —,,I&.JJJJ\-\JJ:L_.-\<



€ TPuueyd

ZHY 0Z

‘pus 03 pu? ‘oI3sTaIIDEBIRYD UTEH

Aousnbaag
ZH O

‘6 2InH1Jg

T
ot~
=
(0} A T
Q9
-
q o~
T
o)
9
ot- a
W e r Ly Py S~ " o SR T L B e~ o o I P WYY IPE Y - Lo g e




T

S e s T e o M 7 L el B

-g?é m B L TR T w— " e T T T
- ! '
|

¥ [ouueyo ‘pu@ o3 pua ‘O3S TILIOBIBYI UuTEH ‘OF °oanbryjg

Kouanbaag
ZHY 0¢ 2H O

oE-

AIVLHAHQVAH WV

ot-

72




xq " where FMR is the M range, defined as the maximum ZIZrequenc

S Y
ii eXcursion of the carrier, and BWI is the bandwidti of the 4
Y

aprlied information signal (Reference 8).

fﬁ : For comp%gte't:ansmission of an unattenuated signal, the
%% receiver baﬂdpian filters must pass, unattenuated, all 7
f? frequency compurents of the FM signal. The quandry was that

widening the passband of the filters on channels 1 and 3 to
f& permit full transmission resulted in '"user apparent 7
;é ‘crosstalk". This was due to exceeding the attentuation
tﬁ limits of the filters by too closely spacing the channels.

I£f frequency components of adjacent channels exceed a

}: threshold wvalue o¢f -20 dBv, interference (crosstalk)
N results. A decision was made, thereiore, to optimize the
;: "crosstalk" performance by limiting the passband of the
:4 £ilmers at the =2xpense of =i aigh Zreguency (>% ¥Hz)
i{; capapilizy of these twc channels, In the freguency range
) 0-800 kHz allowed by the system electronics, three £full
4 frequency capable, 1lcw '"crosstalk", channels could be
o maintained, but four could not.

. .

» D. PHASE LINEARITY

aj Unlike the gain response. the phase linearity of the

.if transmitted signals on all four channels was excellent

;g (Figqures 41-44). This was expected as complex wave shapes

_52 (i.e., triangles) were easily reproduced after transmission

b through the link.

;h E. SYSTEM RANGE PERFORMANCE

'3 Calzulaticons 2L =he miznimum regquired raceived owtical
“3 Scwer W2re made uslng an insertabis optical aTIanuator. A3
4 a first step, the insertion loss of the attenuator was

A maasured and found to be 3.86 dB. At this point it was

L necessary to replace the HFEBR-1402 optical transmitter with

f&; , a HFBR-14C4 due to this device's compatability with the

)
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€0/125 um cable of the attenuator. This also had the

advantage of providing more power, (=-17.5 dBm), than did the
1402, allbeit more costly. With this setup in place, the
received signal was observed as the attenuation was

increased. It was found that good guality on the weakest o=

kY

chanrel, number 4, was maintained to a total attenuation of

-9.86 dBm. Admittedly, "good" is a subjective measurement 3
and is somewhat situation dependent, hcwever, an absclute

benchmark is alsc available: the loss of receiver lock.
This occurred, once again for the weakest channel, at a
total attenuation of =-11.86 dBm. Good signal gquality
requires, therefore, =27.35 dBm o0f received power while
2T oI any signal at all raguires -2%9.36 ZBm. Ranges oI
a: Kilometers are readily available with these
ifications., For example, given the parameters of this

Zam as -ust discussed, the dJynamic range (ZR) cf zihe

DR = 27.36 dBm -17.5 dBm = 5.86 db (17)

This is the amount of power which can ke lost and still

maintain receiver lock. The system at hand used Siecor

NN A AP A BT T s T DO D P KPS B P

IS Optical Cable with 7 db of loss/km and assummed connector
losses of 1 db each. Assuming no splices, the maximum range

= of this system is therefore

-

N 9.86 dB - (2 % 1 db/conn.)

N R = = 1.12 km (18)

p! 7 dB/km

|

r . .

< Of course, most cable is in lenaths of 1 km and therefore

) . _ . - - .

~d a2 Tang 2 Tnhls sysTem 1s 1 Enm. The wuse 2fY a Lasar

=)

o cptical scurce and an avalanche diode detactor could e

! expected to extend this range several fold if required.
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V. CONCLUSION

11 performance, +this system far exceeded the

T2 Teceilved

O
rn

a

uthor's expectaticns as to the Ifidelicty
signal and the absence of "crosstalk'. As it stands, the
system is a very usable one for the transmission of signals
in %the entire audio range. The reduction »f capability in
channels 1 and 3 for fregquencies greater than 16 kHz is not
viewed as a serious one. However, further exploration could

ke done in that regard as an almost infinite cembination of

frequency spacings, filter window widths, and center
Iregquencies are availliable. Additionally, since a greac
portion of this secticn of the receiver reguired trial and
arrar me<hoeds, significant preogress is nct impessible in
-his area

A sys*tem such as this one could ke a serious competitor
for digital systems in the arena of low multi-channel
applications. Although time did not permit further
exploration, it is believed that an AM version utilizing
many of the same components would have a capability of up to
10 channels. Such a system would be somewnat more complex
and more subject to noise, but nevertheless, viable.

Applications for the present 1link are envisioned to
include the original g¢goal of transmission of hydroplione data
plus the capability for irtermachine multi-channel low data
rate networks (it will transmit sguare waves up to 5 kHz).

As a final comment. <h2 autheor is »pl2ased to have

r

5

9]
'l

ver PSS

i

N

(@

O U ; -y A =S =
iTTaranTly nade Tinor I3

.

-

tears T Juadrupi=2
r

2
the usable fregquency range of the GIC filte
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