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-~~with the Fiber optic link through the junction box and tactical switc hes, nc lude the
Digita l Secure Voice Terminal ( DSVT) , Dig ita l Nonsecure Voice Termina l (DNVT) and
the TA — 838/TT, TA—34 1/TT conventional touch tone analog voice rerminals.~

As part of the study, a lternative multiplexing techniques were compared ( based on
cost, performanc e and physical parameters), and a preliminary hardware design performed
for the recommended approach . Alternative multiplexing techniques, cons icered,
included Time Division Multiplexing (1DM), Frequency Division Multiplex ing (FDM),
Space Division Multiplexing (SDM) and a hybrid combination of FDM and SDM (FDM/
SOM) . It was determined that for both analog and digital voice , the (FDM/SDM)
approach offers the best compromise between cost, performance, fault tolerance and
physical parameters.

The designed system uses a six—fiber cable with 3 fibers dedicated to each direction
of transmission, for full duplex operation. Channel assignments are such that five channels
ore dedicated to one fiber and Four channels dedicated to each of two o ther fibers Five
common subcorriers are used including 0.6 MHz, 1.6 MHz, 2.6 MHz, 3.6 MHz and
4.6 MHz, requiring a total bandwidth of 5 MHz.

Implementation of the fiber optics link will involve rep lacement of the J—1077 junction
box with a new junct ion box, to house the multip lexer and electro—optic hardware. The
new f iber optic junction box is housed in an enclosure 8” x 10” x 1611, weighs forty
pounds and consumes 26 watts of power . The fiber cable used with the system weighs
approximately 17 pounds in contrast to the CX-4566, which weighs 304 pounds. The
fiber optic system can accommodate up to fifteen telephones (either analog or digital)
at a distance of up to 2.5 kilometers, operating in DC or AC superv isory modes.

Voice channel performance through the system provides an error rote of less than 10
in the digital channels anda SNR of better than 40 dB For the analog sets . Crosstalk
isalation is better than 60 dB, when, all channels transmit 32 kilobit conditioned diphase.
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1.0 INTRODUCTiON

This document is the result of a 5 month program of study ~Controct Number

DAA BO7-75-C 0363), conducted by the Harris Corporation Electronic Systems Division ,

for the Army E lectronics Command, Fort Monmouth . The abjec tive of the study was to

establish the most effective method of utilizing optica l cable technology for di g ita l and

ana log voice communications betwee n the J— 1077 junction boxes and the AN/rTC-38

and AN/1TC—39 tactica l switcF~ocrds. The fiber optic link, ultimaiely, will be a rep lace-

ment for the C)(—4566 26—Pai r convention al metall ic cable , wit h the objective of achiev ing

signif icant size , wei ght and cost advantages . Spec ifi c subscriber terminals which connect

with the Fiber optic link , through the J— 1077 junction box and tactica l switches include

the Digital Secure Voice Term ina l (DSVT) , Di g ita l Nonsecure Voi ce Terminal (DN’fT)

and the TA—838,’IT, TA—341/1T conventiona l touch tone analog voice terminals.

In arriving at the conclusions of the study substantial performance and

hardware trade—off analyses were performed for a lternative mu(tiplexin~ ond modulation

schemes, involving Time Division Multiplexing (TDM), Frequency Division Multiplexing
(FOM), Space Division Multiplexing (5DM) and a hybrid combination of FDM and SDM.

Subsequent ~ ctions of this report provide the results of this analysis, the associated

conc lusions, and a preliminary hardware design for the recommended approach.

1—1
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2.0 SUMMARY

2. 1 Requirements Summary

Because of the significant size, weight, and cost savings, and reduction or

elimination of EMP, EMI, Rfl , crosstalk and grounding problems, fiber optic cables are

being considered as a replacement for the CX-4566, 26—Pair cable. The CX-4566 cable

connects between a standard J-1077 junction box and patch panel assemblies associated with

the AN/TTC 38 and AtJ/1TC 39 tactical switchboards. As shown in Figure 2. 1 1 , the
junction box provides a connection point for a maximum of thirteen full duplex subscriber

sets consisting of DSVT, DNVT, TA—838( )/1T, and TA 341( )/TT field telephones. The

signals associated with the digital telephones are transmitted as 32 kilobit or 16 kilobit

conditioned diphase. Analog phone sets consist of voice and associated supaMsory tones.
The analog channels are to be operated with a signal—to—noise objective of better than
40dB. Error rate performance for the digital channels shall be better than 10 ~~~

. Crosstalk
iso lation between channels is to be —60 dB, when au channels are connected to digital

telephones.

The telephones connect to the junction box by means of standard WF—16

Re id wire, at a distance not to exceed 2.5 kilometers . The distance between the junction
box and patch panel assemblies is a maximum of 1000 feet . The existing cable is produced
in standard 250 Foot lengths and hence 4 sections are re~~ired for the 1000 foot distance.
However, because of its wiaii size and light weight, the optical cable used would involve
standard lengths of 1000 feet . Optical transmitters, receivers and multiplexer/demultiplexer
electronics, at each end of the link will be housed in the J 1077 junction box and patch
panel.

The optical devices used in the design of the link were specified by ECOM ,

including fiber cable, optical source, and hybrid photodetector receiver . It is understood
that thee. devices are being developed as standard devices for satisfying ECOM system
requirements. The optical cable, which was specified, has a fiber with a 3 mil pure Fused
silica core , and a numerical aperture of 0.3. Attenuation For this fiber will be 20 dB
per kilometer or less. Detail characteristics for the source and photodetector receiver,
as forwarded by ECOM, are summarized in Section 4.0 of this report .

- - 
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2.2 Conclusions and Recommendations

Based on the resu lts of the study it is recommended that the 26—Pair system
be implemented using hybrid Frequency division and space division mu lti plexing . The
modulation base recommended is Amplitude Modulation. Frequency modulation was also
considered, however the AM approach provides satisfactory link performance and wil l
ultimately provide the simp lest , most cost effe ctive imp lementation .

A total of six optical fibers will be required for the recommended approach.
For satisfying Full dup lex operation three fibers wi ll be dedicated to each direction of
transmission. Channel assignments are such that five channels will be dedicated to one
Fiber and four channels dedicated to each of two other fibers. The subcarrier frequency
plan has been arranged such that none of the subcarriers are harmonically related. Five
subcarriers are used including 0.6 MHz, 1.6 MHz, 2.6 MHz, 3.6 MHz , and 4.6 MHz
requiri ng a total bandwidth of 5 MHz. This common set of subc arriers is used for each of
the three fiber transmitters . The electronks was desi gned such that the analog phone sets
may operate in either ac or dc supe rvisory modes.

Each of the 13 channels accommodated by the Fiber optics link has been
designed to be totall y transparent and may be connected to eithe r an analog or dig ita l

subscriber set. The frequency plan and associated filter networks have been arranged such
that the system achieves better than 60 dB of crosstalk isolation when all channels are
connected to OSVT’s.

Based on the ECOM specified dev ices , the optica l link has been designed
such that it operates with 14.6 dB of optical marg in, achievi ng better the 10 BER in

the digitøl channels and better than 40 dB SNR in the analog channels.

2—3
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A new lunction box was designed to house the fiber optic electronics. This

new ruggedized enclo su re which includes all electronics as well as the binding post assembl y,

has outs ide dimensions of 8 x 10 x 16 inches . The combined weight of the optical transmitters ,

rece ivers and multi plexer/demulti plexe r elect ronics is 6.3 pounds. The largest percentage

of tota l wei ght is contr ibu ted by the enclo su re, transformers , and binding post assembl y, su ch

that the combined wei ght of the junction box assembl y inc lud ing electronics is 40 pounds.

Power consump tion for the multi p lexer and optica l electronics is 26 watts wh en all channels

are act ive and 16 watts wh en all phones are on- hook. More details concerning the recom-

mended approach are provided in Section 7.0 of this report . It is estimated that the purchase

pr ice per ju nction box (inc luding rugged zed enclo su re, mu lti p lexe r electronics , and power

supplies) will be approx imatel y $2600.00, w hen mass-produced in quanti ties of 10,000 units .

Other desig~ approaches also consi dered during this study included SDM, FDM,

and TDM . The characteristics of all approaches cons idered , are summar ized in Table 2.2— 1.

Within the TDM category , both 111 and SOS/C MOS dev ices were evaluated . All alte rna—

f ives exhibited comparable size and wei ght characteristics. The TTI/IDM design involves

the highest power cansumption , requ iring 40% more power than either of the other approaches .

The other approaches, includi ng FDM/~DM require approximately the same amount of power .

From the standard point of per formance all approaches provide an adequate link

margin to achieve the specified per formance. With the exception of FDM, all approaches

also are capable of achievi ng a crosstalk isolation of better than 60 d B. For the FDM

approach , com bining all thirteen channels wi thin a 5 MHz bandwid th , causes a crossta lk

isolation of less than 40dB. Consequently the FDM approach is not recommended.

The 5DM approach excells in all trad e parameter categories including size ,

weight , power consumption , simp lic ity , hi gh modularity (an hence ease of construction),

performance, and maximum crossta lk isolation . However this approach requires the use of

26 optical fibers, transmitters and receivers. Not onl y would such a cable struc tu re be much

more bulk y, but the costs of the fibers and devices wou ld also be prohibitive. Consequently
for this reason the SDM approach is not recommended.
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The 1DM approaches require s ignif icantl y more bandw idth than the 5 MH z
capability of the optical receiver . Altho ugh this approach does have certain attr active

features, the general requirements of the system (to accommodate both analog and di g ita l

channels) require complex ana log voice processing and filtering . Conseq uentl y, because

of its relative complexity, this approach is not recommended. It should be noted that if

the requirements are modified , such that onl y dig ita l channels are used, then the TDM

desi gn could be signi ficantl y simp l ified . In v iew of the fact that much of the all dig ita l

system would be amendable to an LSI imp lementation , it is projected that this approach

would be smaller , lig hter and cheap er than all of the other approaches considered .

In view of the general require ments specified , the FDM/SDM approach

offers the best compromise between cos t , performan ce, fault tolerance and physical

parameters . The DSVT rise time is degraded by onl y 1 .8 ~is yet a crossta lk isolation of

approximately 60 dB is achieved. The FDM/SDM approach is inherentl y fault—to lerant ,

involving the loss of only 5 user channels in the event of the failure of an optical

transmitter, detector, fiber, multip lexer or demultip lexer. In view of the good
performance available with AM and simp le enve lope detectors, it is felt that the additional

optical margin offered by the use of an FM subcarrier system does not justify the additional
comp lex ity associated with its imp lementation . Therefore , FDM—AM/SDM is the recommend ed

approach to the 26—Pair Fiber Optic Cable System. The detailed imp lementat ion of this

approach is presented in Section 7.0 of this report .
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3.0 SIGNAL CHARACTERISTICS

This section presents a summar y of the characteristics of the DSVT and ana l og

voice signals which are pertinent to the design of the 26—Pair Fibe r Optic Cable System .

Section 3. 1 examines the conditioned diphase PCM employed by the DSVT . The analog
voice signals from the TA-~838 and TA—341 tele phone sets are considered in Section 3.2.

3. 1 Conditioned Diphase PCM

The dig ita l data format used by the DSVT is baseband conditioned diphase

PCM, also known as biphase space PCM [1,2] This format is characterized by a transition
at every bit boundary. A ONE is represented by no second transition , while a ZERO is

represented by a second transition at mid—bit . Figure 3. 1— 1 illustrates this type of signaling
with an idealized waveform. The power spectrum for such a waveform, made up of random
bits with equall y likel y ONE’ s and ZERO’ s , is given by the fol lowing :

4I.~~~ T\ 1sin
= 

2ir (~~T’\
2 3. 1—1

\ 4 1

This power spectrum is plotted in Figure 3. 1— 2. Figure 3. 1 3 shows the fraction of the
tota l signal power contained in a given bandwidth. These curves will be useful in the
analysis of crosstalk isolation g ive n in a late r section .

Batson, B. H. , NM Analysis of the Relative Merits of Various PCM Code Formats ” ,
NASA Interna l Note No. SC-E8-R-68-5, November 1968.

[2) Powers , S. G., “Boseband PCM Modulation and Detecti on Schemes ” , port of
Av ionics Multi plex Study, Contract F 33615—71—C— 1917 , October 1971.
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Figure 3. 1—1. An ‘dealize d Conditioned Diphase Waveform
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F gure 3 1—2. Power Spectrum for Conditio ned Diph~ e PCM [1J
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It is possible to structure a matched filter receive r for the detection of
conditioned d phase in white Gaussian noise. Such a rece iver structure is shown in
Figure 3.1—4. The probability of error for this receiver can be shown to be

= 2 
[

erfc { ISNR } - 
(

erfc 
I

JSNR J ) 2] 3. 1-2

where SNR is the input si gnal—to—noise ratio with the noise measured in the bit rate
bandwidth (sing le—sided ) and

erfc l x I  = 
1 f e~~~”~ dy 3.1-3

j~~ ir jx

For practkal error probabilities ,

erfc JJ SNR j ~ (eric j~ /SNR 1)
so that

~ 2 erfc v1SNR J 3.1 4

Although this receiver is not the optimum receiver for conditioned diphase , it provides
“near optimum ” performance. A practkal receiver should achieve performance within
3 dB of that predicted above , e.g., Powers [2] describes a receiver employing a sing le—
pole lowpau filter that is only 2.4 dB worse than (3.1—4) . Usliig (3. 1—4), a tabulation of
erfc and a 3 dB degradation For a practica l receive r leads to a SNR of 18.7 dB for a
probability of error of 10 ~~, the performance desired for the optical cable system.
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The DSVT operates at a bit rate of either 16 kb/s or 32 kb/s. The output

waveform from the DSVT transm itter has rise and fall times in the range 0.65 to 1.95 ~sec
and a max imum droop of 5% when properl y termina ted . It is des irable that the optical
cable link degrade this signal quali ty as little as poss ible. The nominal DSVT output
si gnal is 3V p—p across 125 ohms . The optica l cable syste m di g ita l output must be capable
of driving a 125 ohm load at this level. The DSVT will be connected to the optical cable
system junction box by up to 2.5 km of WF-16 wire . Over the DSVT bandwidth this wire

dkplays a maximum attenuation of 9.9 dB/mile or 6.2 dB/ lm. Thus the minimum DSVT
signa l level expected at the function box is 0.5V p—p across 125 ohms.

4

3.2 Analog Voice

The output from the TA— 341 telephone set [3] and the TA-838 telephone
set is e ither analog voice ove r the frequency range of 300 to 3500 Hz or audio tones for
s gnafl ng . The nominal long term average speech output leve l fr om eoch set is -4 dBm in
600 ohms, with a maximum output level of +5 dBm. Typ ical signal tone levels are —4 to -7

d8m. The analog outpu t circu itry of the optical cable system must be capable of delivering

these levels into 600 ohms. It is required that the optica l cable link , de live r a 40 dB SNR
in a 3500 Hz bandwidth when the telephone output is -4 dBm. Up to 2.5 km of WF T6

wire wi ll be used to connect the telephone set to the optica l cab le junction box. At the
voice frequencies this wire exhibits an attenuati on of approx imate ly 2 dB/mi le or 1 .2
dB/lcm. The resulting minimum long—term average at the junction box is —7 dBm in 600
ohms .

(3] ECOM Technical Requirement SCL—1759J, Te lephone Set TA-341( )/TT,
16 December 1968.

[4) ECOM Development Specification EL-CPOO6I -000ID, Telephone Set TA 838( )/tT ,
16 May 1974.
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A maj or concern in the transmission of analog voice is dynam c range . It is
known that the short—term (1/8 second) RMS val ue of normal speech can exceed the long—

term RMS by as much as 10 dB 
15,6j

• Thus it should be expected that, during normal speech,
the +5 dBm output leve l of the te lephone sets will be exercised . In addition , instantaneo us
speech peaks may exceed the short—term RMS value by 10 dB and, hence, the instantaneous

peaks may be 20 dB greater than the long—term RMS level. This dynamic range can p lace

stringent requirements on amp lifiers and modulators in order to achieve the desired leve l of

amp lificatlor or modulation at the average level with acceptab ly small distortion due to

peak clipping or over modulation .

(51 Flanagan, .1. 1., Speech Analysis , Synthesis and Perception , Springer—Verlag ,
New York , 1972. _

[6) Reference Data for Radio Engineers, Fifth Ed tion, Howard W. Sans and Company, Inc.,
Ind anapolis, 1969.
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4.0 OPTICAL LINK COMPON ENTS AND CHA RACTERISTICS

This section summarizes the characteristics of the ECOM specified opto —

electronic devices and optica l fiber cable which make up the optical portion of the 26—Pair

Fiber Optic Cable System. The cable, optica l source and photodetector are described and

an optical power analys is is presented.

4. 1 Optica l Cable Characteristics

The optical transmission med ium for the system studied iS C rugged ized optical

cab le having six fiber wavegu des which may be used as indep endent optica l channels .
The fibers have a step index profile with a numerical aperture (NA) of 0.3. The maximum
attenuation of the cable at a wavelength of 840 nm is 20 dB/K rn . Each end of the 1000

foot (—30Cm) cable is terminated in a connector which allows fiberto-fiber coupling to a

mating bulkhead connector on the terminal equipment. The assumed connector loss is 1 dB
per connector . The s ix active fibers in the cable are assumed continuous , i.e ., no in—line
sp lices or connectors .

The frequency response of the cable can be estimated by applying the theory
for moda l dispersion in step—index fibers to obtain L7J

Sm = sin(lITf)
irr f

7, = L (NA)2 
4.1-12Cn1

(7) Mc Devitt, F. R. and Sloyton, I. B., Optical Cable Communication s Study, RADC,
Contract F30602-74-C-0193, April 1975.
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• 1
where —

L = fibe r leng th

C = speed of lig ht in free space

= refractive index of the fiber core

Using NA = 0.3, 1 = 30Cm and n 1 
= 1.5 leads to the frequency response shown in

Figure 4.1.

I 5 (0 I ,
~~

-5

NA = 0.3
I 300m

-10 n 1 1.5

STEP IN DEX -

-15

—20 -

0 5 10 15 20 25 30 35
f,MHz

t F gure 4.1. Modal Dispersion Frequency Response of the Optical Fiber Cable
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4.2 Optical Source Characteristics

The optical source is a light-emitting diode (LED) similar to the Bell—No rthern

Researc h 40_3_30_ 3 [8i . This LED is des igned specifica lly for coupling to a si ng le optica l

fiber. A fiber stub of NA = 0.3 is permanentl y bonded to the LED, to facilitate coupling
the optical energy to the cable fiber . Table 4.2 g ives typkal chara cteristics for the LED.

TABLE 4.2. LED CHA RACTERISTI CS

Peak Emission Wavelength 840 nm

Spectral Width 40

Radiant Intensity 3 mW/sr ~ 1
F 

= 150 mA

Radiance 66 W/sr/cm2 
~ ‘F = 150 mA

Forward Voltage 1 .7V ~ = 100 mA

Reverse Breakdown Voltage 3.OV © 1
R 

= 10 1iA

Emitti ng Area Diameter 75 pm

Rise and Fall Time 20 ns maximum

Unearity —50 dB 2nd harmonic
distortion © 100 *50 mA,
1 MHz drive .

4 3  Photodetector Characteristics

The photodetector is a PIN photodiode and preamp hybrid circuit. The preamp
has a linear AGC which operates when the incident optical power is greater than 10 watt.

The important electrical parameters of this device appear in Table 4.3.

[8) Tentative Specifi caflons For High Radiance Infrared Light—Emitting Diodes , BNR
40—3—30—2 and BNR 40—3—30- 3, Issue 0475, Bell-Northern Research, Ltd.,
Ottawa, Canada.

4-3 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~



TABLE 4. 3. PHOTODETECTOR CHARACTERISTICS

Responsivity* 1.5 x 1O
4 V/W @ 820 nm, P < 10~~ W

0.15/P V/W,P > 10 5 w

Output Noise Volt age (RMS) 2 .3 x io 8 v/ fi~
Bandwidth 5 MHz

Output Impedance 50C)

Preamp V ±l 2V dc
cc

Diode Vb 50V

*Use 1.5 x viW for signal-to—noise ratio calculations .

4.4 Received Optical Carrier Power

Figure 4.4— 1 provides a diagram w hich illustrates the assumed configuration.
The power which can be coupled from the LED into a si ng le fiber stub of acceptance half -
angle 

~~ 
may be computed using the re lation

P = I ir sin2 O 4.4— 1o A

w here I
~ 

is the on axis radiant intensi ty of the LED. The assumpt ions implicit in (4.4—1)
are that the fiber core area is at least as large as the emitting area of the diode and that
the diode may be characterized as a I.ambertian source. Using a typical radiant intensity
of 2 mW/sr at a bias airrent of 100 mA for the BNR 40—3-30—3 diode yields a coupled
power of 0.56 mW into the fiber stub. For an analog or FDM system, this bias point power
corresponds to the average optical carrier power. For a pulsed or digita l system, several

times this value (1 to 2 mW) of peak pulse power could be obtained with a 50% duty cycle .

(9] Diersche, E. G., “Surface Emitting Sources for Optical Waveguides ”, Proceedings,
Seminar on Guided Optical Communication, Society of Photo—Optical Instrumentation
EngIneers 19th Annual Technical Symposium , Son Diego , August 1975. 
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The average received optical carr ier power is computed by sublect ing th.

power coupled into the fiber stub to the various losses in the system . The si ngle fiber

• connectors are assumed to have I dB of loss each; the cable attenuation is 20 dB/km or
6 dB for 300m distance and the output coup ling loss at the photodetector is 1 dB . The net

• loss is 9 dB and the average optical carr ier power incident on the detector is thus 70 aW.
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5.0 PERFORMANCE ANALYS ES

Four appro aches for the implementa tion of the 26—Pair Fiber Optic Cable

System have been stud ied . These are space division multi plexing , time division multi—

plexing , frequency division multiplexing and hybrid frequency and space div ision

multip lex ing . In the follow ing paragraphs , these approac hes are described and their

no ise performances are anal yzed .

5. 1 Space Division Multiplexing

One approach wh ich mi ght be cons idered for the 26—Pair Fiber Optic Cable

System is the ne-for one replacement of the present wire channels with optical fiber

channels. In other words , a sing le fiber chann el would be dedicated to the transmission

of a single user channel. This approach s referred to as space division multi plexi ng (5DM).

In such a system the user input intensi ty modulates an LED at baseband . Basebond direct

detection of the optical signa l is performed by a photod etector at the receiver in orde r to

re cover the transmitted signal. A simp lified di agram of an SDM system is g iven in

Figure 5 .1—1 . This section investi gates the SNR performance of the SDM system .

The optical carrier intensity incident on the photodetector of a baseband

intensi ty modu lat ion system may be written as [7]

c(t ) = 21’R + MIM 
M (t) ] cos

2 
~~~ 5. 1—1

where

= average received optical carrier power

MIM 
intensi ty modu lotion index (� 1)

M (t) = normalized modulating signa l , M (t)

w = optical carr ier frequency
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The output voltage from the preamp lifier is g iven by

• Vp (i) = RvPR [i + M
IM 

M (t)
] 

+ fl p (t) 5. 1—2

Rv is the responsivity (volts/watt) of the photodetector hybrid and fl
p 

(t) is zero—mean

white Gaussian noise . The noise performance of the photodetector hybrid is specified by

the parameter v , the sing le—sided RMS vo ice voltage densi ty at the output (vo lts/f i~~).

Thus the SNR with the noise measured is a single—sided bandwidth b is

( )2 2

SNR 
V R  lM 5.1 3

v 2 bn

where <M2 > is the mean—sq uare value of M(t) .

As stated in Paragraph 3.2, the optical link is required to deliver a 40 dB

SNR in a 3500 Hz bandwidth when the telephone output is 4 dBm in 600 ohms, i.e., the

nominal long—term average analog voice leve l is to be tra nsmitted with a 40 dB SNR. In

this and subsequent analyses it is assumed that an AGC operates on the analog voice s igna l

to eliminate variations in the long—term average power caused by the var iable lengths of

WF 16 wire that connect the telephone sets to the optical cable junction box. It is

further assumed that the largest instantaneous peak that can be handled without clipp ing

is 20 dB larger than the long—term RMS value of the voice signa l. Thus , the —4 dBm output

from the telephone corresponds to < M 2 > 0.01. Using this value and the paramete rs

Rv = 1 5 x 1 0 4 V/W

V = 2.3 x 1 0 8 V/JT~~
MIM 

= 0.5

from Paragraph 4. 0, allows the plotting of the analog voice SNR as a function of average

rece ived optical carrier power. This plot appears in Figure 5. 12.
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In the case of the DSVT input , no AGC action is assumed. Instead it is
assumed that the maxim um signa l leve l (3V p—p, see Paragrap h 3. 1) is adj usted to

correspond to M(t) = ±0.9, <M2 > = 0.2. Hence the mirumum si gna l leve l (0.5V p~~~p)

corresponds to M(t) = ±0.15, <M2 > ~ 0.006 . The worst case SNR for the DSVT can
now be calcul ated by using the highest bit rate (32 kb/s) arid the lowest si gna l level.
The result of this calculation is shown in Figure 5.1 —2 .

As Figure 5. 1—2 show s, the 5DM link can be clo sed with excellent (25. 9 dB )
optical power morgin, wit h the analog voice si gnal determining the margin. In addition
to the good SNR performance offe red by 5DM, there is ample bandwidth available for the
transmission of the DSVT signa ls without distortion. On the other band, t his approach
requires two optical transmitters, two optica l receivers arid two fibers for each of the 13
channels (full duplex) , and consequent ly wou ld be the mos t expensive , based on
contemporary prices .

5 .2 jjnie Division Multi p lexin g

The 13 user channels can be tronsmHted over a shsg le optical fiber by
multiplexing them onto a sing le opflco l carrier . In this section a t ime divi sion mu lti-
plex ing (TDM) approach is discussed .

A simp lified diagram of this appioach is shown in Figure 5.2— 1 . The
incoming DSVT si gnals are converted from conditioned di phase to NRZ fo rmat and are
presented to the 13 channe l dig ita l multi p lexer. The analog voice inputs are digitized
into 32 kb/s serial NRZ data streams by a digital adaptive delta modulator (DADM)
encoder. These data stream s are then fed to the multi plexer. Time division mu lti plexing
of the 13 asynchronous digital signals is accomplished by sequentially sampling the
channe ls at a rate of 800 kHz or 25* times per bit for the 32 kb/s si gna ls. The resultant
composite bit rate s thus 10.4 Mb/s . The comp osite bit stream s transmitted over the
optical cable by means of bina ry pulse position modulation (BPPM). Sync hronization and
contro l informati on is amplitude modulated onto the eighth and thirteent h channe l sample
bits .

*A sampling rate of 25 times per bit was se lected to ensure that the phase error of the TDM
multiplexe r is less than the bit rate correction capabilities of the DSVT.
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At the receiver the 10.4 Mb/s BPPM data stream s detected, the channel

samp les are decommu tated and the channel data streams regenerated. The DSVT channels
are converted from NRZ to condit ioned di phas e and the analog voice channels are

• reconstructed in analog form by the DADM decoder.

The SNR for an analog voice channel is largel y determined by the quantizing
and over load voice of the DADM process. The SNR for the DSVT is set by the BER of the

optica l link . Thus the opt ica l link will have neg li g ible e ffect on the SNR’ s if the optical
BER is sma ll (_  10 ) sin ce a bit erro r on the optica l link influences onl y 1 5 of a bit
(at 32 kb/s ) for the individual channe l .

The bit error rate (BER) performance of the 1DM link is dete rmined from the
receiver model shown in Figure 5.2—2 . The output of the photodetector hybrid is a

unipo lar BPPM waveform. After ac coup ling , the si gna l has the characteristic of bi phase
leve l or Manchester PCM for which the bit symbols are anticorrelated (P = 1). In the

presence of w hite Gaussian noise , the receiver structure shown is the optimum detector
[10, 11]and its performance is

BER = erfc 

___  
5.2-1

where

Eb = energy in a bit symbol at matched filter input

N = si ngle—s ided noise power spectra l density at the matched filte r input

s. and Jones , J. J ., Modem Communication Principles , McGraw—Hill Book Co.,
New York, 1967.

Van Trees , H. L., Defection, Estimation and Modulation Theory, Part I , John Wiley
and Sons, Inc., New Yor k, 1968.
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00
1 f y 2/2. erfc x = 

~ ,. j e  dy
x

Normalizing to a ~~ resistance,

A 2
E f V \  I — V2T = 

(Rv PR) 1 5 2-2b \ 2 J  4 4

where 
~R s the peak received optkal pulse power. Therefore

A 2Eb _ 
(
~~~R) r

o 4 v n

and

BER = erfc 
RV PR 

V
r_
~_ } S

For the hybrid photodetector of interest

Rv = 1.5 x 10 4 V/W

v = 2.3 x io 8 v,’i i~~

and T is g iven by

I (2 Z x l 3 x 3 2 kHz) = 96 nse c

5—9
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Substituting

BER erfc { °•14
~~R I ~ ~R ~ nW

For a BER of 10 8, 0
~

14
~ R ~ 5. 6 and PR ~ 4O nW . Degrading the

performance of the receiver by 3 dB to account for practical imp lemen tation g ives a

required peak pulse power at the receive r of

= 80 nW

Comparing this to the approxima te ly 150 1.aW peak pu lse power actually available at the
receiver (Paragraph 4.3) g ive s 32.7 dB of optica l marg in for the 1DM system .

It must be pointed out that the 1DM system could not be imp lemented with
the optical receiver assumed for this st udy. This is because the 5 MHz bandwidth is

insufficien t to accommodate the 10.4 Mb/s BPPM bit stream . It should be possible ,
howe ver , to imp lement a photo detector receiver of equiva lent perfo rmance with adequate

bandw dth.

5 ,3 Frequency Division Multiplexing

This section examines the SNR performance obtainable when frequency
division mu lti plexi ng (FDM) is used to transmit a ll 13 user channels on a si ng le optkcil
fiber. The FDM approach is show n in block diagram form in Figure 5.3. In this approach

S the user inputs modulate individual electilco t subcarriers. The composite of the subcorrier
signa ls in turn intens ity modulates the LED. At the receiver , direct detect ion of the

intensity modulated optical signa l is accomplished by the photodetector . The subcorri er
signals ore then separated by bcndpcss fi lte rs and demodulated .

Two subcar rier modulation techniques are cons idered . In Paragraph 5.3. 1
the performance of the FDM system with amplit ude modulated (AM) subcarriers is analyzed .
Paragraph 5.3.2 treats frequency modulated (FM) subcarriers.

5—10
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5.3. 1 FDM With AM Subcarriers

The SNR performance of the FDM—AM approach is determined with the aid
of the receiver model show n in Figure 5. 3. 1— 1 .

HYBRID 
- -I

_ _  _ _ _  

ith [  [
PREAMP + CHANNEL 

V ~~ 
+

L 
Figure 5. 3. 1— 1. Analysis Mode l for FDM With AM Subcarr iers

(Only One Channel Shown)

The intensi ty of the received optica l signal may be written os [7J

C(t) = 2
~R 1 + 

~~ 
m5~ [i 

+ ma M; (t) ] cos ~~~t cos
2
~~~

t 5.3. 1—1

Where 

~R 
= ave~~ e received optica l carrier power

~~ 
= maximum intensity modulation index for each unmodulated su bcarrier

m = maximum amplitude modulation index for each s~~carr er

M.(t) = normalized modulating si gna l for the ith channel, M~(t)

= ith subcarrier frequency

= optical carrier frequency
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The output voltage from the preamp lifier is g iven by

V (t) = R P 1 + E m [i + m M.(t)] cos ~~.t + n (t) 5.3. 1-2
P V R  1=1 sc a~~ p

Rv is the responsivity (volts/watt) of the photodetector hybrid and n~(t) is zero—mean white

Gaussian noise . After this waveform s filtered by the th bandpass fi lter , the resultant

voltage is

v.(t) = Rv ~R m [i + m M.(t )] cos (J ..t + n.(t) 5.3. 1—3

Using the norrowbønd representation for n
1
(t) 

[10, 12]

n.(t) = E(t) cos ~~~~~ + 0(t)] 5. 3.1-4

where the enve lope E(t) is Ray leigh distributed and ~ (t) is uniformly distributed over 
S

[o,2ir] .

The output of an idea l envelope detector operati ng on V.(t) is

V (t ) = \J f Ry ~R msc 
+ ma M;(t) ] J 2 + 2 R~ ~R m50 [i + ma M;(t)] E(t) cos 0(t) + E2(t)

5.3. 1—5

[12) i~ ,mas J . B. , An Introduction to Statistica l Communication Theory, John Wi ley
and Sons, Inc., New York, 1969.
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[10,12]
For a large input carrier’to noise ratio (CNR), t his con be approximated by

V (t) 
~ 

P~ m [i + m M (t)] 
2 

+ 2 Rv ~R m [i + m M (t)] E(t) cos 0 (t)

~~ ~R m [i + m M.(t)] + E(t) cos ~ (t ) 5.3. 1—6

The mean—square output voltage iS

2 2 2 2 
_ _ _ _< V0 > = (Ry P~~m5~) + (Ry P~~m~~m~) <M~ > + 2

5.3.1 — 7

Thus, the output signa l t o noise ratio is

(R. P m m )2 <M 2 >
SNR = 

v R sc a I 5. 3.1—8
0 <E2>

2

_ _ _ _  
2but 2 = <n~ ), the mean iquare noise voltage is the noise bandwidth of the bandpass

filter. The hybrid detector noise performance is specified by the parameter v~ which is the

single—sided RMS noise vo ltage densi ty at the output in volts/Vi~~. Thus ,

= v ,~
2 

(2B) 5.3. 1—9

where 2B is the sing le—sided noise bandwidth of the bandpass filter . Substituting y ie lds
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(R P m m )  M.
SNR = V R sc a 

5.3. 1—4
28 v n

This is the SNR measured in the single—sided baseband bandwidth, 8. If the SNR in a
sma ller baseband bandwidth is desired, then*

2 2( R P m  m )  <M. )
SNR = SNR (~~L~ = V R Sc 0 1 

5.3 .1—11o \ b /  22bvn

where b is the desired sng Ic—sided baseband bandwidth.

In optical communication systems that use AM subcarriers to intensit y
modulate an optical source, special attention must be directed toward the selection of the
modulation indices for the amp litude modulators and the optical intensity modulator. In
particular, the indices are constrained such that

m �1a

5.3.1-12
m l~~~m < msc a — lM

Where ‘
~lM 

is the maximum effective intensity modulation index for the modulated sub-
carr ier signal. these constraints, the SNR of (5.3.1-11) is maximized when m0 = 1
and m5~ 

= —i— . Making this substitution in (5.3. 1—11 ) y ie lds

(R 
~R 

‘
~JM~ 

<M .
2>

SNR = 5. 3.1— 132
n

* a6~ L,m;ng f lat spectrum noise at the output of the envelope dete ctor . This is a good
assumption when the input carrier —to—noise ratio is high (the basic assumption of this
derivation).
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All of the pararneters in the above equation have been previou sly established
except for mIM , the intensi ty modulation index for the modulated subcarrier . A conserva-
tive selection can be made by using the relation

L m (1 + m )  = l3m
lM M IM

5.3.1—14

m IM = M IM/l3

Determination of M IM in this manner assures that the maximum tota l intensity modulation

index for the LED iS not exceeded even f oIl 13 subcorrier signals are instantaneously at

the maximum . A less conservative approach can be based on a crest factor analysis
predicated on on acceptable level of overmodulation of the LED.

F gure 5.3.1-2 shows the SNR’ s for the two types of signals calculated from 
—

(5.3.1 13) using

Rv 1.5x1O 4 V/W

v = 2 .3x 10 8 V/~fT~~
m IM = 0.5/13 = 0.04

b = 3500 Hz
2 analog

< M . > = 0.01

I, = 32,000 Hz

2 dig ita l
< M e > = 0.006

Based on SNR considerations alone, the FDM—AM link can be closed with a margin of

10.4 dB as determ i ned by the ana log voice performance .
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5.3.2 FDM With FM Subcarriers —

S The optical power margin of the FDM approach can be extended by taking
advantage of the SNR improvement of FM over AM. The improvement available may be
determined by analyzing the SNR performance of the receive r model of Figure 5.3.2—1.
The received optical carrier intensity may be expressed as

c(t) = 2 
~R J i  +E m IM [C05 (~~ .t + 2ir fd f M;(T) dT)]

J 
~~ 2 

~~~ 
5.3.2- 1

and the output of the photodetector hybrid is

13 t
V~(t) = 

~~~ 
1 +L m IM [cos (~~,t + 27r 

~df 
M.(r) dr)]

} 
+ n (t) 5.3.2—2

where n (t) is zero-mean white Gaussian noise. The bandpass filter output is 
S

V.(t) = RV PR m IM cos (~~.t + ~ f~ J M.(r)  d~~) + n.(t) 5.3.2-3

HYBRID

~~~~~~~~~~~~~~~~~ 4R
~~ 

PREA~~ 

- 

~~~ 
CHAN~~~~~ : 

~ DEMOD Vd 
~~ 

_ _

_ _ _ _  _ _ _ _  _ _ _ _  

b~~~
L b � B

Figure 5.3 .2— 1. Analysis Model for FDM With FM Subcarriers
(Only One Channel Shown)
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If ideal filters and demodulators are assumed, standard results [io, 13] can

be applied to 5.3.2—3 to show that the output SNR is -

3(RV PR m IM)2 

~d 
(M .2>

SNR = , 
~~ I 

5.3.2—4
2 v ‘n

for large CNR at the demodulator input , i .e., above the FM threshold. Define

G (t) = 
~
, + 2 

~ ~d f  M.(r) d r 5.3.2-5

and note that the instantaneous subcarrier frequency in Hertz is

= ~~~ 
~~~~~~~ = + = f .S + f

d
M.(t) 5.3.2-6

Since M.(t) � ~ ~d is hst the maximum subc arr ier frequency dev iation . A usefu l
parameter to describe the FM si.~carrier signal is the frequency modulation index defined

as

f
p ~ d 5.3.2—7

b

where b may be interpreted as the highest baseband modulating Frequency of interest.
Making this substitution gives

[13] Carlson , A. B. , Communication Systems: An Introdu ction to Signals and N&se in 
5

Electrica l Communication , McGraw-Hill Book Co ., New York, 1968.
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3 (R.V PR mIM
)2 ~ 2

SNR = 
I 5.3.2—8

2v 4 bn

Comparing this resul t to that obtained for the AM subcarrier, we see that

SNR S

SNR = 12$2 5.3.2—9
AM

if all other system parameters are equal. The potential for SNR improvement with FM is

evident since $ may be large. However, the AM subcarrier signal may be transmitted in

a sing le-sided bandwidth of 2b whereas the FM subcarrier signal requires a single—sided

bandwidth of approximately 2 (f i  + 1) b.

For staisfactory operation, the subcarrier FM channels must operate above

t he FM threshold which means that the CNR at the input to the FM demodulator must be

greater than 10-13 dB dependi ng on the va lue of p 
io] Since S

v.(t) = Rv ~R m IM cos (~~ ~t + 2 
~ ~d f  M.ft ) dr) + n.(t) 5.3.2-10

and

= 2 B v 2 5. 3.2— 11

then

1 (RV PR m IM
)

CNR = 5.3.2—12
2 B v n
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Using the system parameters selected in the previous section on FDM-AM
and 

~d 
= 32 kHz leads (after veri fi cation of operation above threshold) to the SNR curves

of Figure 5.3.2—2. Note that the optica l margin is 20.7 dB for the FM case as compared
to 10.4 dB for the AM case and that the marg in is determined by the DSVT signa l rather
t han the analog voice . It should be pointe d out that the interpretation of the SNR
measured in the bit rate bandwidth as a performance parameter for the DSVT ’s conditioned
di phase is not the same as in the case of the SDM and FDM-AM. This is becouse the

output noise power spectrum from the FM dem odulator is parabolic in shape instead of

flat. However , as Figure 5.3.2—2 shows , more than adequate SNR for bit detection of

the conditione d di phase is provided . A preem phasis/deem phasis scheme could be emp loy ed
[13]to provide a flat spectrum noise output and some further SNR improvement

5.3.3 Summary

The FDM approaches offe r good SNR performance (particu larl y the FM
system) and requfre t he minimum number of optical transm itte rs , fibers and receivers.
Multi plex equipment is required , however. In addition , the prese nce of 13 sub oarriers
in the limited (by t he optical receiver) bandwidth leads to problems of iriterm odulat ion

disto rt ion , crosstalk isolation and rise time pre se rvation .

5.4 Hybrid FDM/SDM

The most attractive approach for the 26—Pair Fiber Optic Cable System is a
combination of FDM and SDM such as that shown in Figure 5.4— 1 . In this system , fi ve 

S

user channels are frequency div ision multi p lexed onto a si ngle optica l carrier using either

AM or FM subcarr iers . This scheme represents a com promise between the complexity of
mu lti plexe r and optica l subsystems . It offers improvements over the pure ly FDM approach

in the areas of intermodulation distortion, crossta lk isolation and rise time preservation

because of the reduced number of subcarriers per optical channel and increased bandwidth

availa ble for each subcarr ier. In addi t ion , system capacity is incre ased from 13 to 15
use r channels.
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The SNR performance of the FDMI’~DM system is analyzed in exactly the

same manner as for the purely FDM system, except that in the present case, a larger S

intensit y modulation index, mIM, can be assigned to each subcarrier signal because fewer

subca rrier signals modulate the L~D’s . As a result, the SNR’s are improved over the FDM

case and, hence, greater optical marg in is avai lable . In particular , the intensity

modulation index for the subcaniers may be increased by a factor of (13/5) 2.6. The

SNR ’s ore improved by a factor of (2.6)
2 

= 6.76 or 8.3 dB . The curves of Figures 5.4—2

and 5.4-3 reflect this improvement. The optical margin is 14.6 dB for FDM—AM/~DM

and 24.5 dB for FDM FM/~DM.
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6.0 TRADE-OFF ANALYS IS AND RECOMMENDATION

This section summarizes the rationale used in arrivi ng at the recommended

desi gn. Table 6.0— 1 itemizes the key trade parameters which were considered in the

ana lysis. As shown, consideration was given to 5DM , FDM, FDM/~DM and 1DM.

Within the FDM and FDMI~DM categories, both AM and FM subcarrier modulation

were considered. Howeve r, in view of the simp licit y of envelope detection in contrast

to frequency discrimination within the rece ive rs , amp litud e modulation was g iven the

greatest attention. Although it is recognized that the ECOM pre fe rred hybrid receive r

has o 5 MHz bandwidth , the TDM appr oac h of necessity requires substantiall y more

channel bandwidth than each of the other approaches.

6. 1 Size and Weight Comparison

The size and weight estimates of Table 6.0— 1 are based on the multip lexing

electronics which are unique to each alternative considered. That portion of the tota l

design whic h is common to all approaches such as line drivers, transformers, power

conditioner, j unct ion box and terminal standoffs have been omitted from this portion of

the analysis but are included in detail in Section 7.0 of the report .

As shown in the table , the two 1DM approaches provide the smallest weight.

The functional imp lementation of both the silicon on sapphire (SOS) CMOS and UI TDM

approaches are the same . The 111 approach was imp lemented using a fr.tal of 150 SSI and

MSI dua l inline packages (DIPS). The SOS CMOS approach involves the replacement of

85 of the SSI and MSI fu nctions with 4 custom LSI SOS CMOS chi ps packaged as 36 pin

hybrids . Inherent in the TDM design is the inclusion of 26 custom digita l adaptive delta

modu lation (DADM) dua l function voice processor LSI chi ps deve loped by Harris ESD and

13 commerciall y available 7—pole elli ptic interpolation filters mounted in 1” x 1~ x 0.311

packages. The remainder of the digita l functions associated with the SOS CMOS approach

we re of necessit y imp lemented with standard IlL log ic. Discrete CMOS was also considered

briefl y. Howeve r , the limited speed of these log ic cells was considered inadequate for this

system w hich requires log ic speeds of 10.4 IVV~/s.

6—1

-5 —-55__—-- - _ _ S .  ~~~~~~~~5 S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



__ - --5- —-‘—5.——
— — -5——

—

U ~ -

• I~~’ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ cv,
rs4 C’)

C’,’

~ .~~E s

_ _ _  _ _ _ _  

7 
‘

~~~ 7

~~~il ~~~~~~~~~
II-

~~~~~~~
_

I C,, C’)

_ _  
- 5 5~~~~~~~~~~~~~ 

Ti:’~~~
_
~ .

~~~~



The SDM approach involves the smallest size with each of the other approaches
occupy ing approximately the som e volume. The FDM and FDM/~DM approaches are
approximately the same in bot h size and weight categories. Both the FDM and FMD/~DM

designs require 26 bandposs fflters in each junction box. The FDM approach requi res only
1 optical transmitter/receiver pair. However, thk reduction is offset by the necessi ty for 

S

including 8 additional local osci l lators for subcarrier modulation . In addition , in the
interest of fault tolerance , it is recommended that the FDM approach (also the 1DM approach)
shou ld also include appropriate fault detection electron ics and at least one back up optica l
t ransmitter /receiver pair. s ince all channel s are p laced on a sing le optica l carrier .

There are distinguishable differences in the physical parameters of the desi gn S

approa ches. However , in view of the relative closeness of these estim ate s, t heir influen ce
on the final system selection was re lativel y minor.

6.2 Power Consumption

The UI 1DM approach will consume the largest amount of power (26 watts) .
This power estimate does not include any fault detection electronics nor any backup
tra nsmitte rs and receivers . Furthermore, idle power consumption (all subscribe rs on hook)
is the some as w hen all circuits are off hook.

The powe r consumption for each of the other approaches is approximately
the same with the FDI~’~’SDM approach bei ng the larg est consumer. However , it should be
noted that the FDM and SOS CMOS estima te s do not include allowances for fault detection
circuitry and backup transmitters and receivers which would increase the power consumption
of these approaches. A key consideration in the 5DM approach in addition to its relathre
low power consumption is that its idle powe r consumption is almost neg lig ible since on LED
transmitter and receive r w ill not be turned on unless used . Both the FDM and FDM/~DM
approaches will involve an idle power consumption which is approximatel y 40% less than
when all connected subscribe rs are off hook .

6—3
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6.3 Fault Tolerance

The FDM and 1DM approaches have the disadvantage that all subscriber

channels are placed on a single optical fiber. A failure in either the transmitter,
receiver or optkol fiber will result in tota l loss of all user channels (in one direction).
Consequentl y, as a minimum , it is recommended that at least one fu lly redundant dup lex

link be included with the appropriate fault detection and automatic sw itcho ver electronics.
The SDM approach on the other hand , has the maximum amount of fault tolerance in that

t he loss of one optica l channel will result in the loss of only one user channel. The FDM/
SDM is a good compromise between the 5DM and FDM approaches because of its high level
of modularity. The complete loss of one multi plexe r, optica l transmitter or receiver would

resu lt in the maximum loss of onl y 5 use r c hannels with no affe ct on the remaini ng user
channels. The loss of a si ngle local oscillator will result in the loss of only 3 user channels ,
one from each multi plexer group . On the other hand, the loss of the multiplexer/
dernult iplexer circui t ry w ithin the 1DM system wou d result in the total loss of the system.
In view of the re lative complexity of the 1DM multi plexe r or demu lti p lexer , it would be

quite difficult to include sufficient redundant circu itr y to be competitive with the other
approaches.

6.4 Performance

Figure 6.4-1 gives plots of output SN-IR versu s received optical cor nier power

for each of the anal og mult iplex ing techni ques. Table 6.0— 1 summarize s the opti cal power
marg in offe red by each approach. Recal l that a 40 dB SNR is required for analog voice ,
18.7 dB for the DSVT and that the average receive d optica l carrier power is 70 .iW .

An examination of Figure 6 .4— 1 suggests that there is no clear—cut choice

among t he approaches based on nois e performance alone . This is because all of the
techniques have good SNR in the expected range of operation . In addition, there is a
certain amount of overlap of performance which tends to complicate the decision. It
appears that optical power margin esta blishe s an order l y ranking of the approaches .
However, questions must be ra ised concerning how much margin is necessary and what is
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the price paid for additional marg in. The selection of a multiplexing technique for the
26—Pair Fiber Optic Cable System cannot be based on noise performance alone . Instead,

SNR and optical margin must be traded against other factors such as crosstalk isolation,
equi pment comp lexity , size , wei ght , power consumption , etc . Thus, the good noise

performance of all the approaches allows an additional degree of freedom in the ultimate

configuration of the system, i.e., a particular system concept is not dictated by the SNR
requirements .

All of the approaches with the exception of FDM give exce llent crosstalk
isolation. The desired leve l of isolation cannot be obtained in the FDM system with

practical filters because of the 5 MHz tota l bandwidth imposed by the ECOM preferred
optica l dete ctor . This limited bandwidth does not allow adequate subcarrier spacing and
guardbands. In addition, the presence of 13 subcorniers in the restricted bandwidth
contributes to crosstalk throug h intermodu lat ion.

Except for FDM, all of the approaches provide good rise time preservation

for the DSVT signal. The bandwidth limitation of the photodetector is also responsible

for this shortcoming of FDM since the bandwidth available for the individual user channels

is insuffic ient for the desired rise t ime performance without the addition of regeneration

circuit ry .

6 .5 Cost Considerations

The key cost drivers for this system based on today’s prices are the optical
cable, sources and detectors. From the viewpoint of ease of construction, the 5DM
approach would involve the lowest manufacturing cost because of its high leve l of
modularity and low circuit complexity Aside from the materia l cost, th is approach would 

S

also entail the smallest initial development cost . Howeve r, the prices of the devices and
fibers would make the cost of this approach pro hibi ti ve .
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The other approaches are approxi matel y t he same from the standpoint of

production cost , invo lving approximately the same number of comp onents and assembly

operations. However , the TTL 1DM approach would entail a materials cost which is

approximately 10% greater . The SOS CMOS 1DM, FDM and FDM/SDM schemes would

entail the highest overall developmen t cost because of the LSI and hybrid development .

Present projections are that the initial development cost of the SOS CMOS approach 5 5

S 

involving 3 custom LSI circuits will be 25% greater than either the FDM or FDM/~DM

technique. It is estimated that when manufactured in production quantities of 10,000 units

each junction box will cost approximately $2600. This estimate includes the cost of the

ruggedized enclosure , multi plexer elec tronics, and power su pplies .

6.6 Conclusions

SDM offers excellent performance in all respects . However, the approach S

requires a 26 fiber cable, a feature which is regarded as unacceptable by ECOM. The S

channel bandwidth required by the 1DM approach exceeds the capabilities of the preferred

photodetector and , in fact , appro ac hes the theoretica l disp ersion limitation of the 0.3 NA

fiber . Without redundant hardv~are, 1DM has very little tolerance to failures. Furthermore,

the DADM algorithm is tailored to voice characteristics and the effects of the algorithm on

other t ypes of audio signa ls is uncertain. S

The FDM system with the 5 MHz photodetectors significantl y degrades the rise

time of the DSVT signa l and cannot provide the desi red level of crosstalk isolation . Unless

redundant circuitry is provided, the FDM approach is vulnerable to sing le point failures.

6-7
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FDM/SDM offers the best compromise between cost, performance, fault
tolerance and physica l parameters . The DSVT rise time is degraded by onl y 1.8 ~.as yet a
crossta lk isolation of approximate ly 60 dB is achieved. The FDM/~DM approach is inherentl y
foult tolerant , involving the loss of only 5 user channels in the event of the fai lure of on
optical transmitter, detector, fiber, multi p lexer or demu ltip lexer. In view of the good

performance available with AM and simp le envelope detectors, It is fe lt that the additional
optical marg in offered by t he use of an FM subca rrier system does not justify the additional
comp lexi ty associated with its implementation. Therefore, FDM-AM/~DM is the recommended
approa ch to the 26—Pair Fiber Optic Cable System . Section 7.0 examines the implementation
of such a syste m in detai l.
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7.0 RECOMMENDED APPROACH

Aso result of this stud y HESD recommends that the hybrid FDMtSDM approach

be used in the 26—Pair system. With this approach, individual baseband message sources

are used to amp litude modulate RF subcarriers which are frequency division multi p lexed

together for intensity modulation of the LED optical source . At the receiving end of the

link , the composite signal is detected and the individua l basebond messages demultiplexed
by appropriate filtering . To accommod ate th irteen full duplex channels , three f ibers have

been dedicated to each direction of transmission. Grouping of the channels with respect
to each fiber is such that five channels are assigned to one and four channels to each of

the other two Fibers . The design of this link at both the syste m leve l and circuit leve l is

described in more detail , in subsequent sect ions .

7. 1 System Desi gn

This section describes the system configuration evolved for scflsfying the

program performance objectives. Simultaneous operation with both analog telephone and

digita l data sets is possible, in any mix , up to a maximum of thirteen sets . The sets

operate in a four wire mode, with all of the analog telephones set up wit h the appropriate

patch panel for e ther ac or dc supervisio n . The complete link , from calli ng to answering

party , is transparent in the sense that the Fiber Optics Link does not discriminate between

ana log or digita l information . The onl y spe cial set-up precaution presently envisioned is

the requirement for ensuring that analog and digital users connect, at the junction box ,

wit h the appropriate common battery. This is accomplished by a sw itc h, wh ich also pr~~ides

the proper line terminating impedance .

The major performance objectives for the syste m are:

Analog Channels: 40 dB SNR

—9
Digita l Channels: 10 BER

Crosstalk Isolation : 60 dB (all channels dig ital )

7-1
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Tie analog SNR and di gita l BER performance is lin ked primaril y to the

charac te ristics of the optical components: LED modulation depth and optical power,

optical device to optical connector coupling, optical fiber numerical aperture and attenua-

tion, noise performance of the hybrid photo det~ ?or and preamp lifier. Crosstalk isolation

is influenced heavil y by the multi ple carrier intermodulation characteristics of the LED

and the hybrid photodetector and preamp lifier .

A prima ry concern in this study was that of ensuri ng isolation between the

subscriber sets and the fiber optics electronics sufficient to preve nt unbalancing the four

wire character istics or induci ng electronics power or s gnal ground currents into the

te lephone/data set loops . Secur i ng the isolation is accom plished by provi ding transformer

coup ling at the junction box and patch panel interfaces w ith the fiber optic electronics .

Transfer of dc information (e.g., for dc supervision) is performed by activat ing hig h

frequency oscillators , t he outputs of which are transforme r coupled and dete cted .

7. 1. 1 System Description

As shown in Figure 7.1. 1— 1 , up to thirteen fiel d sets connect v la W F—16 S

field wire to a modified J—1077 junction box. The sets may be any mix of DSVT ’s and

ana log tele phones operating in the four wire mode. The ind ividual sets may be any

distance from the junction box up to a maximum of 2.5 kilometers. All analog sets must

operate with either dc or oc supe rvision; supervisory modes are not mixed .

The four wire connect ions at the junction box are made in pairs to two

balanced, center-tapped transformers. The center —tops are switch —connected to the

common supply plus and minus voltages appropriate to the type of set being interfaced.

The sw tch also provides the proper terminating impedance (i.e., 600 ohms or 125 ohms)

for the line.

_ _ _ _ _ _ _ _ _ _ _ _  -j
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Taking the transmit side first (transmit with respect to the data or telephone
set), the signa l power of each of the circuits is leveled and then used to amplitude modulate
a high—frequency subcarrier generated in the electro—optics multiplexer. By way of
illustrat ion , transmit signals 1 through 5 are used to modulate subeorr ier oscillators F1
through f5. The modulated subca rriers are then combined and app lied as a group to
intensity modulate the LED in optical transmitter #1 . Transmit signals 6 through 9 modulate
subcarriers F1 through F4 which in turn modulate optical transmitter #2. Transmit si gnals 10
through 13 modulate subcarriers f 1 through f4 which in turn modulate optica l transmitter #3~
In this fashion , all thirteen subscriber ’s are mu lti plexed onto three separate optical fibers .

The total optical power coupled from one of the optica l transmitters into the
1000 feet fiber is approximat ely 560 mkrowatts . The optical power coupled to the photo-
detector in the optical rece ive r is approximatel y 70 microwatts, corresponding to a trans-
miss ion loss of 9 dB. The output of the optical rece iver is five (or four) high frequency
amp litude modulated subcarrie rs and noise. These subca rr iers are sep arated with filters ,
and enve lope detected in the electro—optic demulti plexer. The detected baseband is

amp lified and app lied to the patch panel. In identical fashion, the other optical carriers S

are processed and all calli ng subscriber ’s basebands are available at the patch panel.

According to the supervision mode and the address , the patch panel identifies
and routes the baseband back into a electra —o ptic multi plexer for retransmission back to a

j unction box and , ultimatel y to the ca lled subscriber . S

7. 1.2 Freguency Plan

Severa l fa ctors influe nce the choice of frequencies for the subcarriers . The
overri di ng factor is the 5 MHz maximum freq uency response of the receiver hybrid . This
requires that the uppe r modulation sidebands of the highest frequency subcarrier must be less

than 5 MHz . A second factor is the requirement to preserve the rise time for the DSVT

services through t he elect ra—optics link. This necessitates a minimum RF bandwidth and hence

o minImum sihcarrier frequency spacing . Thirdly, t he subcarrier frequencie s should not be
harmonicall y re lated and, ideall y, the frequency spacing between subcarriers should not be
equal. Observing these precautions minimizes the magnitude of unintelli g ible crossta lk
between subcarriers due to su bcarr ier harmonics arid subcarrier intermodulation products.

7—4
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The final choice of ~jbcarrier frequencies is F1 = 0.6 MHz, F2 1 .6 MHz,
F3 

= 2.6 MHz, F4 
= 3.6 MHz, and f5 

= 4.6 MHz. The highest significant sidebonds of

the DSVT spectrum fa ll well below 5 MHz and only the 6th harmonic of F1 is coincident
with another subcorr~er, f4. All other harmonics of the subcarriers foil eithe r between
subcarriers or above 5 MHz.

The suboarrier frequencies are evenly spaced, however, and as will be
discussed in a later section , th is causes two and three si gna l th ird order and all higher

odd orde r intermodulation (IM) products to be exact ly coincident with the subcarriers,
creating noise—like unintelligible crosstalk. The frequencies of these IM products,
generated in the LED and in the receiver hybrid, may be randomized to some exte nt by
breaking up the equal Frequency spacings of the subcarrier frequencies. An actual
breadboard test would be desirable to determine how much real benefit this would yield .

With 1 MHz frequency spacings between subcarriers , it is possible to design
the multi plexer and demu lti plexe r fi lters with a cascaded bandwidth adequate to provide
a rise time through the electra—optics portion of the link of less than 2 microseconds.
The filter requirements are discussed in a later section.

7.1. 3 Crosstalk Isolation

Crossta lk occurs when signals on one c ircuit produce inte rference on another
circuit. It may be intelli g ible or unintelligible . In baseband circuits, crosstalk is
in herentl y intelli g ible and there fore very important. In the Fiber Optic Link, this type
of crosstalk is possible at any point in the system before the baseband is used to modulate
t he subc arriers , and after the subcarriers have been demodulated to baseband. Contro l of
crosstalk at the baseband leve l is accomplished by good EMI practice; inclu ding , shieldi ng,
spatial isolation , contro l of si gnal current groun d loops , and ot herwise minimizing
coupling via common impedances such as power supp ly circu its .
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After the baseband signals are modulated onto the subcarriers, i.e., in the

carr ier portion of the system, the probobility of intellig ible crosstalk occurring decreases

sharply. Before the subcarriers ore multip lexed and after they are demu lti plexed, direct

S subcarrier coupling from one circuit to another is possible. However, the interfering

subcarrier is suppressed by RF bandposs filtering before demodulation and by baseband low-

pass filtering after demodulation. Any crosstalk would be unintelligible, appearing in the

baseband as a modulated “tone ” with a center frequency equal to the RF frequency spacing

between the desired and interfering subcarriers. With the intended frequency plan, this

would be a minimum of 1 MHz. This mechanism is depicted in Figure 7.1.3—1.
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Figure 7.1.3—1 . Illustrating Direct Subcarrier Crosstalk
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After the subcarri.rs are multiplexed, there are a number of other mechanisms

wh ich can produc. crosstalk. These are discussed seporat.ly below.

Adjacent Channel Spi l lover

We consider here onl y the DSVT signal because it occupies the most bandwidth

and because the crosstalk requirement applies only to the DSVT signal. After modulation by
the DSVT signal, the subcari er has an RF power spectral density described (see Section 3.0)

by the following:

4 /wT2 s in i—
P (w) = 

E l  
________  7. 1.3— 1

Whe re c~i is a frequency relat ive to the subcorrier frequency , arid R = bit

rate =

It con be shown that the ratio of the peak power spectral densi ty in both main

lobes of the RF signal to the peak power spectral density in one “ rth ” side lobe is equal to:

R (dB) = lO log [2.6 (2 r_1) 2 7. 1.3—2

Where r 1 1, = 2,3,4, ... (r = u s  the main lobe) and (2 ~~1) n

w here f is the sing Ic sided frequency offset from the subcarrier’s center frequency and R s
the bit rate .

The modulated subcarrier is next bandlimited to minimize the energy in the

lobes far from the main lobe that would “spillove r ” into the 3 dB bandwidth of the adj acent

channel. The total side lobe suppression, relative to the power in the main lobe, will be

the sum (in dB) of the value calculated in Equation 7.1.3-2 and the rejection provided by

the bandpass filter. The goal is a tota l suppression greate r than 60 dB. See Figure 7. 1.3-2 .

7-7

_________

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- 5- ~~~~~~ S. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1.0M Hz

ff
300 * 400
kHz I kHz

,_- - 
_ _

~~~~~~

_ _ __
••% 

- _
\

/

_ _ _ _ _ _  
: 

S

lit 2nd flth
LOBE LOBE LOBE

Figure 7. 1. 3—2. Illustrating Adjacent Channel Spil lover (DSVT Signals )

The subcarriers ore 1 MHz apart, and to preserve the rise time for the DSVT

signal, the s ingle sided RF bandwidth of each filter must be at least 300 kHz . Therefore ,

we are interested in the power spectral dens ity of the s gnal at a Frequency offset of 
*

(1 MHz — 300 khz) 700 kHz because that power will spill over w thin the 3 dB bandwidth

of the adjace nt channel. For a bit rate, R, of 32 kb/s,

n = f/~ = 700 kHz/~2 kb/s ~ 22 7.1.3 3

Since the lobes peak for onl y odd values of n, we wi ll use n 21, g ivi ng F = 672 kHz .

n = 21 corresponds to a value, r, given by t he followi ng:

r = —
~ - (n + 1) = 11 (i.e., II th side lobe)

The peak power spectra l density of the 11th side lobe is there fore down

R (dB) = 10 log [2.6 (21)2] = 30 dB (from 7. 1.3—2)
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from the peak power spectra l in both of the main lobes. The filter must then give in excess

of 30 dB at an offset from the cente r frequency of the subcarr er of 672 kHz . To allow for

imp lementation the fi lters provide approximatel y 35 dB as apposed to the require d 30 dB .

This imp lies the powe r spectral densi ty is flat which , although not true, is a convenience

and is conservaflve.

The bandpass filters in the multi plexer and demulti plexe r are designed with

the above requirements in mind. They are described more complete ly in Paragraph 7.2.

Multkor rier lntermodulat on

At any po int in the system w here the RF subcarriers appear together in a

nonlinear device , inte rmodu lation (IM) products are created . Any IM product which falls

c lose to a desired subcarrier is demodulated with the subcan-ier in the receiver. The

princi pa l result is a “beat—note ” appearing at baseband, with a frequency equal to the RF

frequency spacing between the subcarrier and the IM product . The leve l of this inter-

fe ren ce below the tota l power level of the desire d baseband is app rox imate ly equal to the

level difference between the sub carrier and lM product at RF before demodulation. It is

conclu ded from this , that the tota l power leve l of all IM prod ucts that fall within plus or

minus the postdetection bandwidth of the subcarrier must be at least 60 dB be low the

subcorrier.

At on earlier stage in the study, it was envisioned that the sub carriers wou ld

be combined at a low leve l and then amplified simultaneously in a driver amplifier before

they we re app lied to intensity modulate the LED. In order to maintain acceptable IM

- S performance with this concept , the driver amplifier ’s dynamic range would have been very

high, wit h an attendant larg e dc power consumption. Specifical l y, an amp lifier with a

power output at the 1 dB gain compression point of about 600 mW using 3 .6W of dc power,

would have been required to meet the IM performance. Appendix A describes in more
S detail the relationshi p betwee n the intermodulation performance of typical RF amplifiers

and t heir dc power requirem ents; this appendix also describes a vendor amplifier which

S 
was a candida te for the LED drive r .
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As a result of the high dc powe r requirement , the system was designed so

that the subcarr ers are combined at a high leve l and intensit y modulate the LED directly
with no further amplification . The following discussion relates to establishing the inter-
modulation ratio (IMR) budget - the dB difference between the lM power and the subcarrier
power — for the link. The principal contributors to lM production will be the LED in the
transmitter and the optical detector and detector preamp in the rece iver . It is assumed that
they contribute equa ll y. The IM budget for the complete link (one transmit and one receive)
will be an IMR of 60 dB. Of concern here are only those lM products which are coincident
with t he desired si gna l . It is desired to derive an IMR budget for either transmit or receive
which is in term s of an easil y measured/spec ified two —tore third order IM performance.

With five equally spaced sgnals , it is shown in Appendix B that the largest
number of IM products will be coin cident with th. central carrier. There ore a total of
six , and on an absolute power leve l basis they contribute as follows:

Level
Two-Tone 

~for equal level si gnals)

2 (2) — 1 (i.e ., 2 F2 
— f 1) 1 mW (0 dB)

2 (4 ) -5  lmW (O dB)

Three-Tone

1 + 4 - 2  (i.e ., F1 
+ F4 — f2) 4mW (6 dB)

2 + 4 - 3  4mW (6 dB)

1 + 5 - 3  4mW (6 dB)

2 + 5 - 4  4mW (6d8)

Total 18 mW (12 .5 dB) 

S
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S It is seen that the tota l IM power coincident with the central carrier is 12.5

dB greater than that due to a single two—tone third order product. Therefore, the two—tone

IMR specification for either transmit or receive must be 12.5 dB bette r than the required

tota l IMR. Since these products will combine in—p hase , the IMR budget for either transmit

or receive must be 66 dB (60 dB end—to—end). The two—tone IMR requirement for either

transmit or receive must then be (—66.0 12.5) or —79 dB .

* The attached block diagram Figure 7. 1.3-3 indicates how the IM products

are expected to com bine . Individua l products (rows) combine in-phase , while the tota l
(co lumns) combine mis—fashion.

7.1. 4 Interfa ce Descr iption

The Fiber Optics Link has two prj nc ipa~ message interfaces : at the junction

box where the subscribers connect analog tei~ephor~es ~~~~~~~~~~ (DSVT ’s), and at the

patc h panel where subscriber sup ervision and call routing s are performed. In addi~ion a

dc powe r source ( “ common battery ”) interfaces via a copper circuit with bot h the Fiber

Optics Link and the subscriber’s sets, supplying operational power to the fiber optics

electronics and analog te lephone sets and trickle charging current for the DSVT ’s.

7.1.4.1 S,.~ scri be r/Junction Box Interfa ce

7.1. 4 .1 .1 Message and Dc Power Interface

Figure 7. 1 .4.1. 1— 1 dep icts the interface between the subscribers and the

junct ion box. Functionally, electrica ’ balance of the four wire subscriber circuits is

mainta ined by transformer coup ling to/from the fiber optic e lectronics. With the switch

in the position shown (analog), the l ine terminating impedance will be 600 ohms (300 — 
S

3400 Hz) and ±12 Vdc will be supp lied from the dc power conditioner (located in the fiber

optics electronics compartment) to power the analog sets . With the switch in the other
posit ion (DSVT), a termination is put acros s each line pair which results in a line impedance

of 125 ohms (20 - 40 kHz), and supplies ±28 Vdc from the system common battery to trickle

charge the DSVT’s.
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7 .1.4.1 .2 Dc Supervision

The dc loop current sensor dete cts the difference between the on—hook and
off -hook dc loop currents when the analog sets are in the dc supervi.ory mode. In the 

5

off— hook condition, a 1.1 MHz oscillator is enabled, the output of which ;~ transformer
coupled to a detector in the fiber optics electronics . The detector output enables the
subcar rier osci llator outpu t to be transm itted across the Fiber Optic Link to the patch panel
e lectronics. There, the subcarrier presence is detected and used to put the proper off—hook
dc current lood on the patch panel.

7.1.4 .1.3 Ac Supervision

In the oc supervisory mode, the junction box is set up so that the off—hook
1 . 1 MHz oscillators are always enabled , resu lting in continuous tran sm ission of the sub—
carriers across the Fiber Optic Link to the patch panel.

7.1.4.2 Fiber Optics Link /1~atc h Panel Interfa ce

7.1. 4.2.1 Message Interface /Ac Supervision

At the patch pane l end of the Fiber Optic Link , the subcarriers ore demulti—
plexed and detected . Demod ulated traffic is transformer coupled and made available to S
t he patch panel operator for action and/or routing to the called subscriber. S

7.1 .4 .2 .2 Dc Supervision

Whe n operating with a Dc Supervisory patch pane l , the presence of an
unmo dulated subcarrier s igni f ies that an analog subscriber wishes to pass tra ffi c. The dc
leve l obtained by detecti ng the subcorrier is used to increase the dc current fl ow through
the subscriber ’s terminals in patch panel, signify ing an off—hook condition. These cir cuits
are shown functionally in Figure 7.1.4.2.2— 1.
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7. 1.4.3 Dc Power Interfa ce

The prime power sou rces for tIie link are ±28 Vdc common batteries located

near the junction box and the patch panel. These voltages are distribu ted in the following

manner (see Figure 7.L4 .3 1):

a. They supp ly power to the patch panel fiber optic electron ics via the dc

power condit ioner .

b. They supp ly powe r to the junction box fiber optic electronics via the dc

power conditioner.

c. They supp ly curr ent directl y to the DSVT ’s .

d. They supp ly v ia the junction box dc power conditioner , current to t he

analog telephones.

7.1. 4.3. 1 Dc Powe r Requirements

The tota l dc power requirement placed on each of the ±28 Vdc common

batteries by the fiber optic electronics is comprised of the follow ing individual items:

Junction Box Patch Panel

Rece iver Electronics (3/location) 1 .7W 1 .7W

Transm itter Electronics (3/location ) 12 .3W 12.3 W

Subcarrier Generator (1/l ocatio n) 0.9W 0. 9W

Supervision (1/location) 3.0 W 3.0 W

LED (3/location) 0, 9W 0. 9W

Dc Power Conditioner (1/location) 7.3 W 7.3 W

Fiber Optic Electronic Tota l 26. 1 W 26. 1 W
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7.2 Hardware Design

The philosophy used in th. electronics for the modulator/demodulator was to

achieve a reasonable compromise between system power consumption and system cost. It is

recognized that greater power savings can be reolized by ut ilization of special low—current

devices but that this would entail a higher cost in the final system(s). A special effort has

been mode to minimize the parts count in order to retain a size that is comparable with the

size of the junction box used in the present system.

All of the circuit component values that are of particular importance have

been calculated and are inc luded on the schematics but in cases where the same component

can take on different value s a chart has been provided and the schematic will reflect the

appropriate table entry . Bypass capac itor arid coupling capacitor va lues which hove

minimal sign ifi cance are not included.

7.2. 1 Circuitry

7.2.1. 1 Transmitte r

The transmitter is a conventional AM/AM unit utilizing a biased balanced

mixer to impress the message content on the RF carriers and on LED whose intensity is

modulate d by one or more of the aforementioned amplitude modulated carriers. AGC S

leve ling circuits ore included in the desi gn for the following purposes: 
S

• Maintain t he desired degree of modulation.

• Set the correct power leve l into the LED circuitry.

S Figure 7.2. 1. 1-1 is the simp lified block diagram of a typical transmitter

channel . The si gnal from the DSVT ’s or analog telep hones are appfled via inputs No. I

through No. 5 and after leveli ng in the AGC amplif ier are used to amp litude modulate the

carrier in t he balanced modulator. The modulated waveform is then amplified and applied

to a 4—pole, one zero bandpass fi lte r to bandlimit the information to a 600 kHz bandwidth.

This bandlimiting ensures that crosstalk between channels is greater than 60 dB below the
S desired si gnal. This signa l is app lie d to a power ampli fier (EF) and then to a combiner

7— 18
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circuit . The power leve l of each of the 5—channels is adjusted so that the total input

power of the LED circuitry is +10 dBm. The signal at the output of each EF is detected S

and used to control the power level at the input to the amplifier so that the signal to the

S LED circuit is maintained at a relativel y constant leve l around +10 dBm .

7.2 . 1 . 1 . 1  Sthcarrier Oscillator

Figure 7.2.1. 1. 1— 1 is the simp lified block diagram arid 7 .2.1. 1 . 1—2 is the

sc hematic for a typical subcarrier oscillator. The oscillators ore crysta l controlled to
prevent drifting over the environmental extremes and thus allowing the information content
of one channel to be present in an adjacent cha nnel.

The oscillator/buffer amp lifiers are connected in a differential pair configura-
tion to min imize the loading effects on the oscillator which could cause it to sh ift in
frequency. The output from the buffer amp lifier is power divided three ways arid used to
drive the three tuned output amp l ifiers . The calcu lated values for the tuning components
are shown in Tables 7.2.1. 1. 1— 1 and 7.2.1 .1 . 1— 2 .

The crystal contro lled oscill ato r , of w hich there are five groups , ore tuned to 
S

0.6 MHz , 1,6 MHz, 2.6 MHz, 3.6 MHz arid 4.6 MHz .

Particular attention has been g iven to the problem of the modulati ng s igna l
from one channel feed ing through its modulator back into and through one of these amplifiers S

and return ing to the modulator of another channe l via the loca l oscillator distribution system.
Calculations have show n (see Paragraph 7. 1) that power distribution of the signals from the
DSVT fall off to greater tha n 20 dB below the main power lobe at 224 kHz and are greater
t han 26 dB down at approximatel y 600 khz (cente r of lowest oscillator frequency) . The
600 kHz is cho sen for dis cuss ion because it is the most critical since the tuned c rcuits of
the othe r osc ill at o rs (1. 6M Hz, 2.6 MHz, 3 .6 MHz and 4.6 MHz) ore far removed from

t hese interfering signals and wi ll provide adjacent channe l rejection by on amount for
greater than the requir ~d 60 dB .
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TABLE 7.2. 1. 1 . 1—1. OSCILLAT OR/BUFFER AMPLIFIER ELEMENTS

Frequency Li L2 Cl C2 C3 C4

0.6 MHz 300 300 270 1800 100 130

5 
1.6 MHz 19.9 20 .560 3600 430 51

2.6 MHz 12.2 18.35 350 2258 180 30

3.6 MHz 8.23 15.45 270 1800 100 22

4.6 MHz 5.88 13 .8 230 1500 68 18

*Al l values in mi crohenrie s and pico farods .

TABLE 7.2.1. 1. 1—2 . OSCILLATOR OUTPUT AMPLIFIER ELEMENTS

Frequency L3 C6 Cl C5

0. 6 MHz 72.5 120 820 0.01

1.6MHz 21 .7 120 330 0.01

2.6 MHz 12.23 100 200 0.01

3.6MHz 8.8 68 150 0.01

4.6MHz 6. 9 62 110 0.01

S 
*A Il values in micro henr ies and picofarads .

Tests hav e demons t rated that isolations greate r than 30 dB can be achieved
at these low fr equencies from the output of an amplifier to its input and , in addit ion, the
modulator used in t he transmitter will reduce the audio feedthroug h to the RF port by 40 dB
(see Paragrap h 7.2. 1. 1 .3). The isolat ion from one channe l to another via the common

osci llator path will the refore be far greater than the requir ed 60 dB.

The power from any output amplifier will be +6 dBm into a 3. 0 dB pod . Thus
t he carrier powe r app lied to the modulator will be +3 dBm .

The biasing circuit of each of the out put amp lifiers contains a transistor that
is biased on or off by the action of the dc si gna l ing condit ion . If the DSVT or tele phone
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is in an on— hook condition, t his transistor is biased off and prevents that particular carrier

from being app lied to its respective modulator .

7.2.1. 1.2 Modulation Leveli ng Circuit

Because the input signals from the telephones can vary over a wide voltage

range it is required to se lect some nomina l level as reference at which the modulation

index is set to the desired value. The modula tion index has been chosen to be 15 percent

as a result o f system anal ysis and this is to be achieved at an input signal leve l of —7 d8m
S across 600 ohms.

From the discussion on the modulator it is seen that 35 mV RMS is required to

produce 15 percent modulation. Figure 7.2. 1.1.2— 1 is o simplified schematic of the circuit

w hich sets the modulation index at 15 percent and whi ch prevents o cha nge of not more than

1—2 percent foro 12 dB increase in signal. This is achieved by sampling the modulating

signal at the emitter of 03 and using this to contro l the resistance of the J FET’ s 01 and

02. The combination of 01, Ri and 02, R2 fo rm a volt age divider network whose
S attenuation iso function of the voltage on the emitte r of 03. Figure 7.2.1. 1 .2—2 i s o  S

plot of the characteristi cs of the J—FET which is functioning as a voltage controlled resi stor

S (VCR).

Severa l voltage levels versus resistan ce of the VCR have been calculated

and in turn are used to dete rmine t he attenuation of this network. The input imp edance of

the emitter follower , Q3, along with its bas ng network has been calculated to be 10Kg). S

The results are shown in Table 7.2.1 .1.2.

7.2.1. 1.3 Modulator

S Tests were performed on the balanced mixer to be used as the modulator for

t he multip lexing process. The modulator was tested with RF inpu ts from 0.5 MHz to 5 MHz

and wit h modulati ng si gna ls from 300 Hz to 300 kHz . The results of the tests are d scussed

in the following paragraphs.
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TABLE 7.2. 1.1.2. VCR VOLTAG E LEV E LS VERS US RESISTANCE

Volt VCR (KO) Attenuation dB dBA’

2.3 00 3.75dB —

2.2 00 3.75 0

2. 1 20.0 6.02 dB 22.7

2.0 10.0 7.94 dB 19.2

1.9 6.5 9.80dB 18.6

1.8 4.5 11.74dB 19.4

1.7 3.2 13.98dB 22.4

1.6 2.5 15.89dB 19.1

The test circuit used for collecting the data is shown in F gure 7.2. 1. 1 .3.

One of the primary concerns was the distortion introduced by the modulator at high

modulation indices. For all of the tests the RF input level was held at +3 dBm and the

audio input level was varied to produce various degrees of modulation. At a modulation

index approaching 100 percent (>90 percent) the second harmonic of tie modulating

signal was found to be down greater than 35 dB below the fundamental side band and

approached 45 dB as the modulation index was reduced to 35 percent modulation, It k

proposed to operate at a nominal 15 percent in the present system to allow for voice

spikes which can very easily push the modulation toward the 100 percent level. The tests

indicated that approximately 35 mV RMS was required to produce the 15 percent modulation.

The transmitter circuits ore designed to produce this voltage at the audio input of the

modulator.
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Figure 7.2.1.1.3. Test Circuit for Modulator

Another point of interest in the tests was the amount of audio feedthrough to
the RF input port, as this feedthrough could progress into the local oscillator system and
then be carried to the modulators of other channels and result in crosstalk. Tests indicated
that this feedthrough was down greater than 40 dB at the RF input port.

The bias voltage was also varied up and down from 1.8 volts to 1.09 volts

which produced a total carrier level variation (in the output) of ±2 dB about a nominal
insertion loss of 8 dB. This change in voltage is considered to be an order of magnitude
greater than wou ld be experienced over any voltage and temperature variation in the
system so that a variation in carrier level of less than 1.0 dB con be expected in the final
system. It should be pointed out that a power leveling circuit is included in the design
w hich will reduce this variation even further .
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7.2. 1.1.4 Amplifier and Filters

It is shown in Paragraph 7.2. 1. 1.6 that a maximum of 0.70V RMS is required

from each power amplifier to produce the desired signal level into the LED circuitry.

From the discussion on the modulator it is seen that —5 dBm of carrier will be present as

measured across 50 ohms at the input to the amplifier and filter circuit. From this we ore

able to determine the voltage gain required by the amplifier to produce the desired output

by thus corresponding to —5 dBm the input voltage level Is 0. 1257V RMS. Consequentl y
the required gain is 5.6 or 15 dB minimum.

In the actual design , this gaIn was set to a nominal 24 dB to allow for the

insertion loss of the filters and also to ensure that the power leveling circuit remains within

its active region for the regulation of the output power level.

The transm t bcndlimiting filters are multipole bandpass filters, with a 3 dB

bandwidth of 600 kHz and a center frequency corresponding to the apprOpriate RF subcarrier

frequency. Figure 7.2. 1. 1 .4— 1 provides a typical circuit bonfi guration and Table 7.2. 1.1.4— 1

summarizes the component values (computed with the aid of i.6]), for each subcorrier.
F;g~ es 7.2. 1. 1.4—2 through 7.2. 1. 1.4-6 provide a computer plot for each filter to

validate the accuracy of the computations.

7.2.1.1.5 Power Amplifier

The powe r amp lifier selected for this application is the LH0002. It has an

input impedance of 5 K~
) at 5 MHz and 50 KC~ at 600 kHz thus maki ng it straightforward to

establish the proper 2 K~ load for the preceding Filter by the proper choice of a swamping
resistor . The output impedance is in the 6 — 10 ohm range which serves its intended use

very well as discussed in Paragraph 7.2.1. 1.6. This amplifier was tested during this study

phase and was found to suppress its second and third, etc., harmonics by 45 dB below the

carrier at output power levels of up to +15 dBm across a 50 ohm load.
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TABLE 7.2. 1.1.4— 1. BANDPASS FILTER ELEMENTS (TRANSMIT SIDE)

Frequency LI 12 13 14 L5 Cl C2 C3 C4 C5 C6 C7 RS/RL

0.600 706.4 353.2 566.4 372 2856 44 205 89 205 143 40 98 2000

1.6 77.32 38.64 52.69 92.48 165.4 91 51 182 51 182 51 91 2000

2.6 28.65 14.32 18.25 41 .96 54.25 105 31 210 31 193 55 88 2000

3.6 14.84 7.4 9.52 23.84 26.64 112 22 225 22 200 57 87 2000

4.6 9.08 4.54 5.78 15.44 1587 29 18 58 18 51 15 22 2000

Because the 60 dB crosstalk specificatIon is imposed on the system the inband

harmonics of this amplifier must be suppressed to a level greater than 60 dB relative to the
desired signals. Table 7.2.1.1.5 summarizes the inband harmonics. To preclude the
poss bility of these being detected in the receiver portion of the system a Iowpass filter is
added between the power amplifier and the power combiner in each of the 600 kHz
channels and the 1.6 MHz channels. Computer plots are given in Figures 7.2. 1 .1.5— 1 and

— 7.2.1.1.5 2. Fig u s 7.2.1.1.5— 3 and7.2.1.1.5—4 are schematics for the two filters.

An inspection of the computer plot of the 1.6 MHz bandpass fi lter used in
the receiver (transmitter) shows that the second harmonic of the 600 kHz channel will be
suppressed by on additional 18 dB and the 3.6 MHz filter in the receiver wfl l suppress the
second harmonic of the 1.6 MHz carrier by an additional 12 dB.

Combining the harmonic rejection of the power amplifier with the LPF
rejection and the receiver filter rejection shows that far greater than 60 dB rejection will
be realized for these harrnon i Cs .

The harmonics of the other si gnals ore down greater than 45 dB while passing
through the LED circuitry and will be rejected by the filters in the receivers . These are
not considered to pose a problem in this system.

7—32 

.
~~~~~~~~~~-~~~-f i  J



60—

t —

L 
50— 

_ _  _ _  _ _  _ _  _ _  _ _

__  } _ _ _0— I I T J  I i  
~~

I I
~~~ I~~~

I I I
~~~

I I I l  l i i i  1 1 1 1 1 1 1 1 1  -

0.000 0.250 0.500 0.750 1.00 1.25 1.5 1.75 2.0

FREQUENCY MHz

p 
F g~ e7.2.1.1 .4—2. 600 kHz BPF

7-33

- — — - - 

rn ~~~~~~~ - 
_ _  _ _— — -- —- -_ rn-fl. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ fl --fl - ~~~~~~~~~~~~~~~~~~~~~~ - -



_ _  
_ _

50— _________  
_________  _________

40— _____ — _ _ _ _ _

-0 -
tn -
0 

_ _ _ _ _ _ _
— _ _ _ _  _ _ _ _  

_ _ _ _

z -

0— •
~

•••I~~ r i i  ~~~~~~~~~~~~~~~~~~~~~~~~ ( l i t

0.5 1.0 1 .5 2.0 2 .5 3.0

-
. FREQUENCY MHz

Figure 7.2.1 .1.4-3. Frequency Response of 1.6 MHz BPF

7-34



60—

40—

0-j 30— -____ ____

z
I—

20—

10—

0.— I I l I  l l l(  ! 1 I 1  ~~1 l J  I I~~~I i j i l  i~~~~J 1 —  I a l I

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

FREQUENCY MHz

Figure 7.2.1.1.4—4 . Frequency Response of 2.6 MHz BPF

7—35



60~~~~~~~~

\

~~~~~~~~~~
f

N 
_ _ __40- — _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _

-

0 -

30— — — _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _

z -

0— - I I I I I I I I I I I I I I I I I I I I

2.0 2.5 3.0 3.5 4.0 4.5 5.0

FREQUENCY MHz

Figure 7.2. 1.1.4—5 . Frequency Response of 3.6 MHz BPF

7-36

-- -~~ -- -— ~~~~ --~~~~~~~~~~~ ~~~— -— -- - — ~~~~~~~~~~ -- -~~ -~— —,~~~~~
- -



- - _ _

5 0—  
_ _ _  _ _ _  _ _ _  _ _ _  _ _ _

~~~30

I I I I  1 1 1 1  l I l T  1 1 1 1  1 I T I  1 1 1 1

3.0 3.5 4.0 4.5 5.0 5.5 6.0

FREQUENCY MHz

Figure 7. 2 .1 .1 . 4—6 . Frequency Response of 4.6 MHz BPF

7-37

H —~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~
- — - •__ __ n- - - ~~~~~~~~~ - -~~~~~~~~~~~~~~~~~~ ——.-—-- -~~~

TABLE 7.2. 1.1 .5. HARMONICS OF RF CARRIERS DUE TO POWER AMPLIFIER

Rf Second Third
MHz Harmonic Harmonic

0.6 1 .2 1. 8

1. 6 3.2 4 .8

2.6 5.2 7.8

3. 6 7.2 10.8

4.6 9.2 13.8

7.2 .1.1.6 Power Combiner

To combine all channels into a single signal path, two—way and three—way

power combiners ore utilized as shown in Figure 7.2. 1 .1. 6 A and B.

The power amplifier wh ch drives the combiners have a typ ica l output
impedance of only 10 ohms. To ensure that the combiners c’re terminated into 50 ohms, a

39 ohm resistor is added in series between the combiner and the power amplifiers . This

resistor results in a 5.0 dB power loss between the power amplifier and the combiner , but

se rves to odd near ly 14 dB of isolation to any signal attempting to enter a power ampli fier

v ia the power combiners. This solation coupled wi th the 30 dB typical port—to—port

isolation of the power combiners produces a total of 44 dB of isolation between any two

power amp lifiers ond virtuall y preclu des the possibi li t y of inter m od ulo t io n products bei ng
produced by any two adjacent channels in the power amp lifiers .

The LED circuitry requires +10 dBrn (10 mw) of total power from either the

5—channel input or a 4— channe l input to drive the fiber optics. For the 5—channel input

then, eac h must contribute 2 mw (+3 dBm) at the out put of the combiner. When the

i nsertion loss of the combiners (1. 0 dB) and the 39 ohm resisto r (5. 0 dB) are taken into

account eac h power amp lifier must delive r +9 dBm (0.63V RMS) to its loa d for the

5—channel combiners and the 4—channe l amp li fi ers must deliver +10 dBm (0.707V RMS).

7- 38



-

_Ti

50- _ _ _  _ _ _  _ _ _

oH — \  I

9 30~~_ ___-~~ _ __ _ _ _

- 

_ 

j .  

.

~~__
I I I I j I I I I  1 1 1 1  I I I I I I I I r

_
1

0.5

FREQUENCY ~‘1Hz

Figure 7.2.1. 1.5—1 . Frequency Response of 600 kHz LPF

7-39

H 
_ _ _. .

~~~~~~~~~~~~~~~~~~~~~~

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . J



- - - _ _ _ _ _ _ _ _ _ _ _ _ _ _

60—

50—

40—

-0 -
VP
In -
0 

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _~~J 3Ø
_

Inz -

20— —

10—

0 I I I —i--r I I I I

FREQUENCY l’Thz

Figure 7.2.1 .1.5—2 . Frequency Response of 1.6 MHz LPF

7—40

—-

~

- -- — —-- fi~~~~-.--—-————-- - 



- - fl - f l  - _-_ _ _

12.72UH 12.72UH

> rrrn n’rrt _ _ _

I I ~~ 11.9UH

T 
1965PF T 6359PF

I I-~ 4- —0 <

Figure 7.2.1,15—3 . 600kHz Lowpass Filter

6.O6UH 6.O6UH .

> 0— rrrn rrrn 
~

soc 936PF 3030PF 936PF 50C)

1 •  >Q_ 1 1_ _
Figure 7.2. 1.1.5—4 . 1. 6 MHz Lowposs Filter

7-41

—- -- - -.-
~~
—

~~~~~~~. --
~~~~~~~~~~ 

- . —

— .— fi- - .— -—-- - — -



~ 
~~~~~~~~~~~~~~~~ 

1I~~

0.5dB

I 1 0 5dB 1.0dB INSERTION LOSS
~ TO LED CIRCUIT

I L .
0.5dB

(A) 4 CHANNEL COMBINER (TW O PER SYSTEM)

I .L.
0.5dB

- 

I L 0 5d B 1.0dB INSERT ION LOSS. . • 

TO LED CIRCUIT

.L.
0.5 dB

(B) 5 CHANNEL COMBINER (ONE PER SYSTEM)

NOTE: COMBINER MODULES ARE AVAILABLE FROM MCI INC.

Figure 7.2. 1. 1.6. Power Combiner Configuraflon

7—42 

I 



7 ‘.. W-r . - - -

It will be noted that this level is well be low the power handling capability

of the power amplifiers. This method of raising the power level of each channel and then

comb ining just prior to entering the LED circ uitry reduces the inte rmodulat ion problem

between channels signi ficantl y. If these channels hod been combined and then raised to

the +10 dBm level by a common power amplifier the power consumption of a one-way

transmit-ieceive system would be approximately 15 watts greater than presently estimated

or 30 watts greater for a two—way link.

7.2.1.1.7 Power Leveling Circuit

The power leveling circuit is similar to the modulating leveling circuit

except that a sing le J—FET is used to control the power level. Figure 7.2.1.1.7 is a

simplified schematic for this circu it . It is anticipated that power leve l changes at the
input to the combiners will be on the order of ±2.0 dB due to voltage and temperature

changes. When one considers that there are fi ve signals undergoing this change , then

the ±2.0 dB is reflected as a change in total power to the LED. This change must be

control led but not nearly to the extent that was necessary in the modulat ing circuitry .

The circuit used in the design has one voltag e controlled resistor (VCR). Design

calculations for this ci rcuit , indicate that this circuit has a transfe r chara cteristic of

7 dB/volt. Thus , using the rationale of Paragraph 7.2.1. 1.2 it can be shown that less

than *0.5 dB chang e will occur in the output to the LED circuits , for a 4.0 dB change in

osc illator and power generat ing circuits.

7.2. 1.2 Receiver

The receiver for the 26—Pair Fiber Optic System is a conventiona l amp litu de

modulation receiver utilizing a bank of f ive muttipole bandpass filters for preselect ion

followed by a gain stag e and a diode detector for recoveri ng the data . The data is
amplified and app lied to a power amp li fi er of the same type as used and descr ibed in the

transm itter section .
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A block di~~ram of this receiver is shown in Figure 7.2.1.2—1 and the

sc hematic is depicted in Figure 7.2.1.2—2. The input to th. rec iver is applied directly
to a power divider from the fiber optics detector . The power div ide r provides impedance

matc hng between the fiber optics and the fi l ters while providi ng isolation between the

filter inputs which prevents distorting of the fi lter characteristics.

The output from the filters are amplified and then detected to recover the

intelli gence impressed onto the carrier. This recovered data is amplified and applied to

o power amplifier whose output impedance is sufficientl y low to drive the minimum load

of 125~).

7.2.1.2 . 1 Filters (Predetection )

The outpu t of the LED circuit ry is a composite si gnal consisting of from one

to five channels of information . This com pos ite signal is applied to the five filters

simultaneousl y and each filter selects the band to which it is tuned and rejec ts all others.

The filters used in the receiver are identica l in characteristic s to those used

in the transmitter but operate at an impedance of 500 ohm s instead of the 2K0 because of

ot her impedance considerations. The fi lter element values are g ive n in Table 7.2.1.2.1.

Refe rri ng to Figure 7.2.1 .2—2 it is seen that 0 470 ohm resistor is in series

w ith the input to each filter and that these are fed simultaneousl y by the si gnal from the

fiber optics detector thro ugh a 10 ohm resistor . This resistive configuration allows each

of the filte rs ~o be driven from a 500 ohm source and the fiber optics circuitry to drive a

50 ohm load . In addition to the impedance transform ing function these res istors provide

23 d-B of isolation between filte rs so that the characteristics of one filter is unaffected by
the presence of the other four. The insertion loss of the series resistors and fi lte rs is

approximate ly 7 dB.

When all channels ore present on the input to the optical transmitter , the

output power across 50 ohms is 0 dBm . If we assume this to be a 5- channel link , then

each signal will confribute 0.2 my .
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TAB LE 7.2.1.2.1. BANDPASS FILTER ELEMENTS (RECEIVER SIDE)

Filter Cl C2 C3 C4 CS C6 C7 L1 L2 L3 14 L5 RS/~L

600 kHz 177 820 354 820 570 161 393 176.6 88.3 141.6 93 714 500

1.6MHz 363 206 726 206 726 207 362 19.33 9.66 13. 173 23.12 41.35 500

2.6 MHz 420 124 840 124 773 220 353 7.15 3.58 4.68 10.5 13.52 500

3.6 MHz 449 89 898 89 797 229 348 3.71 1.85 2.38 5.96 6.66 500

4.6 MHz 116 70232 70 202 58 86 2.27 1.135 1.445 3.86 3.968 500

*AII values in microhenries, picoforads, and ohms.

From Paragraph 7.2. 1. 1.2, it was determined that the nominal modulation

index for each subcarrier is 15 percent. Based on a sinusoidal analysis, the peak si gnal

voltage at the input to the network of Fi gure 7.2.1.2-2, may be estimated with the aid

of the following equation.

/ 2
— 

~~2 .  m • P 5 R L 7.2—1V5 1  2
V 1 + m

vC = _  7.2 2

where: V5 peak s ignal voltag e

V C peak carrier voltage

m modulation index

= input average power

R1 termination resistance
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Thus , for an input power of 0.2 milliwatt , a modulation index of 15%, and a term ination

impe dance of 50 ohms, the peak sinusoidal voltage levels for the signal and carrier are

21 mV . Combined resu lts for the modulated wave form are illustrated in Figure 7.2.1.2.1.

This is the waveform present at the input to the 10 ohm resis tor . As discussed previously,

the insertion loss of the power dividers and the filters is 7 dB such that the recoverable

audio into the amplifier /detector is 18.8 millivo lts , peak to peok .

4 E— 0.02 1V

T 
~~ 1 

-

•

0
~~

58 E — 0 . 137V

• 

H

Figure 7.2.1 .2.1. Single Tone Amp litu de Modulated Waveform

• 7.2.1. 2.2 Amp lifier /Detector Circuit

The amplifier following the predetection qlters provides 20 dB of gain prior

to detection so that the audio at the output of the detector will be 0. 188V p—p. The

circuit in the collector of the ampli fier is designed to produce a bandwid th of at leas t

I MHz centered at each of the carrier frequencies. The element values for this circuit

are gi ven in Table 7.2.1.2.2.
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TABLE 7.2. 1.2.2. ELEMENT VALUES FOR DETECTOR CIRCUIT

Frequency I (mscrohenries ) 
- 

C (picoforods) Filter 0

06 MHz 882 78.7 —

1.6 MHz 124.2 78.7 1.6

2.6MHz 47 787 2.6

3.6 MHz 24.5 78.7 3.6

4 .6 MHz 15 78.7 4.6

7.2.1.2.3 Voltage Amplifier

is a low gain amp lifier (12 dB, ut ilizing negative feedback in the form of

emitter degeneration to set the gain of the stage). The output of this stage for single tone

modulation will be approximately 0.75V p—p.

- 7.2. 1.2. 4 Power Amplifier

• 03~ wh ich is the power amplifier , is the same type transistor as used in the

output stage of the transmitter (Paragraph 7.2.1. 1.5) . The primary purpose of this stage

is to provide the impedance transformation from the high impedance output of 
~ 2 to the

low impedance of the load (125 ohms, or 600 ohms).

‘a 7.2.1 .3 Power Conditioning, Power Requirements

S F gure 7.2. 1.3 is the schematic for the power supply for the system.

T ransistor 01 and Q2 with the associated circuit ry form a multiv ibrator circuit to convert

the dc input to an alternating output. Ti is a multi winding trans forme r which permits the

select ion of several output voltages. It w i ll be noted that fullwave rectification and 77-type

IC filtering is used in the output of the ±15V and 1 .7V circuits because of the large currents

w hich must be accommodated by these c ircuits . The +45V circuit uses onl y hcilfwa ve

rectification and simple capacitive filtering since its current requirement is so low . See

Table 7. 2.1 .3 for current and power requirements for the system.
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TABLE 7 .2.1.3 . POWER REQUIREMENTS

Functional elements #15V 15V +1 .7V +45V Total

Transmitters 455 mA 364 mA 540 mA 0

Receivers lOO mA 7mA 0 3mA

Oscillators 6O mA 0 0 0

On/Off-Hook 104 mA 104 mA 0 0
Sensing

Total mA 719 475 mA 540 mA 3 mA

Tota l Power 10 .785 W 7.125 W 0.918W 0. 134 W 18.963 Watts

The regulators used in each of the supply lines are chosen because of their
high degree of efficiency which can approach 97 - 98 percent under low voltage input
conditions. This circuit has been used by Harris ESD on other programs and their regulation
characte rhtics have been found to be very good. One distinct advantage of these regulators
over switching regulators is that when the lower limit of regulation is reac hed this circuit

will continue to t rack the input vo ltage and will not shut down as is common in most

ef ficient switching regulato rs . As an examp le o f the efficiency one can expect in these
ci r~ iits we need on ly to consider t he ratio of input voltage to output volt age of the
regulator w it h an assumed effi cien cy of the dc/dc converter . Properl y desi gned regulators
can achieve efficiencies of greater than 80 percent and 80 percent is used for the calc ula-
tions here .

It is to be noted here that in the case of the ±15V supplies, that only 1 .3
volts appear across the regulators and 0. 7V and 2.4V in the +1 .7V and +45V supp lies ,
respectively. We can calculate the efficiency as follows.
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To determine the overall requirements of the power supply network, the
following equation may be used:

= 
1 P (+15) 

+ 
Pj~15) 

+ 
P (+1.7) 

+ 
P 7.2—3tn n~~/~J L ~‘ 

n4 J

w here: P. = Input power to the power conditioni ng circuitry

p (+15) Power from +15 volt supp ly = 10.785 watts

P (-15) Power from -l5 volt supply = 7. l25 watts

P (1.7) Power from 1 .7 volt supp ly = 0.918 watts

P (45) = Power from 45 volt supply = 0.135 watts

Efficiency of +15 volt supply 92%

= Effi ciency of -15 volt supply 92%

n3 Eff iciency of 1. 7 volt supp ly = 74%

n = Efficiency of 45 volt supply = 95%

~dc/dc = Efficiency of dc/dc converter - 80%

Thus it may ~.e determined that the input power requirements (P.o) to the junction box or

patch panel electronics is 26.05 watts; which corresponds to a net efficiency of 72.79%.

7.2. 1 .4 Ac/Dc Supervision

Ac sup ervision as envisioned for this system would be the app l ication of a

tone at the regular audio input to the transmitter . This tone should be impressed onto a

carrier in the form of AM and be carried through the system as any analogue or data

s tream . At the receive side , t his tone would be recovered and used to signal the patc h

pane l of an incoming call.
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For dc sup ervision the system increases in complexity as the only indication
of an off—hook co ndition is a sli ght increase in current drawn for that particular channel .
Since no wire s connect the user directly to the patch panel, a means of transferring
th is current change at the junction box to a current change at the patch panel must be
devise d. Figure 7.2.1.4 — 1 is a schematic for a typ ica l ON/OFF Hook Sensing cir cuit for
the transmit side for dc sup ervision . The circuitry to the left of the dotted line is the actual
current sensor w hile the circuitry to the rig ht serves to generate a vo l tage to contro l the
presence or absence of an RF carrier for a given channel .

Consider that an ON—hook conditi on exists and a small current is flowing
through resistor Ri . The diffe rential voltage between pins 2 and 3 of IM107 will be small
and the volt age across R3 will be less than 0.6V, the minimum voltage to allow 01 to
turn on . This voltage output across R3 is given by:

R R1 3  II 7.2—4R~

where: IL = Load current.

If for examp le the IL = 4 mA, the voltage on the base of QI relative to its
emitte r is 0.4 vo lt. An incr ease in current to a 10 mA leve l will cause this volt age to
r ise to 1. 0 volts . Assumi ng a 0.6V drop from base to emitter of 01, then its current wil l
rise to a maximum of 2 mA and the circuit will osci l late at a frequency of 1. 1 MHz. This
frequency was chosen because it is well above any message content frequency and at the
same time falls exactl y in the notch between the 0.6 MHz and the 1.6 MHz filter. This
signal is transformer coupled to diode Dl , where it is rectified to produce the control

• voltage for turning the carrier ON/OFF for that particular chann el.

R6, LI, and C5 serve to isolate the oscillator circuit from the power tines to
prevent this signa l from being coupled to each of the user lines.
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The method of controlling the RF carrier ON and OFF is to turn the buffer
amp lifier ON or OFF and use the buffer amplifier transistor as the isolating device . When
on off—hook condition exists, the transistor in the bias leg is in on on condition and the
correct bias voltage is applied to the buffer amplifier causing it to amplif y t he RF carrier
wh ch is app lied to the modulator . This carrier is transmitted through the system where it

• is detected in the receiver as a dc level. See Figure 7.2.1.4—2 ON/OFF Hook Sensing
(Rece iver Side). This dc leve l causes the operational amplifier to bias 01 so that it will
osc illate at 1 1  MHz . This oscillation is rectified and fi ltered by the diode, RC combina-
tion Dl , Ri , VC1. This in turn causes 02 to conduct with a steady dc current of approxi-
matel y 8 mA, thus approximati ng the load that is norm all y on t his line during an off—hook
condition. The carrier will be present to hold this line open with or without modulation
present. The RC combination serves to filter the ac variation at the input to the operational
amp lif ier such that a const ant load is presented to the patch panel during an off—hook
condition.

7.2.1.5 LED Circuitry

The inherent nonlinear junction capacitance of the light emitting diode (LED)

create s undesired harmonics and intermodu lation products which degrade the communicati on

system performance . For example , the Bell Northern Research BNR 40—3—30 LED has the

following linearity performance .

Second Order Products 35 dB down from carrier

Third Order Products Greater than 50 dB down from carrier

In order to obtain 60 dB channel isolation, a spec ial effort has to be made to compensate
the LED nonlinearity. The RF or optical feedback compensation techni que requires fine
tun ing and high degree circuit com plexit y . The “ pre—disto rtio& ’ method cannot fu lfi ll the

systems stringent requirement. However , Harris ESD has an effective and inexpensive

techni que using a s imple balanced circuit which can improve LED performance and reduce

the device nonlinearity . However , Harris ESD cannot presentl y disclose this circuit
because of its proprietary nature .
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7.2.1.6 Optoelectron ic Receive r

The optoelectronic receiver of the current system has the following

characteristics:

Bandwidth 5 MHz

Device PIN photodetector

Responsivity 1.5 x IO~ V/Watt

Output Noise Voltage 2.3 x 10 8/~~

Output Impedan ce 50 ohms

Two different approaches are consid ered which can satisf y these specifications.

Figure 7.2. 1.6— 1 illustrates a configuration which the trareresistance gain is provided by

t he direct load resistor R1. The amp lifier stage composes an input copacitance neutralized,

unity gain, low—noise FET source follower driving an output bipolar emitter follower

buffer . Positive feedback is app lie d throug h the network to the bias side of the detector

diod e, to bootstrap out a portion of the diode capacitance . This appro ach has the

advant age of uncond itiona l stability arisi ng from lack of voltage gain in the loop.

Commercially avai lable devices such as the RCA C30815 and C30816 are in this configura-

tion in hy~- rid form. However , these two units have re latively poor noise and responsivity

performance.

The other approach is depicted in Figure 7.2. 1 .6-2. The first FET stage

provides volt age gain , followed by the main amplifier and output emitter follower buffer.

Automotk gain control can be achieved with a dual —gate MOSFET or matched b po lar

transistors . It has been demonstrated that up to 8 dB better noise performance may be

achieved with this configuration over the standa rd shunt feedback approach.
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7.2.2 Mechanical

The junction box cons ists of th ree major assemblies which may be removed in
their entiret y from t he main assembl y. These ore:

1. Transformer/Binding Post Assembly

2. Electronics Assembly

3. Powe r Supp ly

Figure 7.2.2— 1 shows the junction box in a closed or field condition with the
access cover in on open position w hi le Figure 7.2. 2—2 shows the electron ics cover open
wi th the elect ronic modules exposed . The electronics portion of the system is housed in
the weather -sealed portion of the junction box and access to them is gained by unhook ing
the latches located on the handle side of the junction box lifting the hinged cover.

7.2. 2.1 Transformer/Binding Post Subassembly

This assembly is located wit hin the hinged compartment and may be removed
for servicing f necessary . Figure 7 .2.2—1 with the access cover opened shows the location
of the binding posts . Directly behind the binding posts are the iso lation transfor mers which
serve as the interface between the user and the junction box electronics . The bindi ng posts
are spring loaded so that the operator need onl y pus h the post , insert the wire and release to
obtain on electrical conne ction .

7.2.2.2 Electronics Subassembly

The electronics assembl y consists of 33 subassemblies which are attached to a
si ng le p late so that the ent ire assembl y can be removed as one unit . The subassemblies are:

Transmitter 13

Receiver 13

Osci llator Group 1
Power Combiner 3

Fiber Optics TX/RX 3
33
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The remaining electron ics package (Fiber Optics Splic ing Assembl y (FOSA))

is remova ble separate ly.

7.2. 2.2 .1 T ranvn Itter

Each of the 13 tran w nitt ers are contained within a module whos e dimensions

are 1” x 1” x 6” . Each module is sealed on fi ve sides with a removable cover on a 1N  x 6”

face . Power and signa l input/outpu t connections ore accessed on the two 1” x 1” faces .

The estimated weight of the 13 transmitters is 2.5 poun ds.

7.2.2.2.2 Receive r

The mechanica l features of the receivers are the some as describe d for the

transmitters (Paragraph 7.2.2.2.1).

7.2.2.2.3 Oscillator Group

The oscillator group is housed in a 4” x 3” x 1” module w ith acce ss to the

electron ics bei ng obtained by the remova ble cover on a 4” x 3” face . Power and input/

output connections are acce ssed on the two 1” x 3” faces.

7.2.2.2 .4 Power Combiners

The power combiners are located at one end of the thirteen electronic

tron~~itt ers . Two of these combiners ore housed in a 1” x 1” x 6” module and three are

in a 1” x 1” x 5” module.

7.2.2.2.5 Fiber Optic Receiver/Transmitter

There are three Fiber Optic Receiver/Transmitter modules located below the

electronic packages and eac h is housed in a separate enclosure whose size is 2.5” x 2” x

0.8” .
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7 .2.2.2.6 Fiber Optic Splici ng Assembly (FOSA)

The FOSA is locate d in a recessed area on the bottom side of the lunction
box, wit h dimensions of 6” x 3” x 1 .5” . This assemb ly may be accessed from the bottom

of the junction box.

7.2.2.3 Power Supply

The power supply is located directly above the electronics subassembly and

may be removed in a si ng le un it by itse lf . It is housed in a module which is 8” x 5” x 4” .

7.2.2.4 Weight

The weight of each of the modules and the box itself has been ca lculated and

the results are listed below.

Junction Box 13 pounds

Transformer/Binding Post Assembly 10 pounds

Transm itte r (13) 2.5 pounds

Receivers (13) 2.5 pounds

Osci l lator Group 0.5 pound

Power Combiners O.8 pound

Fiber Optics Splici ng Assembl y 1 .0 pound

Power Supply 8.0 pounds

Misce llaneous cable harness ,
nuts, bolts , etc . 2. 0 pounds

Tota l 40,3 pounds
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7.2.2.5 Coupling Between Optica l Source and Opt ica l Connector

Since BNR 40—3-30 3 LED has a nylon jacketed optical Fiber lead, a single

splicing connector has to be utilized to join LED transmitter and fiber cable. A simple

and inexpensive splicing connector was designed as a Harris ESD IR&D project as depicted

in Figure 7.2. 2 .5— 1. The connector is actually a modified scre w with elastic slots at

both ends and can be tightened by two special designed screw nuts.

The phys ical s ize of the comp lete connection is 0.33 inches long and 0.218

inches in diameter. Before b&r~ inserted into the connector the fibers must hove

flat, smooth and perpendic ular end faces to ensure minimum splice losses. There are many

techni ques for fiber end preparation; howev e r , the method develope d by D. Gloge ,

et. ~~t .
1
~
4) is the fastest and simp lest way of producing perfectl y clean su rfaces uncon-

tam inated by lossy residue.

7. 3 Manufacturing Considerations

Of prima ry interest in the final imp lementation of the 26—Pair system, is that

it should be reproducible, using cost effective manufacturing techniques. In constructing

the most advantageous method is to uti lize large scale integration (151) techniques. After

the initial development costs, this approach allows large numbers of functions to be

incorporated into a very small unit, wh ch may be mass produced , for a lmost neg li g ible

materials and labor costs . However , the LSI approach is economical , onl y if all or nearl y

all of the components can be incorpo rated into a sing le chi p. If there are many other

components whic h must be assembled on the same card with the LSI chi p, then the cost

advantages are negated by the additional labor requir eme nts .

[1 
~ D . G loge, et • ci ., “Opt ica l Fiber End Preparation for Low—Loss Spl ices , “B. S. 1. J.

November 1973, PP . 1579 1588 .
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A review of t he schemat ics presented in the preceding sections shows that

because of the lorg ’ value induct ors and capacitors , required throug hout the system , the

res ist ors and transistors are the onl y components w hich could be integrated on a large

scale . The placement of the inductors and capac itors about these chi ps woul d be same

regardless of the approach taken , and hence no si gnificant savings would be realized by

the LSI approach.

In view of the circuit requirements of the recommended design, the following

manufacturing approa ch is recommended:

1. All resistors would be p laced on the substrate s as thick f i lm components

uti lizing the accepted screening method . A maximum of four passes per

substrate would be required to lay up all resistors . It is possible that by

refinements in the circuit desi gn thi s resistor emplacement could be

completed in three passes.

2. All transistors would be placed on the substrate and then connected to

the circu itry v ia the rmocompression bonding .

3. All tuneab le inductors would be a chip variety w hile all inductors for

the cr itica l filters would be manufactured from standard toroids . This

approac h is recommended to achieve a) small size where hig h—Q is not

required (chip inductors) and b) high—Q inductors (toroids) where Q’ s

of 100 or more are necessary .

Figures 7.3— 1 and 7.3—2 show the recommended approach for the construction

of the transmitter and receiver modules. The dimensions 0f each substrate and fi lter is

given in conjunction wit h the spacing between each circuit card . The draw ing is keyed

to show the location of each of the major components of the transmitter and receiver.

The construction of the transmitter —receiver would involve:

1. Placi ng a motherboard on the bottom of the preformed module.

2. Build —up and test of each the major components after which they would

be inserted into the motherboard.

3. Final test of the completed unit.
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This process wou ld greatl y reduce the problem of locating faulty parts prior
to assembly and fac i litate the repair of a module in the event that a failure should occur.

O.09 1 _....\ ~~~~~~~~~~~~~~ TOP VIEW 0.1”

II_I_lb 3.32 ” 
~ 1 1 1 1 11

SIDE VIEW

MOTHERBOARD
APPROXIMATE

MODULE IDENTIFICATION DIMENSIONS

1. RESISTIVE DIVIDER AND (0.2” )( 0.75” X 1”)
LINE FILTER

2 BANDPASS FILTER (3 32” X 0 75H X 1”)
3. AMPL IFIER/b ETECTOR (0.3” X 0.75” X 1”)
4. AUDIO AMP/POWER AMP (0.3” X 0.75” X 1”)

Figure 7.3—2. Typ ical Receiver Module
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A— i DC POWER VERSUS INTERCEPT POINT (IP3)

Third order intercept point data (referred to the output) vers us dc power
r quirsm nts on sI•ven diffe rent amplifiers from two vendor (W. J. and Anzac) are
plotted in F gure A- i with the least squares linear re lationsh ip betwee n the data p&nts.
The amplifi rs ore all of a general category;

• decod e bandwidth RF (500 kHz — 1500 MHz)

• low goin (1O —  14 dB)

The least squares linear relationship found is:

~Dc’ dBrn = 0.39 lP3, d8m + 17.5, dBm

A-2 DC POWER VERSUS INTERMODULAT ION RATIO
— Inte rmoduloti on Ratio (IMR) in dB is defined as the difference in power leve l

of the lM product 
~~~~ 

and the signa l (P5) creating it: IMR 
~IM 

— P .  The IMR is
re lated to P and the third order intercept point , IP3, : IMR + 2 P — 2IP3 for two tone
products of the type 2f0 

— 

~b Solving the latter for 1P3: 1P3 
= P - 1/2 IMR and using

this in the relationship between and lP3 y ie lds:

~DC’ dBm = 0.4 P dBrn - 0.2 IMR, dB + 17.5 dBm

which is plotted in Figure A 2 , for three values of P .

A— 3 LED DRIVER AMPLIFIER BUDGET

Approximate ly +5 dBm per carrier will be required to drive the LED. The
two—tone third—order IMR objec tive for the Driver—LED is —79 dB. The attached sheet,
Figure A 3, shows the two—tone third—order intercept point (IP3) requirement, the expected
dc power requirement 

~~~~ 
derived from the linear least squares anal ysis, and a candidate

vendor amplifier . The assum ption is that the LED itself is distortion—free . The tota l fi ve
signal average outpu t powe r will be (+5 dBm + 7 dB) +12 dBm.
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~DC

4 t ,cz , EACH Q *3d~rn

~~~~EACH ~ -74d~ m

• REQUI RED IMR (-74-5 ) -79db
- 

• REGUIRED p~: +5dBrn
• DERIVED i~ 3: IP3~ 1/2 i~2 P5-IMR ) +44.Sd5rn

• EXPECTED 
~DC ~DC ~ 0.4 (1P3) + 17.5 = 35.3dEm~ 3.39W

•CANDIDP~TE ~END0R AMPLInEP: ANZA C AM-109
IP3 TYP: +l6dbm

PDc: 3.€W (20’J ® II~ OMA )

GAIN: 1 0- 1 1 d b

500~*kz -~~0MHz

+28d~ m CMIN)

Figure A—3. LED Drive r Amp lifier Budget
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Assuming the output signals ore of equal amplltud. and random phase, the
total instantaneous ampfltude will exceed th. total RMS amplitud. by 10 dB rio more than
0.01% of the time. Thus, the amplifier should hove a minimum of 10 dB excess output

power capability to ovoid peak-limiting. It app.ars that th. cord dat, vendor amplifi.r
shown, with a power output of +28 dBm (—1 dB saturatIon) should he satisfactory.
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B—i MULTISIGNA L DISTORTION PRODUCTS

Table B— i lists the second and third order harmonic and inte nnodulation
products, their number (as a function of the number of signa ls, n) and their relative level ,
assuming all input si gna ls of ec~uoI level. Also tabulated are the number of products

generated of each type for the cases: n = 4 and n = 5.

The relative level column dese rve s some clarificat ion . Assume several

equal level signals into an amplifier. At the output, the equal level fundamental products

arid a ll of the distortion products are obtained. Let the distortion products be sorted into

second order and third order; the n, let the absolute level of the second and third harmonics

be measured and called “0 dB ” , or the refe rence level for each group of products (second
or third order) . The n, it is expected that second order intermodulation products of the

type fa ± fb will be generated at a level 6 dB hig her than the second harmon ic , and third
order intermodulotion products of the type 2fo ± fb wHI be generated at a leve l 9.5 dB
higher than the third harmonic, etc . The relative level column thus app lies only to

products within the same group (second or third order ).

As can be seen from the table three—tone third order produ cts of the type

fo + ib - fc are the most “dangerous’~. They are by far the most numerous for n �4 or 5,
and are generated at a leve l 6 dB greater than the fam i liar two—tone third order product,
2fa — f b. Both of these types of products have ot her bad habits. Many of them fall within

the band occup ied by the desired signals and if the signals have equal frequency separation

many of the products ore coincident wit h the desired signals. Worse, these are the onl y
prod ucts out of all t hose listed which will combine in—phase as the signa ls and distortion

products progress through an amp lifier chain , a transei iss ion line , etc. (In genera l, any
product whose coefficients add algebraically to +1 disp lays this property; e .g., 2fa—f’o:
2 1  = + 1; fa +fb 4c: 1 + 1-1 +1. 2fo +fb: 2+ 1+3 w II not combine in—phase.)

B—i
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TABLE B— I .  DISTORTION PRODUCTS

NO. 01
PRODUCT NO. OF RELATIVE . 

~ oouc~s ~0R
PRODUCTS LEVEL ( I ) r\:4 ~ :5

I. SECOND ORDER

cos ZWpt fl 0db 4 5

cos(Wp +W ~)t I/2n(n-I) +6dB 6 10

cos (Wp -WQ t I Zn (n- i ’  *6db 10

a. TkIRD ORDER

cos3’Npt n 0db 4 5
cos(ZW p+W %)t I/2r~(n-I ) *9.5db 10

c.os(2Wo -YV o)t n(s~- l )  * 7.bdb 20
cos(Wp+Wq ,+Wr)t I/6n(n-D(n-2) +15.5db 4 10
co5(Wp- WQ;Wr)t I/6n(n-I)(n-2) .s 15.5db 4 10

n(r~-I )(n-2) 415.5db 24 60

( I) EOU~L LEVEL INPUT SIGNALS

DISTORTION PRODUCTS
(EXCE PT FUNDAMENTALS AND DC FOR~

)

e0 = ajei t ~.aei~ +~~3~.L3

£ WHERE ei. ~ E~ cosW2t
oL’I
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8-2 IM PRODUCTS COINCIDENT WITH SIG NALS

Table B—2 lists the third order lM products w hich are coincident with each
signa l of a five signa l group which has equidistant frequency spacing . As can be seen,
the central signa l, f3, has the highest number (6) of IM products coincident with it.

At the top of the page is a tabulation of the number of IM products with
whic h each individual signa l is invol ved . Thus , f i and f5 contribute to 10 products, f2
and f4 to 14 products, and f3 to 16 products. If it were desired to “randomize ” the
position (in freq uency) of the lM products , best results would be had by shifting f3, next
best by shifting f2 and f4, finall y f1 and f5.

8-3 DISTRIBUTION OF DISTORTION PRODUCTS

Figure B—i is a picture of the various distort ion prod ucts for the initial
frequency assignments for the five signa ls . Most notable are the third—order products
(two and three—to ne) coincident wit h each signal. Distortion products wh ich ore in-band
but not coincident genera lly fa ll within 200 kHz of the desired signa ls.
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TABLE 8-2. THIRD ORDER INTERMODULAT I ON ~IM) PRODUCTS

4
~~~~~~~~~NUM6ER OF I~~ . PRODuCT 5

T T ~~~T~~~~~~~T~~~~
2 3 I 4 ~ 2 14

3 3 0 4 2 4 3 I 6

~~~~~~~~~~~~~~~~~~~~~~~~~~~L~~L~~L22~~~~ 9~~~L9.
I I I 1 1

2+3+4 1+3-2 1 + 4-2  Z+3- I 3~4 2
Z+4 -5 1+4 - 3 2+4-3 L+5 - Z  2+4- I

1i5- 4 145-3 245-3 f at f b+f ~c PRODUCT S
3+4-5 2+5-4 345- 4

2(2) 3 2 (3) - 4 2(2H 2C3) 2 2(3) l 2c fb PRODUCTS2 (3) - b  2 (4) - b  2 (4)- 3
( CARRIER S HAV E EQUAL FREQUENCY SPACING )

A. TA BULATION 0F 3~~ ORDER I.M. PRODUCTS COINCI DENT
WITH EACH CARRIER.

B. ThBL)IAT ION OF THE NUMBER OF PRODUCTh WITH WHICH
EACH CARRIER IS INVOLVED.
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