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ABSTRACT · 

AM, FM, and PCM-FSK modulation techniques are discussed and an 

argument for the preference for the PCM technique is presented. The 

theory of the operation of semiconductor lasers and avalanche photo.­

detectors is presented with the subsequent discussion leading to the 

use of these deviees in fibre optics work and to some of the disadvan­

tages and problems encountered. 

The desi.gn of very high speed terminal electronics (for fibre· 

optic communication systems) is given for both single heterojunc~ion 

and double heterojunction semiconductor laser diodes. Impulse resp.ons-e 

measurements are subsequently performed on a plastic cladàed step (PCS), 

a step index fibre and a graded index fibre. The observed pulse spreading 

is ·refined by digital techniques and is related to ray optics theory 

and compared with the fibre specifications published by the manufacturer. 

Conclusions and recommandations for future work in this area is 

also given. 
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1- Comparison of Modulation Techniques 

The comparison of the different modulation techniques (AM, FM, 

and PCM) is a dubious undertaking; afterall, each technique is radically 

different in its implementation of the modulation and demodulation 

processes. The criterion used to measure the efficiency and quality of 

the various modulation processes must be developed independently for 

each process. The mout common measure of the quality of the communication 

system is the output signal-ta-noise ratio. This is an adequate measure, 

but one which is not normalizea against the effects of system band­

width and input signal-ta-noise ratio. As will be seen, the different 

modulation techniques affect the output SNR ta different extents and 

at different bandwidth 'costa'. A truer measure of the 'cast' of the 

various modulation techniques will be developed. 

The first step in this derivation is ta describe the output 

signal-ta-noise ratios (SNR0 ) of the AM, FM and PCM communication 

systems. In the following discussion, no mention will be made of the 

quality of the electronics employed in the transmission and detection 

of the signala. In other words, only the channel characteristics will 

be considered. It will be assumed that the various systems are operating 

at their respective optimum conditions. The derivations of output 

SNR are taken from Ref. 1. 

The first system under consideration is the amplitude modulation 

system with square law demodulator: 

= output signal-ta-noise ratio 

m
2 

( t) _-:~(....:;;,S.;;;;.,ji/:....::f::-..~.:.Mu..) ___ _ ( 1 ) 
= 

1 + m
2 

( t) 1 +i( nfr/~ i) ( 1 +~2{t:) ) 

http:l{....:;;,S.;;;;.,ji/:...;:f::-..l.:.Mu


where m2(t) = time average of the square of the modulating 

waveform, 

S = input signal power, 
i 

nfM = baseband noise power measured at the input, 

Si/nfM = input signal-tc-noise ratio, 

2 

The bandwidth of this system ia just fM, the baseband bandwidth. Now 

assuming a sinusoid modulating signal of maximum modulation depth 

(~e,m2(t) = 1 ), the maximum output signal-tc-noise ratio (SNR 0 ) becomes: 

(2) 

The second system to be considered is the FM system. Surprisingly, 

the SNR 0 is independant of the form of the signal: 

1 + 3.83(Si/nfM)exp~-(Si/nfH) ~ 

è 2( b + 1) ) 

where b = t:ll = change in carrier frequency 
1M baseband bandwidth 

= modulation index 

The modulation bandwidth is given by Carson's Rule a6: 

BW = 2(b + 1)fM 

(3) 

( 4) 
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The third system under consideration is the pulse code modulation 

system via frequency shift keying (PCM-FSK). The characteristic of this 

system and that of a digital pulse amplitude modulated system are similar: 

(SNRo)PCM = 

1 + 4Pe 22N 

where N = number of bits used to quantize the signal, 

Pe = probability of error in detecting a bit. 

(5) 

For the FSK system, the probability of error is statistically dependent 

upon the thermal-noise power spectral density and upon the signal 

energy of a bit. Renee: 

( 6) 

where erfc(x) is the complementary error function. Note that this 

system is also independant of the form of the modulating signal. The 

minimum bandwidth is determined by the number of quantization levels 

( i,e, number of bits) and by the Nyquis t cri teri on for signal sampling: 

(7) 

Fig 1 depicts the characteristic SNR curves of the three systems under 

consideration. Note that the AM system is the poorest performer of the 

three. At low input SNR ( ie. very noisy channel a) , the output SNR is 

lower than the input SNR. This means that the demodulation process adda 

more noise to the signal, since at these SNR levels it is difficult to 



56 

Sr'"> 

48 

44 

40 

JC 
if) 

0 
r"\ 

() ..- ~~ _,' 
<' 
'~ 

() 

tl) c"F 
'·~ .... 

Lr_ . ' 

(}) 
<: 
~ 

~~ 

:J 1 ( 
1' 

Q 
1 
,) ' 

() 

pi 

. . . 

.--

·' . ·. 
l' 

\ . 

() 

//\}' '{) { c~ "'f , ,JI'V ", 

Ff\J(f-3=/0J 
r 

PCA 1 (,\J:::::R) 

Fig. 1 SNR characteristics of the AM, FM and PCM-FSK 

communication systems. 

4 

r . 

A 

'1 

. '. 



5 

distinguish between the noise and the signal. At higher input SNR, both 

the FM and the PCM systems exhibit a threshold effect. The threshold 

for the FM system at b=7 and b:10 ie 19.5 and 20.8 respectively. 

The threshold for the PCM system occurs at about 23dB. 

For the PCM system, notice that after threshold is acheived, the 

output SNR remains constant. This is to be expected since an analog 

signal has been quantized and hence the best reproduction is limited 

to the number of bits representing the quantization process. This can 

be seen from Equation 5. When the probability of error (Pe) is very 

small, then SNR 0 = 22N or (SNR 0 )dB = 6N. As can be seen, as the 

number of quantization levels increases (and hence the number of bits 

needed to represent them), th~n a more faithful representation of the 

signal resulte. This produces a better output SNR. Below threshold, 

the PCM signal is thermal noise limited. 

In comparing the FM and PCM systems, it can be seen that an FM 

system with a modulation index, b, of 10 has characteristics similar 

to that of the PCM system. But ia this really true? If one compares 

the bandwidths necessary to acheive this type of performance, one has 

from Equation 4 a bandwidth of 2(10 + 1)fM = 22fM for FM and from 

Equation 7, a bandwidth of (2fM)8 = 16fM for an 8 bit PCM system, but 

note that the PM system has a better output characteristic in the 

input SNR range of 23 to 33 dB. 

From the above discussion, it can be seen that merely uoing the 

output SNR as a measure of performance of a communication system is 

not sufficient. The important considerations are the improvement in 

signal-to-noise ratio from input to output (ie ~NRo/SNRi) and the 

amount of bandwidth required to achieve this improvement. Hence,a better 
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measure of system performance should be the following figure of merit, 

't•, which measures the 'coat of performance' in terme of signal 

improvement and bandwidth: 

('8) 

Fig 2 shows the resulting performance costa of the various systems. 

Notice that for an input SNR of 25 dB, the PCM system is by far the 

superior system. For equa~ bandwidths, the PCM system is 11 .3/1 .7 • 6.7 

times more economioal than the FM system with·b= 7. This improvement 

manifesta itse1! in the better output SHR response. Note~ however~ that 

this advantage is only over a limited range of input SNR. The PCM 

system also has an advantage over the FM system wi th b: 10 t but the 

''advantage'' range is lesa than for the previous case. 

A:t.though the PCM system has an advantage only over a limi ted 

range, what ia important to note ia that ita beat performance occura 

at the lower limit of this range. Hence,at about 25 dB input SNR, 

the PCM system yields the beat overall performance. This implies that 

repeater spacing should be auch that the input SNR does not fall below 

25 dB. 

In the previous discussion, no mention has been made of the types 

of electronics involved nor of the types of channels employed. The 

modulation techniques that were considered are all possible to implement 

in fibre optic communication systems. It should be noted that AM 

and FM systems employ linear modulation of the carrier, whereas PCM in 

a digital system will only involve two levels of light intensity. 

Fig. 7 depicts the laser light output response curve. This curve, 
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although diode-like in manner, is not absolutely linear. This non­

linearity will introduce additional distortion into a linear 

modulation system. This distortion may be removed from the receiving 

end by a suitable gain-controlled amplifier or at the transmitter end 

through the use of an optical feedback system, but this adda to the 

complexity of the electronics .. 

The PCM system, fortunate~y~ doesn~t have to take into consider­

ation any of the system non-linearities. Pulse modulation o! the 

Laser is easily accompLished-a TTL gate connected to the laser biasing 

circuitry is sulficient. Pulse code modulation via frequency shift 

keying of a carrier on the laser beam and pulse code modulation via 

amplitude modulation of the laser beam have similiar SNR characteristics. 

The latter technique, however, has simpler electronice at both the 

receiver and transmitter and,hence,is preferable. 

The receiver electronics are simpler for PCM than for AM or FM, 

since the pulses can be directly detected and used. The linear modulation 

schemee, on the other hand, require demodulation of the signal from the 

carrier. Other advantages of the }'CM technique include error correcting 

codes. This consequently reduces the probability of error and hence 

shifte the characteristic curve to the left in Fig. 1. This implies 

that the system can operate at lower input SNR values and repeater 

stations can be moved farther apart. 

To summarize, the PCM system will provide the beeii performance 

per bandwidth than any of the other two systeme at low input SNR (25dB). 

Due to the non-linear characteristic of the laser light output, linear 

modulation schemes would require correcting circuitry at the receiTer. 

The PCM system requiree only detection but no demodulation. Hence,the 

PCM system via direct modulation of the laser bearn providee the best 
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overall performance and is therefore the preferred modulation 

technique. 

9 

The next problem to consider is that of maximum information rate. 

The problem arises because of finite response times of the charge 

carriers in the laser and photodetector and also due to the differing 

group velocities of waves in the glass fibre. As will be shown, the 

glass fibre has the greatest e.ffect upon the information rate and 

hence pulse spreading (or impulse response) characteristics are an 

important fibre parameter. 
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2- Semiconductor Lasers 

(i) Theory of Laser Operation 

To gain an understanding of the uses and limitations of the 

semiconductor laser diode, it is neceesary to comprehend the basic 

principle of operation of this solid etate deviee. Fig 3 shows the 

typical laser structure: a diode with highly doped 'p' and 'n' regions 

and the resulting actiTe region formea. él.t the junction. Faces A and B 

are polished or cleaved to provide high reflection surfaces which are 

paramount to laser operation. Faces C are roughened to reduce aide 

reflections. A large current flowing into the diode causes massive 

electron-hele recombination with the resulting etimulated emis~ion 

of light from the active region. 

Current flow into diode 

JJ!j_j_j_j_j __ 
1 

.J :.-~:: ® p 
w -t ~~)-........ __ -_-_ ....... _:......_-_-n_-v-_---

1 ~--·----=±::< r<- L ' 

laser 
emiSSIOn 
of d1ode 

;-. w = width of barrier region 

z 

1-ï~:ure :1, Diagmrn of la<;er diode showing (li rection of current flow ami emil!<" 1 
in a typical ~tructure. l-aces C would be wughened to discourage sidc rcnn·t 1,. <; 

faces (A and R) would be cleaved or poli shed. r '- r 1 :) 
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The physical process leading to light emission is depicted in 

Fig 4. Here1the energy diagram of the heavily doped diode under forward 

bias shows that in the active region •w•, there are filled states in 

the conduction band directly above empty states in the valence band. 

As ca~ be seen, a population inversion has been created. At this point, 

electron-hele recombination occurs spontaneously with the emission of 

photons of wavelength ~ = Eg /h; Eg is the banugap energy of the 

particular material involved. 

Eu------------~~ 
~ur-~~~--~Tt~~~~~~~~~Eo 

(a) 

Empty states 

1 
p Region ~ Jonction region 1 

t-----w--~ 

(b) 

· States filled 
wtlh electrons 

11 Region 

t'igurf' 1 Band structure detail in junction region of heavily dopcd mat criai ~uitable for 
laser diodes, (a) rorward hiawd fHI junction with rccomhination m:uming in junclion 
region; (b) detail of ekctron density injunction region. .~ cE F :' ) 

The lifetime for apontaneous pair recombination is between 10-8 

10-9 seconds. A typical laser diode sample {Fig 4) ib about 0.03 cm 

long, which implies that a photon takes approximately 1o-12 seconds 

to traverse this sample. Hence, with highly reflecting surfaces, an 

emitted photon will bounce back and forth many times stimulating 

massive electron-hale recombination. As can be seen, a high, mono-

chromatic photon flux is quickly built up. This iü the stimulated 
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emission of radiation condition typical of laser operation. 

By using surfaces which are partially transmitting, sorne useful 

monochromatic light can be obtained from the laser diode. The amount 

of light outputted can be shown to be dependent upon the driving 

current. As depicted in Fig 6, the emission spectra below threshold 

is very wide, which is typical of LEDs {i.e. spontaneous emission). 

As the current leval risee above threshold, laser action sets in. 

Sictd Waler SolllliOII-RittOWft 

llPEI La~tr 
Clund Sllvtr 
fabriution 

• 

Mlllllttd Shtr 

COt«IH11l UCMf 

n 
l 

Smtlt laur 010<1: Stacktd lam D•ode 

Cavrtr formatiOII 

Senu-C011nected uur Arrays 

Fig. 5 Fabrication steps in the )ssembly -of laser diodes. Ali dimensions are in inchcs (Courtcsy RCA Solîd State Division). ( ~ I=Y ;_ 

lOOr----.-----n----,-----,----,,----, 
4.2•K 

Above threshold 
(60 A) 

::t:._.. ___ L __ _______I_ _ ________L ____ J ______ _ 

30 3.1 3.2 3.3 3.4 3!) 
Wavt>lcnt:fh, IJ. 

Figure (::; Ernis<;Î(>n ~pcctra from an lnAs diode with clcaved smfaCl''- 1 hc hroad spnn­
tancou~ ~pcctrurn line is not to the same intensity scale ~" the la~cr line ahove thre;h••ld. 
Notice th:1t the peak of the emission ~hifts with current. The diode wa~ at 4.2 K. Aflc:-r 

R.IL Reuiker,/'hy.L Today(l965}. J. r- r= ?.'; 
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(ii) Threshold Effect and the Evolution Of Junctions 

As indicated in the discussion above, there exits a threshold 

effect for coherent light output. In othe~ords, a certain current 

level must be exceeded before laser action sets in. Fig 7 depicts this 

behaviour. Note that the light output versus input current has a typical 

diode-like characteristic. 

From a purely heuristic derivation, one would expect the threshold 

to be dependent upon the losses encounter·ed in the junction and loss 

through the cleaved ends. The expression for the threshold current 

density deriT·ed in the references clearly indicates the supposition:(Rt:F .5) 

140r· , 
300" K· CW 

120 GoA\ LASER 
7~x250J.Lm 

_ 5iNGLE •ENOfO 
Cu tiEAT SINK 

f''~ ,, . 92001 

~T 
..J 60-

1-.----r--r 
'?p. 7 .,. 

~ 

4 ' 

~ r 
~ ' 40:-

1.2 

Fig. 7f ('\\ p,m .:r output a> a function direct eurre nt for a G:~As Ja,cr at JO() K. 1 he do!'vii:c Î> 

mountcd •Hl a Cu hcat >ink. The power con\Cr,ion rllkicn.:y 'Ill 7 o.~ and the diiTcrcntial ~uantum 
cflicicm:y ,,,.,, 14 "" (Krc"rl and lhl"rylo 1970h) .. ::-· ro). _:-: ) 

(9) 

http:7~x250J.Lm
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where d = width of the active region 

,, 

c~o= absorbtion in the 'p' and 'n' regions on either aide of the 

actual junction region 

c<r,= diffraction los ses at the aperture of the emi tting region 

TÏL = transmission loss/unit length at face A or B (Fig 3) 

Eg = bandgap energy of the particular semiconductor material 

AEg = h.6.-J, where b;V= spontantaneous linewidth caused by the un­

certainty in the actual energy level of the 

valence and conduction. 

F~rther consideration of Equation 9 shows that the threshold current 
1 

density is temperature dependent: 

i.e. (Fig 8) 

....___.__ ... _._! .._.1 l.uii ....... II_J • .LUU!JLJ 
10 100 

T, "K 

!'lcurt• e Î luc.,hol<l <.:urrcnt fnr stimulatetlt•mi~'i''" as a fum:tion of lcmperalure for a 
~·.•IIH1m ar>cnidc laser diode. A ft er Burns et al., Pme. 1 r:f:E ( 1963) .. r r.=_ l- 5\ 

( 1 0) 
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This effect precluded room temperature operation of the deviee due to the 

extremely large currents that were required and the consequent catas­

trophic heating of the junction. 

As can be eeen from Equation 9, in order to build deviees capable 

of operating at elevated temperature, a meane must be found for reducing 

Jth• To a certain extent this can be accomplished by reducing the lesees 

(ift. finding better materiale) or by reducing the bandgap energy. The 

recent major advances have been directed at reducing •w•, the width of 

the active region. 

One of the early types of diode lasers was the Homojunction laser. 

Fig 9 depicts varioue structuree with their accompanying energy and 

refractive index diagrame. For Homojunctione O'ig 9a), the hele concen­

tration in the p+ region iu typically 1-3x1o19cm-3 and the electron 

concentration in the n-type region is 2-4x1o18 cm-3. The p region resulte 

from the diffusion across the p+n junction and is typically 2 microns 

wide. Due 

higher in 

regions. 

to the doping variations, the refractive index ie somewhat 

the middle p-type region than in the surrounding p+ and n 

p+ 
(n,) i LL .. lL. 2 p (llr l d-2f1-

3 N (n3 1 f 

(a) 

li lL. 
p+ 

(n1 ) L 
2 f> (n~ i d-2f1-

3 N (n 1 ) f 
-EII 

(b) 

LS__,, le_, 
p+ 

(n 1 1 l 
2 p (na l d 

3 N cn-:IT 

. ( c) 

Fi!:. 9 Schema tic diagrams showing the variation of the band gap cnergy and of the rcfractivc index 
at the !a<.m~ photon enl!r~y in the direction pcrpcndicular to the junciÎ('n pl;mc in (a) epil:nial 
homoJunctwn la~er, (h) smgle heterojunction (SII ~(:C) and (c) doubk ht•terojnndi,m (DU} Ja,cr. .... . . . ' 
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A major innovation was the fabrication of the single heterojunction 

'close-confined' (SH-CC) laser. Here_the bandgap energy of the (AlGa)As 
t.ha(\ 

p+ region (Fig 9b) is higher thanAof the n region. This resulte in 

superior efficiency at room temperature. The p+p heterojunction improves 

optical confinement to the active region because of increased refractive 

index discontinuity. Also, since the thickness •d• of the active region 

is sufficiently small compared to the diffusion length, the electron 

recombination volume is reduced. These two factors increase the gain 

of the laser. Another major advantage is that the absorbtion co-efficient 

1 CX 0 ', is reduced since the spread of the optical field into the losey 

p+ region is essentially eliminated. These factors all result in a lower 

threshold current density, Jth• 

With the success of the increased refractive index at the p+p 

·region interface, work began on improving the pn aide. The result of 

this work was the double heterojunction (DH) laser (Fig 9c). The addition 

of a second (AlGa)As-GaAs heterojunction at the pn interface increases 

the refractive index discontinuity which enables the construction of a 

narrower active region without losa of optical confinement. The audition 

of this second heterojunction further reduces Jth• 
t.\. 

Fig 10 gives the represe~ive curves of the three different laser 

structures. From these curves, the various room temperature 

threshold currents can be calculated. Using a typical chip width of 76 

microns (ie from Fig 5) one arrives at: 

Homojunction: Ith = 13.7A 

&1f-CC: Ith = 2.5A 

DH : I th = 1 • 3A 

Recent advances have further improved the active region interfaces.and 

consequently the newest RCA deviees (C30130) have threshold currents of 

about 200 mA. 
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(iii) Power Output and Efficiency 

17 

Due to the high threshold current levels, the earlier deviees 

were operated in pulsed mode at room temperature. In order to keep from 

overheating the laser diodes, duty cycles were lesa than 10-3 • At these 

repetition rates it was possible to acheive output powers of up to 100 

watts from a single diode. By stacking chips, extremely high power 

light output was produced (Fig 5). Power conversion of up to 10% has 

been acheived at room temperature with the SH-CC laser in pulsed mode. 

In order to acheive continuous (cw) operation, thermal heating 

must be reduced. Although good heatsinking is a major consideration, 

low threshold currents are pa.ramount to acheivin~ relia ble cw ope1·a tion 

at room temperature. The innovation of the double heterojunction has 

made possible the production of laser dioden with cw light outputs of 

up to a few hundred milliwatte with very high duty cycles and repetition 
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rates in excess of 100 MHz {Fig 7). Power conversion is in the order of 

7% at room temperature. Improvements in materials and fabrication will 

undoubtedly provide deviees with higher light output and better conversion 

efficiency. 

Fig 11 shows the far field emission pattern of an SH-CC laser. 

The angular spread of this deviee is about 15° at its half-power point. 
l'Il 

The DH laser hasan angular spread of about 40°. ~rovements in construc-

tion have reduced this spread somewhat (about 30° for the new RCA C30130). 

It has been suggested that 'off-axis' modes and uncoupled emission from 

the various regions in the junction plane are the cause of this 

divergence. 

liGHT 
INTENSITY 

\ - TIIEORY 
1- --

10. 30 

8 IOEGRHS) 

Fig. Il Far-field cmi~sion pattern in the plane pcrpendicular lo the junction of a SH -CC Jaser with 
cf= 2.5 pm opera ting in the fundamental tram.versc mode {Byer and Outler 1970). ( n::F 
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(iv) Gigabit/Sec Laser Operation 

Danielsen (Ref 8) indicates that there are three basic problems 

encountered when operating a laser at high bit rates: 

(i) a time delay between the applied current pulse and the resulting 

light pulse, 

(ii) ringing transients, and 

(iii) the charge-storage effect of preceding pulses on the light pulse 

form and magnitude. 

Danielsen goes on to show that a DO-bias current near threshold reduces 

the delay. Also, the first spike of the ringings is suggested to be 

utilized as a light pulse. This is accomplished by switching off the 

current pulse immediately after the light pulse appears. The influence 

of the charge-storage effect can be overcome by making the electron 

and photon density start conditions the same for each pulse. From 

numerical solutions to the rate equations (Equations 11 & 12), it turns 

out that the exact current pulse form iu not significant, 6nly the 

charge delivered by the current must fulfill some requirements: 

dn/dt = J/(ew) - n/T8 - gS 

dS/dt = gS - S/Tp + bn/Ts 

( 11 ) 

( 1 2) 

where n,J,S are the electron, current and photon densities respectively, 

w is the active layer thickness, 

e is the electronic charge, 

T8 , Tp are the electron and photon lifetimes, 

g is the laser gain = C>((n-N 0 ) 
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N
0

, o<... are constants, 

b is the fraction of spontaneous light that goes into the lasing 

mode, which is proportional to the number of modes. 

Numerical solutions are given in Fig 12 for square and raiaed 

eosine current pulses under differing starting conditions. As can be 

seen, for a large number of modes and a higher initial photon density, 
T the output light pulse will be sho~er and wider. The areas under the 

curves, however, are the same {ie both situations transmit the same 

amount of energy). 

The conclusions drawn by Danielsen indicate that correctly timed 

and undertimed current pulses with pulse spacings down to 100 psec will 

give no or smallintersymbol interference. Overtimed current pulses will 

give instability and strong intersymbol interference. It is advantageous 

to have the prebias a little above threshold since then dynamic behaviour 

is improved and the resultant spectrum ia narrow. Consequently, 

Danielsen's theoritical model indicates that bit rates of 3-4 Gigabit/sec 

are possible. 
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(v) Reliability 

From the fabrication and testing of various eemiconductor lasers, 

two basic modes of failure have been observed: catastrophic failure 

wbich is dependent only upon the optical light flux; and gradual de­

gradation due to current density, duty cycle and details of the laser 

fabrication proceas. 

Catastrophic failure may occur as a result of mechanical damage 

of thà facet at or near the region of optical emission (Fig 13). The 

failure point is a function of the optical flux density in the lasing 

region, pulse length and possibly laser length. The conclusion is that 

short pulses are preferred since then damage is lees likely to occur. 

Two hypotheses have been put forward to explain the origin of the 

facet damage. The first maintains that damage occurs because of local 

melting due to direct absorbtion of the intense optical flux. The 

second hypothesia contends that failure is due to local fracture at the 

surface caused by large stresses from conversion of optical energy 

into acoustical energy via an opto-acoustic non-linear coupling prooesa. 

The problem of catastrophic failure may be avoided by proper operating 

procedures and through the use of antireflective SiO films on the laser 

facet. 

Gradual degradation occurs without any exterior evidence of 

mechanical damage. Permanent reductions in power conversion efficiency 

and increases in threshold current are observed as a particular devic~s 

operation time increases. This degradation occurs with and without 

stimulated emission and the degradation rate increasea with increasing 

duty cycle. It has also been observed that the lighter the accepter 
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atoms, the faster the degradation rate will be. It is believed that non­

radiating recombination centers are formed within a diffusion length of 

the p-n junction, which consequently reduces the number of emitted 

photons. Recent advances have made possible laser diodes with lifetimes 

in the order of about 10,000 hours. Although this is a vast improvement 

over earlier deviees, much greater lifetimes must be achieved (100,000 

hours) before these lasers can be incorporated into the high quality 

and reliable communications systems available today • 
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3- Avalanche Photodiodes 

(i) Theory of Operation 

Solid-state photodiodes are the most convenient deviees available 

for the detection of light. They are small, rugged, faat and have almoat 

100% quantum efficiency. In background limited applications (i.e. light­

meters, card readers, light activated relaya, etc.) simple p-n or p-i-n 

photodetectors are ideal since they offer the highest possible signal­

tc-noise ratio. The drawback of theae deviees is that they do not provide 

any internal gain and hence the signal must be amplified to provide a 

sufficiently large signal current. 

In high speed optical communication, however, the limiting source 

of noise is either the dark current in the detecter, the noise in the 

preamplifier or the quantum noise in the signal carrier. If dark current 

is the limiting factor, ihen different materials or cooling of the 

photodiode must be employed to reduce the dark current. If, however, 

amplifier noise is the limiting noise source, then an internal gain 

mechanism in the photodetector is necessary to increase the detector 

signal and noise above the amplifier noise. This type of requirement is 

met by avalanche photodiodes. 

Under large reverse bias, electrons and holes have ionization 

rates dependent upon the applied voltage and type of material (Fig. 14). 

The principle of avalanche multiplication is depicted in Fig 14. The 

typical avalanche photodiode structure is of the p+ -i-n+ type (i= 

intrinsic layer). Any photon striking the 'p' layer produces an electren­

hole pair. The electron migrates to the 'i' layer where, due to impact 

ionization in the high reveree field region, it produces an electron-hele 
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pair which in turn can produce new pairs as the carriers move across 

the junction. In Fig 15ait is assumed that the ionization potential of 

holes is very small so that essentially only the electrons take part in tè. 

avalanche phenomenon. Ae can be eeen, the primary injected electron will 

undergo multiple impact ionizations. Every new electron produced will 

aleo be able to produce new electron-hele paire. At high fields, the 

elctron-hole paire grow exponentially with distance until the primary 

electron reachee the 'n' layer. The short-circuit avalanche response 

current reaches its maximum within one electron transit time (Tn)• The 

current then decays and approaches zero when the last hole has reached 

the 'p' layer (Tn + Tp)• This so called unilateral gain is independent 

of the excitation frequency up to f3dB = 2.8/7((Tn + Tp)• Low exceee 

noise and fast responee and decay can be expected for carr ier multipli­

cation with only one type of ionizing carrier. 
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In Fig 15~ it is assumed that the ionization rate of electrons 

and holes are of comparable magnitude. Hence,when the primary electron 

produces new electron-hele pairs, each secondary electrgn ~ hole is 

capable of generating new pairs. Any new hole near the origin of the 

primary electron will produce new electrons which must continually 

traverse the intrinsio layer. This feedback process resulta in an 

avalanche of carriers that persist for a long time after the primary . 

electron has left the intrinsic layer. Therefore, in order to have fast 

response photodetectors capable of ~perating at high frequencies, it is 

preferable to have deviees with only one carrier having a high ionization 

rate. 
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The voltage-ourrent characteristic of the avalanche photodiode 

is shown in Fig 16. At low reverse bias voltages, no carrier multiplicatio 

takes place. Here, normal photodiode operation is observed. Increasing 

the reverse bias voltage causes carrier multiplication with the resulting 

increase ~f the output current. Maximum multiplication is observed when 

the photodiode is biased to the breakdown voltage 'VB'• At higher voltages 

a self-sustained avalanche breakdown current makes the diode lesa seneitiv< 

to photon-excited carriers. The current gain at VB is limited by either 

(a) current-gain bandwidth product (ifl. carrier transit times), or (b) 

current-induced saturation effects, or (c) spatial inhomogeneities in the 

multiplication. These gain limitations, as well as the noise fluctuations 

of the current gain, all depend upon the semiconductor material, on the 

geometry of the junction and the initiation of electrons and/or holes. 
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(ii) Practical Avalanche Photodiode Structures 

Fig 17 shows three commercially available silicon avalanche photo­

diode structures. In Fig 17a is depicted the •bevel-edge" diode with a 

p+n junction in which the n-type resistivity is chosen so that VB is 

between 1800 to 2600 volte yielding a deviee with a wide depletion layer. 

The beveled edges prevent breakdown at the junction periphery. 

The junction is deep; typically 50 to 75 microns. In silicon, holes do 

not multiply as readily as the electrons, hence,this deviee has the 

advantage of low multiplied dark current. Also shown in Fig 17a 

is the multiplication function •M• which is dependent upon where the 

carriers are generated. The only portion of the signal which gets multi­

plied effectively is that part abeorbed in the p-layer. The electric field 

in this region, however, is small, hence it takes from 10 to 30 nsec 

for this charge to be collected. Consequently, in the fabrication of this 
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deviee, one has to trade-off between fast response and low effective gain 

at long wavelengths {'),..) 0.9 microns) and slow reaponse and high gain at 

short wavelengths (')..(0.9 microns). 

The second deviee is commonly known as the "guard-ring 11 structure. 

This diode is fabricated with an n+-layer on p substrats or a p+-layer 

on n substrats with a variation using a Schottky barrier plus a guard 

ring instead of a diffused junction. For this deviee, the junotion haa a 

depth of 1 to 2 microns and a depletion layer depth of about 10 to 15 

microns. This structure works wall for wavelengths in the range of 0.6 

to 0.8 microns. For longer wavelengths, much of the light penetrates 

through to the undepleted region with the result that photogenerated 

carriers are collected by diffusion and are multiplied. Since these 
Q 

carriers are collected slowly, they do not contribute to the high freq~cy 

response of the photodiode. These carriers do, however, contribute to the 

noise of the diode and consequently the performance of this structure 

may be quantum-noise limited in many high frequency applications involving 

penetrating radiation {for this structure it can be as short as 0.8 

microns). The typical quantum efficiency of this deviee is about 30% at 

0.9 microns and 1 to 2% at 1 .06 micron. Quantum efficiency being defined 

as that fraction of the incident photon flux that generates electron-hale 

pairs that are collected by detector contacts. 

The third structure {Fig 17c) is the "reach through" diode. This 

deviee provides the beat combination of high apeed, high gain and rela­

tively low noise (This is the most advanced photodiode to date). Theae 

features are achieved by separating the depletion layer into two regions: 

a wide drift region in which the photons are absorbed and a narrow multi-

~ plying region in which the photogenerated carriers are multiplied. The 

avalanche region (right Bide of diode ) is created by the sequential 
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diffusion of p-type (boron) and n-type (phoaphorous) materials. The 

depths of the layera are adjusted so tha.t the depletion layer just 

wreaches through" to the intrinsic layer when the peak electric field 

at the junction is 5-10% lesa than VB• Any additional increase in applied 

voltage causes the depletion layer to increase rapidly out to the p+ 

contact. even though the field throughout the deviee increasea slowly. 

The intrinsic layer of the diode can be up to 200 microns wide and 

can be depleted with the application of lese than 100 volts above VB. 

This deviee is only operated in the fully depleted mode so that all 

carriers are collected by drift alone. Due to their higher ionization 

rates, electrons are the predominant carriers in silicon and consequently 

optimum conditions are obtained when the incident radiation is absorbed 

i~he intrinsic region. The fully depleted structure allows the photo­

diode to be used with radiation entering the p+ contact. Electrons 

generated in the intrinsic region are swept to the high field region 

(right side) where multiplication occurs. The subsequent holes produced 

in the avalanche region traverse the intrinsic region to the p+ contact. 

These carriers constitute the main portion of the multiplied signal. 

From Fig 17c,it can be seen that avalanche multiplication occurs in 

the high electric field region around the p-n junction (typically 

2 microns wide). Even tho11.gh the field in the intrinsic layer is rela­

tively low, it is sufficient to produce carrier velocities approaching 

saturation. This gives rise to electron and hole transit times being 

dependent upon alice thickness and applied bias. Hence,it can be seen 

that good gain and high speede are possible with this diode structure. 

Quantum efficiency is an important consideration in the selection 

of a photodetector. For photodetectors that are not fully depleted, 

electron-hale pairs may be generated in the undepleted or base layer. 
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Theae carriers are collected by diffusion and are consequently responsibl 

fe>r the.tail or long fa.ll times. This affect reduces the high speed 

pulse response of the detector. Fer the reach-through avalanche photo­

detecter, the tail ie absent since the intrinsic layer is completely 

depleted. Due to this structure, the quantum efficiency is easentially 

constant over the full bandwidth (Fig 18). 
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The transit time of the photogenerated and multiplied carriers 

acrose the depletion layer determine the response time of the reach­

through avalanche photodiode. Theae carriers must first be collected in 

a time equal to or lese than an electron transit time t:w/ve where 'w' 

ie the width of the intrinsic layer and Te is the average drift velocity 

in the intrinsic layer. After collection, electron multiplication occurs; 

the timea ranging from 20 psec (high field region transit time) at low 

gain up to 0.4M psec at high gains (M ia the avalanche gain). Hence.the 

multiplication can be considered to occur almost instantaneouely. The 

holea resulting from the multiplication must then traverse the depletion 

(or intrinsic) layer back to the p+ layer. The resultant pulse (for a 
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square pulse input) will depend on where the light is absorbed, however 

the total pulse duration is lesa than or equal to the total of the 

electron and hole transit times (Fig 1g).By making the diode thinnner, 

the response time can be improved (reduced to lesa than 1 nsec). There 

is however, a resulting reduction in quantum efficiency as we11. 

Fig. 1? ·-Impull\c r~~ponse of r<.>arh-throug-h nvnllllwhe diod<>s in whirh 
.,.. ~., 2 .. ,. <>!<·' << 1 corr~!;pond~ approxinmtcly to l.OG pm, aw = 2 
to 0.9 ;tm, nnd nw >> 1 to vi Rible li~ht. r' ,;:: ç: 1 ')) 

(iii) Noise Characteristics 

As has been pointed out before, any photodetector will introduce 

noise into the signal during detection. Ref 9 derives a total noise 

equivalent power per unit bandwidth (NEP) as: 

NEP=~) 2e I 0 m•2 

~ m2 

( 1 3) 

where: S: sensitivity of the detector, which is defined as the photo-

current produced by unit radiation at a specified wavelength 

(quantum efficiency), 

e::: electronic charge, 

I = 0 
total detector background current, 

T= temperature (OK), 

R= load resistor, 



m= signal multiplication factor, 

m'= noise multiplication factor. 

P
0
= total noise equivalent power. 
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From Equation 13 it can be seen that the second term under the square 

root ( the thermal noise produced by the load resistor) bas been reduced 

by the multiplication process. On the other hand, the noise multiplicatioJ 

factor, "m'", (which affecta the background current) and the signal 

multiplication factor, "m", (which affects the signal ) may increase the 

noise equivalent power if m'~ m. Fortunately1 m' and mare usually of 
ho.vi'-

Similiar magnitude and bence this difference does notAmajor consequences. 

The thermal noise term is inversely proportional to the load 

resistor "R". Hence,by using large values for this resistor, the thermal 

noise can be made negligible. The maximum value of the load resistor, 

however, is determined by the bandwidth requirement of the system. 

Therefore a trade-off between noise and bandwidth must be made. 

For silicon avalanche photodiodes, the noise multiplication factor 

can be shawn to be: m' =mx, where 'x' depends upon the relative 

efficiency with which electrons and hales cause impact ionization. For 

this type of silicon deviee, x= 1 .15. This excess noise multiplication 

is due to both electrons and holes taking part in the multiplication 

of a steady atate signal ( including a background illumination signal). 

With the application of a short, transient signal, only the electrons are 

collecteà by the junction. Hence,only these carriers take part in the 

multiplication proceso. As can be seen, steady state noise is amplified 

more than a transient signal. Shot noise amplification in this deviee 

is greater than signal amphfication, hence,there is a limit to the 

useful multiplication that can be obtained. 

Using some typical avalanche photodiode values discusaed in Ref 9t 
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assume a bulk current of 5x1 o-11 Amp, mul ti pl ica ti on .factor m = 1 00 

(therefore m' = 1001.15 = 200) and a eensitivity of 0.6 which resulta 

in a total noise equivalent power of: 

NEP e 1 
O:b 

~ 2e 2002 (5x1o-11 + o.6P) + 4kT ~i 
~ 1 oo2 1 oo2R ) 

( 14) 

At room temperature, this reduces to : 

NEP = 1 o-13 (1 .28 + 166/R)i 
0.6 

where P is the background noise power. 
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Comparing Fig 20 (photodiode with no internal gain) with that of 

Fig 21 (avalanche photodiode with the above mentioned characteristics) 

shows that the multiplication process hae reduced the effects of the 

resistor noise on NEP by a factor of 100, but has increased the effect of 

ehot noise due to background radiation by a factor of two (from Equation 
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14). The conclusion to be drawn from this discussion is that the use of 

avalanche multiplication has advantagee only in conditions requiring 

large bandwidths and having low background radiation. At large band­

widths, avalanche photodiodes are thermal noise limited and hence to 

ensure reliable operation, sufficient optical power must be made 

available. 

(iv) Design Considerations 

Fig 22 depicts the complete optical receiver for digital signale 

where the following circuit elements have been assumed: 

p(t)=input photon intensity, 

i
8
(t):avalanche photodiode current generator which represente 

the production of charges by optical and thermal generation 

and collision ionization in the diode high-field region, 

Cct:diode junction capacitance, 

Rb:bias resistor, 

ib(t)=bias resistor thermal noise current, 

CA & RA=shunt capacitance and resistance at the input of an amplifier 

that is assumed to be a high-gain, infinite-impedance deviee, 

ia(t) & ea(t)=two noise sources referred to the input-- these noise 

sources are assumed to be white Gaussian in nature, 

Heq(w), V0ut(t), etc.=equalization and decision circuitry for 

detecting pulse trains. 

In this section, the only concern will be that of detecting and 

displaying received optical pulses. Hence,the nature of the equalization 

ana decision circuitry will not be considered here. The following 

simplifications are also made: 
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RT = (1/Rb + 1/RA)-1 = total detecter parallel load (, 6) 

Cœ = cd + CA 
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As hao been pointed out in Equation 13, a high value of the 

biasing resistor, Rb, is required in order to reduce the effect of 

thermal noise. This is re-iterated by Personick (Ref 11) where he relates 

the effect of the bias resistor against a 'power penalty'. This power 

penalty is merely the extra input light power required to overcome the 

increa~e in thermal noise causea by a decrease in the diode biasing 

re~istor. This is graphically illustrated in Fig 23, for the case of 

no diode gain and optimal diode gain. However, as has been pointed out 

previously, in arder to acheive high data rates, the time constant RœCT 

must be kept small. Hence,a trade-off between specd and sensitivity of 

detection must be made. 
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Another consideration is the effect of the dark current upon the 

system performance. A large dark current introduces excessive noise 

into the detected signal. This effect consequently implies that the 

light power must be increased to maintain the desired signal-to-noise 

ratios. This effect is depicted in Fig. 24. 

The consequences of the above dicussions indicate that for a 

wide bandwidth system (as required by systems desiring to measure 

fibre impulse responee), the load resistor must be kept small. Hence 1 
the input optical power must be sufficiently large to provide a reasonabl 

signal-to-noise ratio. 
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4- Ray Optics Theor~ for Pulse Spreading 

(i) Introduction 

For optical waveguides, the carrier has a frequency of about 

1o14Hz. Despite this high frequency, these optical fibres have a 

limited information capacity which is due to pulse spreading effects. 

This phenomenon is caused by the following three sources: 

(i) pulse broadening due ta material dispersion, 

(ii) pulse broadening due to intramodal dispersion, 
to 

(iii) pulse broadening due~intermodal dispersion (ie. different 

group velocities for different modes). 

The material dispersion is caused by having different group 

velocities for different wavelengths (ie. chromatic dispersion). 

Material dispersion is the limiting factor of the information capacity 

for monomode fibres. Excitation of a monomode fibre with monochromatic 

sources eliminates this dispersion. It has alea been shawn by various 

researchers that this effect can be compensated by a proper choice of 

refractive index if the operating wavelength is non-optimal. (R~F 11) 

The intramodal dispersion is also a chromatic dispersion. It 

appears because the modal structure of a waveguide changes with carrier 

frequency. Its effect, however, is negligably small compared to the 

other two dispersions and hence can be ignored. 

The intermodal dispersion is the limiting factor for any type 

of multimode fibre. Since there are many thousands of modes which can 

exeat in the currently available optical fibres, the modal distribution 

can be considered to be essentially continuous. With this assumption, 
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the analysia of pulse spreading lenda itself readily to the ray optics 

approach developed by Bouillie, Steiner, and Tr~heux (Ref 16). The ray 

optics analysis ia desirable to utilize since it is not limited by the 

very low refractive index change approximation (as is the WKBJ method) 

and also provides a clearer understanding of the physical processes 

involved. The basic premise of the ray optics method is that each mode 

corresponds to a particular ray defined by the angle of incidence. This 

approximation is, for the purpoee of this report, completely adequate 

and consequently geometrie optics becomes a very powerful tool to 

analyze pulse broadening. 

(ii) Step Index Fibres 

Fig 25a depiots the ray propagation in a step index fibre. The 

following analysis is taken from Ref 16. Here the limit angle is defined 

by ~nell's law as: 

( 1 6) 

Consequently, the delay of the axial ray (ie. a = 0) becomes: 

t ( 17) 

which immediately gives the delay time of the meridional rays as: 

( 18) 
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Skew rays can also be excited if the plane of incidence is not 

meridional. These skew rays usually exceed the critical angle of the 

total reflection and hence are greatly attenuated. Therefore, skew rays 

carry very little signal energy and can be ignored in the analysia. 

The time delay difference between a general meridional and an 

axial ray becomes: 

T = T - T0 = T0 (1/cose - 1) 

and the number of reflections of the meridional ray is: 

p = (L/d) tana • 

Other terme which require definition are: 

A{e) = exp(-aL/cose) 

= ray damping by substance losses; 

B(e) : (1 - b)P 

= ray damping by interface losses 

(imperfect reflections); 

( 19) 

(20) 

( 21) 

(22) 

where 'a' and 'b' are phenomenological mean values which may be angle 

dependent. Consequently, the total energy available at the output of 

the guide of length 'L' is: 

(23) 



where: 

F(t,e0 ) = 1 J:o f(t-T)h(e)A(e)B(O)sinede 
K(eo) Q 

f(t) = tims function of input pulse, 

H(e) = energy distribution (angle dependent), 

A,B =angle dependent fibre lasses, 

KE,K(e0 ) = normalizationa. 
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(24) 

Consider first the situation where there are no lasses, and the 

input energy distribution is uniform (ie. H =A= B = 1). Conaider also 

the input to be a Dirac delta pulse. Hence: 

F(t,e0 ) = _1_ 

K(9 0 ) 

= 1 ---
K(eo) 

= (U( T0 ) 

J:o b( t-T) sinede 

J
Tc/cose0 

b(t-T)(Tc/T2)dT 
To 

- U(To/cose0 ))(1/T0 )(To/t) 2 (25) 

where e0 is substituted from Equation 18 and 'U' ie the Heaviside func­

tion. 

The pulse broadening is defined as the pulse width at half amp­

litude and can be immediately deduced from the previoua equation as: 

(26) 

since for most practical waveguides, e ' 45° and hence the last two 

terms in Equation 25 do not affect the form of the output pulse. 
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Ref 16 goes on to show that if the lossee are small, then they 

will not eignificantly affect the pulse spreading. The conditions that 

must be met are as followe: 

(1) for substance losses: 

aL/d = ln2/90 

(ii) for interface lossest 

bL = 2ln2/e~ • 

( 27) 

(28) 

Similiarly for the angle dependent energy distribution, if H{e) c cosiDe 

and: 

m ~ 2ln2/e~ (29) 

(ie. reasonably flat energy input) then the pulse broadening ie not 

significantly affected. If a light source with confined axial energy 

is utilized (ie. laser diode), it can then be shown that 'm' in the 

previous equation becomes large and bence the pulse broadening can be 

derived to be: 

At = T 
0 

( 21 / (rn +2 ) - 1 ) (30) 

(iii) Ideal Graded Index Fibre 

Depicted in Fig 25b is an uncladded graded index fibre. For this 

structure, the ray path bas to obey the eikonal equation: 
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( 31 ) 

In the x,z plane for meridional rays one must solve the reduoed eikonal 

equation: 

(32) 

According to Steiner (Re! 18 ) the refractive index can be ex­

panded in a power series and bence the previous equation can be shown 

to reduce to: 

x(z) = e ((1 + e 2 (9b/a2 - 5/6)) sinzat 
- ( )2' 
ai 

+ ~ (b/a2 + 1/2)sin3zai 
32 

- ~ (3b/at- 5/2)zaicoszai + R{e4)~ (33) 

where R(e4) is the residue for the higher powers of e and can be neg-

lected for practical waveguides. The ray delay along the waveguide ia: 

T :: 1/c JL n ds = 1/c jL n{1 + (d:x/dz) 2)"f dz 
0 0 

( 34) 

hence, 

(35) 

and 'a' and 'b' are co-efficients in a power series of the index profile. 
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For the graded-index fibre, skew rays propagate along the fibre 

in the form of helical raye and can transport a great deal of energy. 

These akew raya are generated if the light is not axially launched into 

the fibre. For theae rays, the broadening can be shown to be (according 

toRef17): 

(36) 

The previous equation is the general form for helical rays and the pulse 

spreading can be much larger than tbat for meridional raye. 

(iv) Cladded Graded-Index Fibres 

Fig 25c shows the ray propagation in a cladded graded-index fibre. 

As can be seen, for rays which no longer travel smoothly through the 

fibre (angles greater than eo but lesa than the critical angle at the 

interface), they encounter a atep interface and conaequently one should 
J 1 ' 

expect the pulse broadening of this fibre to be much greater than the 

ideal graded index fibre. For these 'bouncing' raya, the delay time 

can be calculated as follows: 

)1 

T = cz~ Jz n(1 + (dx/dz)
2
)i dz 

0 

= (Ln1/c)(1 + (e2 sin2(az)j;)'i/(4(az•)i)) 

where x(z) = (e/ai)sinzat 

n(x} = n1 (1 - ax2/2) 

(}7) 



46 

Now for small differences e-e0 (where 9=dai): 

(38) 

which implies: 

(39) 

As can be seen, for angles lesa than e0 , the fibre acta as an ideal 

graded-index waveguide. For angles greater than e0 and lese than the 

critical angle of the core and cladding, the pulse broadening is as given 

above. 

( v) Validation of Assumptions 

In the previous discussions, various assumptions had been made in 

order to simplify the mathematical analysis which yield the expressions 

for pulse spreading in optical fibres. At this point 1 it is prudent to 

verify the validity of these assumptions. In particular, for the step 

index fibre it has been assumed that: 

(i) losses are negligible; 

(ii) the input pulse is a Dirac delta function; 

(iii) fibre critical angle ~ 45°. 

For the graded index fibre, it has been assumed that: 

(i) loases are negligible; 

(ii) the index of refraction distribution of the core is quadratic; 

(iii) the input is a Dirac delta function. 

Since any work of this type requires a mathematical model of the 
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real fibres, one usually makes assumptions based upon the real physical 

situation. In this case, the current state of the art can produce fibres 

with losses lesa than 1 dB/Km it is therefore reasonable to assume that 

pulse spreading due to fibre losaes is negligible. For step idex fibres, 

the core and cladding have indices of refraction which are very similiar 

and hence the condition that 9~45° is always satisfied. For graded index 

fibres, the construction techniques are not very accurate and hence the 

inde~rofile may change with distance. To uoe a profile of higher order 

than quadratic is not worthwhile. A quadratic profile can at best give 

a mean value of the distribution. 

The most interesting assumption in both cases is that of an impulse 

as an input, since real impulses are physically unrealizablel Deopite 

this unfortunate restriction, the previous analysis is still valid Binee 

the 'impulse resonse' of the fibre can be calculated through the use of 

the Fourier transform. This can be seen as follows: assume the input 

signal to the fibre to be r(t) and the ouput signal from the fibre to 

be c(t). Both of these signale can be measured. If the signale are 

measured with the same photodetector, then any measurement non-linearity 

can be eliminated. Fro~ommunications theory, the input-output relation­

ship is: 

c(t) = r(t) H f(t) (40) 

where f( t) is the fibre impulse response, and '.<~' ' denotes convolution. 

In the frequency domain this becomes: 

or 

C ( f) = R ( f ) F( f) 

F(f) = C(f)/R(f) ( 41 ) 
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Hence,taking the inverse Fourier transform of the ratio of the transforma 

of the output versus the input will yield the fibre impulse response. Thif' 

procedure is only possible through the use of digital computera. All 

subsequent experimental work in the report will use this method in con­

junction with the program listed in the Appendix. 

As can be aeen, the assumptions utilized in this report are reason­

able within the accuracy limite of the fibre construction and measurement 

system. The Appendix gives a proof showing that Equation 41 is also 

valid for discrete systems. 
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5- Terminal Electronics 

(i) Tranamitter Terminal Electronics 

(a) Double Heterojunction Lasers 

Ohapter 1 has discussed the advantagea of pulse code modulation 
l 
1• a.. 

over ether typee of modulation techniques. This c~ter will present the 
~ 

transmitter terminal electron)s required to implement PCM systems. The 

basic design employa an emitter-coupled transistor pair driving a forward 

biased double heterojunction laser diode. Fig 26 depicts the current­

light output curve of an RCA 30130 DH laser diode measured at about 30°0. 

This output characteristic corresponds closely to that given in Chapter 2. 

As has been pointed out, the light intensity output is very temperature 

sensitive. The diode must therefore be well heatsinked and kept cool 

(near room temperature),otherwise the current level required for threshold 

may rise above the level of the bias current with the consequent losa 

of lasing action. The present design employa a bias current (Ib) of 220 

mA and a modulating current (Imod) of 20 mA. This arrangement yields 

a quiescent power level (Pq) of about 1 .5mW and a signal power level 

(Psig) of about 1.3 mW. The need for biasing slightly above threshold 

is to improve the high frequency response. 

Fig 27 illustratee the laser drive circuit under consideration. 

This circuit was derived from the work done by M. Chown (Ref 7). The 

laser is biased by a current source delivering 240 mA through a ferrite 

bead. The ferr·ite beads are necessary to reduce etray capacitive coup-

ling and inductive effects of the power supply and ite connections to 

the laser and its drive circuitry. ~onitor output BNC connecter is 
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provided to facilitate the adjustment of the various current sources 

and of the input pulse shape so as to generate a narrow, well defined 

output light pulse. 

Modulation of the laser diode is performed by switching a current 

baok and forth between an emitter-coupled transistor pair. This circuit 

configuration is typical of a differentiai amplifier. In this mode of 

operation, both transistors are operating in the linear region of their 

characteristic curves. Renee, since neither transistor is ever in eut­

off or in saturation, minimal charge-storage affects are encountered. 

The result is that these transistors will be operating at their maximum 

rates. The gain-bandwidth product of the RCA type SK3019 transistor is 

1 .6 GHz, which should be sufficient to handle pulses of a few nanoseconds 

in duration. 

The laser modulation process is carried out as follows: under 

quiescent conditions, r1 = r 2 • The transistor bias current (Ibt) is 

always equal to ! 1 + r 2 and is adjusted to 40 mA. Hence, under quiescent 

conditions r1 = r 2 = 20mA. Therefore 7the laser bias current (Ib) is equal 

to the laser current source (!08 ) minus r2 (ie. ! 08 - r2 = 240-20 = 220 

mA). Applying an input pulse of up to 0.5 V in height causes Q1 to switch 

on and Q2 to switch off. This resulta in having !2 = 0 and 11 = Ibt = 
40 mA. This causes lb to increase to ! 08 (ie. Ib=I08 -12 , but 12-o, there­

fore 1b=I
08

=240 mA). Hence,a positive going signal pulse causes an in­

creasing intensity output light pulse. Fig 28 shows how current sources 

can be constructed through the use of integrated voltage regulators. 
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(b) Single Heterojunction Lasers 

One drawback of the DH lasers is that in the cw mode of operation, 

the peak light intensity ie relatively low, bence other means of operatint: 

the ]aser must be found. The most convenient way to achieve large light 

spikes is through the avalanche oharacterietios of normal signal tran­

sistors. In this ·type of operation, large current spikes in excess of 

15 Amperee can be generated for very brief duratione (10'e of nanosec). 

Due to the non-liearity of the avalanche process, the exact value of the 

peak current cannot be exactly predicted, hence,it is advisable to use 

single heterojunotion lasers for this application since they are cheaper 

and more rugged. Another advantage of SH lasers is that much more intense 

light spikes can be produced and,consequently,fibre coupling and atten­

uation are not as critical as with DH lasers. The advantages that DH 

lasers do have is that they require smaller currents 7 and 1 henc~ringing 

transients are lees of a problem. &~ laser drivers must therefore be 

carefully laid out so as to reduce adverse coupling and ringing. 

Fig 29 depicts the avalanche transistor driver circuit. The opera­

tion of this scheme is as follows: the normal breakdown voltage of the 

transistor is about 60V; by applying 150V, the transistor charateristics 

are similiar to those of the avalanche photodiode-a small trigger 

signal at the base causes a massive current to flow through the tran-. 

sistor. The magnitude of the current is determined by the RC charging 

circuit at the transistor oollector. The duration of the current spike 

is determined by the aize of the collector capacitor and the effective 

impedances of the transistor and laser diode. A by-pass resistor across 

the laser diode is provided to prevent any damage to the diode by reveree 

currents. 
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This circuit has been sucessfully employed to generate pulses of 

about 10 nsec duration. The high threshold conditions of the SH lasers 

that were employed precluded the generation of narrow pulses. This ie 

caused by a trade-off between current magnitude and current apike width, 

both of which are dependent upon the capacitor. 

(ii) Receiver Electronics 

The receiver is depicted in Fig 30. Ite construction was kept as 

simple as possible so as not to introduce any unwanted effects. The 

avalanche photodetector is an RCA 30902 with rise time of 500 psec. 

The circuit has been designed with the considerations of Chapter 3 in 

mind: the 200K resistor is for protection against excessive current 

which could destroy the diode; and the 50 ohm resistor is the load. 

It has been chosen so as to provide a large gain-bandwidth product as 

well as matching impedances with the sampling oscilloscope. 
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6- Experimental Apparatus for Impulse Response Measurements 

(i) Apparatus 

Fig 31 shows the diagramatic layout of the measurement system. 

Th,optical fibre under test is wound on a drum and its ends are prepared 

and then aligned with the laser and photodiode through the use of 6 and 

5 degree of freedom micropositioners (3 angles and 3 axes). A signal 

generator provides the pulse for the transmitter as well as synchronizing 

the sampling oscilloscope. The receiver output is direotly fed into the 

oscilloscope thus utilizing the •scope's internal amplifiera for gain. 

The photographe in Fig 32 show the actual measurement system. In 

Fig 32a one can see all of the system's constituants. Note that the 

receiver and transmitter modules have been mounted on heavy metal stands 

and that all of the parts have been mounted on a large, heavy gauge 

aluminum platform which haa been isolated from the workbench by a heavy 

foam pad. This is to ensure that external vibrations will not cause any 

alignment problems. 

Fig J2b shows a close-up of the transmitter. The transmitter that 

is shown is the DH laser driver. It is within a closed metal box so as 

not to be influenced by external electro-magnetic fields. The laser is 

also surrounded by a cooling collar which maintains the laser at a 

relatively constant te~perature and 1henc~stabilizes the output light 

intensity. Fig 32c shows the inside of the DH laser driver. All component~ 

are point to point wired to reduce the distances and they are aleo 

mounted over a copper ground plane. The bias current is decoupled 

through a capacitor- inductor arrangement (upper right corner). All 
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Fig. 32a Arrangement of the measurement system. 

Fig. 32b Close-up of transmitter module. 
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Fig 32c Internal construction of the tranemi~er module. 

Fig 32d Internal cons~ction of the receiver module. 
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other supplies are decoupled by capacitors. 

A similiar arrangement was used for the SH laser. In this case, 

however, the component placement was more critical due to the large 

currents involved. Ideally,one would like to use thick film technology' 

thereby achie .ving the shorteat possible distances between components 

and hence producing the leaat transient switching interference. 

Fig '2d shows the construction of the receiver module. As can be 

sean, the construction is very simple; the major concern being aupply 

decoupling. This is accompliahed through the use of feedthrough cap-

acitors. 

Three fibres were employed in this measurement which were supplied 

by ITT. These were (Appendix): 

(i) a plastic cladded step index (PCS) fibre (ITT PS-05-xx); 

(ii) a step index fibre (ITT GS-02-xx); 

(iii) a graded index fibre (ITT GG-02-xx). 

(ii) Modulation of Double Heterojunction Lasers 

The DH laser system was employed as has been mentioned in the 

previous section. The resulta of which are depicted in Fig ,3. The upper 

trace is the current monitored at the laser diode and the lower trace 

is the inverse light output measured by the photodiode through 1 cm of 

air. Since the avalanche photodiode is negatively biased,a stronger 

light input causes a more negative outpu~ voltage which consequently 

shows up on the oscilloscope as a drooping signal. As can be seen, there 

ia no simple linear relationship between the current through the laser 

diode and light output. As per the discussion in Chapter 3, there is a 
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delay between applied current pulse and light output. In this caae1the 

delay is about 7 nsec. Also, by shutting off the applied current very 

quickly, light ringing transients are avoided. The half-amplitude width 

of the light spike was about 5 nsec. The light intensity in the cw mode 

wae too low to overcome the fibre coupling losses, consequently. no 

meaningful measurements were obtained. 

Another major problem encountered wae that of drifting light 

intensity, which wae due to excessive thermal heating at the laser 

junction. A cooling jacket helped to alleviate some of the problem, but 

a proper feedback circuit for the bias current would probably have 

provided a better alternative. 

Fig. 33 DH laser light ouput (5 nsec/div); 

upper trace: current monitor; 

lower trace: inverted light output through 

1 cm of air. 
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(iii) Modulation of Single Heterojunction Lasers 

The lack of success with the DH laser prompted the use of SH lasers 

with their higher light outputs. The result of the circuit of Fig 29 

in the system of Fig 31 is depicted in Fig 34a. The lower trace is the 

resulting lignt output measured by the photodiode through 3 cm of air. 

Again, there is no simple relationship between the current through the 

laser diode and the light output. The delay is about 6 nsec and the 

current is eut-off sufficiently quickly so as to eliminate any ringing 

in the light signal. 

With the higher light output (about 3 watts) of the SH laser, it 

was possible to perform pulse spreading measurements. Fig 34b depicts 

the delay encountered between the applied current pulse (upper trace) 

and the received light pulse after traversing through the PCS fibre 

(lower trace). As mentioned previously, a trade-off between light output 

power and pulse width has to be made. For the SH laser employed (RCA type 

SG2009), a minimum threshold current of about 15 Ampere must be available 

before laser action sets in. This sets the size of the charging capacitor 

(Fig 29) and1hence1 the minimum light pulse available is about 9 nsec. 

The resulta of the measurements are given in the next chapter. 

Note: The question of the effect of mismatch between free space 

· and ·the fibre has not been considered. As an afterthought, 

it is recommended that a laser with pigtail be used to 

launch light into the test fibre. 



Fig. 34a ~~laser output (10 nsec/div); 

upper trace: current monitor; 

low~r trace: light output. 

Fig. 34b Transmission through PCS fibre (75 nsec/div); 

upper trace: current monitor; 

lower trace: fibre output. 
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7- Discussion of Experimental Resulta 

(i) Experimental Resulta 

Fig 35a shows the 'applied light pulse. This pulse was generated 

by the SH laser transmitter discueeed previously. Note the excessive 

ringing transient at the leading edge. This is produced by the large 

current which is switched through the las er diode. Light transients at 

the tail of the pulse are absent indicating that proper current eut-off 

has been acheived. 

Fig 35b-d depict the output pulses from the plastic clad step (PCS) , 

step index and graded index fibres respectively. One significant feature 

to all of the fibre outputs is that transient ringing, seen in the input 

pulse, does not appear. Since this ringing contains many high frequency 

components, one can conclude that the optical fibres act as low pass 

filters. The PCS fibre exhibita the lowest eut-off frequency, with the 

step index and graded index having respectivel'y higher eut-off points. 

Fig 36 contains the relevant measured and calculated pulse parameters. 

An interesting feature of the graded index fibre output is that 

its fall time is very longl This is probably due to the excitation of 

many skew rays. This resulta because of the method of injecting the 

light into the fibre: the las er light i a directly coupled f r om the diod e 

into the fibre. The -3 dB intensity half-angle for this particular laser 
0 

is about 15 ; hence,one can expect that the skew rays as well as meridion-

al raya will be excited. This problem can be over come by utilizing lenses 

to focus the laser light and,hence1 produce a smaller cone angle (Ref 40). 
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Fig. 35a Input pulse (2 nsec/div). 

Fig. 35b Output pulse from PCS fibre (2 nsec/div). 
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Fig. 35c Output pulse from step index fibre (2 nsec/div). 

Fig. 35d Output pulse from graded index fibre ( 2 nsec/div). 
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Fig. 36 Summary of experimentally measured fibre data. 

At this point one can not ma.ke any significant measurements per­

taining to the pulse spreading (or impulse response) of the glass fibres; 

except to say that the graded index fibre reproduces the input pulse tl1e 

best and the PCS fibre is the worst of the lot. By using narrower input 

light pulses one can produce more significant.results. Another alternative 

is presented in the next section: fibre impulse responses can be calcu­

lated through the use of computera and fast Fourier transforma (FFT). 



.--.. 

70 

(ii) Refinement by Digital Signal Processing 

The refinement of the optical fibre responses was carried out as 

the method described in Chapter 4. The program that was utilized is 

given in the Appendix. The fast Fourier transform (FFT) algorithm was 

adapted from Ref 41 • The computation involved forming a 61 point sampled 

signal by hand (from the photographe) and consequently forming a 256 

point Fourier transform. These algorithme require that the input data 

be symmetric, hence both the real signal and its mirror image must be 

loaded into the FFT array. Similiarly, the output of the FFT algorithm 

has the transform and its mirror image. This is to be expected since 

real waveforms can be represented by a linear superposition of complex 

waveforms and their complex conjugates. 

The effect of truncating a sampled waveform is to introduce ring­

ing into the transform. This is the well known Gibbs phenomenon and can 

be partially compensated by various weighting functions. Ref )8 diecusses 

the various merite of a few of the more populAr functions. As a first 

approximation (and due toits simplicity}, a rectangular filter was 

employed for the calculations presented here. This filter is necessary 

since the digital implementation of Equation 41 bas difficulty in 

handling singularities. These singularities arise due to the zeros in 

the trannforms of the input function. Injthe continuous case, the output 

function will have zeros at the same place as the input function and 

in the limit these will cancel. The FFT algorithm, on the other hand, 

will never produce a transform which is exactly zero at any point - there 

will always be a residue at any point. Although both output and input 

transforma will have residues at the same point, the magnitudes of these 
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residues can be radically different. The result will be that a large 

singularity will be produced in the transform of the fibre impulse 

reaponse function. The use of a weighting function will eliminate these 

singularitiea, but will introduce a slight distortion into the impulse 

response. 

Fige 37a,c,f and 1 are the aampled input and output waveforms with 

Fige 37e,h and k being the respective fibre impulse response functions. 

The significant features of these impulse responses include the ringing 

due ta truncation and a delay between the applied input and the consequent 

output should have an impulse response which has a rise time of zero 

and a parabolic fall time for the case where only meridional rays have 

been excited. For the responses shawn here, it can be concluded that 

other types of raya are propagating in the fibre. 

Fige 38a,b and e have been obtained due to the generosity of 

Mr. Andrej Pue (Ref 40). He has used a Ul laser in Q-switching mode to 

obtain light pulses of about 550 psec duration. Fige 38d and g are the 

calculated impulse responses and Figs 38c and fare the magnitudes of 

the Fourier transforma of the fibre impulse responses. These indicate 

that the optical fibres are essentially law paso filters. As can be seen, 

the graded index fibre has a higher eut-off frequency as compared to 

the step index fibre. 

The significant differences between the measurementa of Fig 37 

and ;a are: 

(i) the input pulse width of Fig 38 is about 20 times narrower; 

(ii) the light pulse of Fig 38 was focused by a lens and conse­

quently its -3 dB power point was about 9° as compared ta 
0 

30 for Fig 37. 

It will be shawn in the next section that these two conditions produce 

radically different resulta. 
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(iii) Comparision of Experimental Resulta with 

Manufacturer's Data 

Fig 39 outlines the published, measured and calculated data. In 

the case of the published data, one must accept these numbers, but one 

Q2! treat them as the absolute reference with which to judge the follow­

ing resulte. The reason for this will become obvious in the ensuing 

discussion. An interesting point to note is the radical difference 

between the resul ts obtained by the. (t.J.1hor and those obtained by Mr. Pue 

(Ref 40). These large discrepancies occur purely due to the form of the 

injected light pulse. Although the actual width of the light pulse 

probably has some effect upon the pulse spreading, the major factor 

involved is the light launching conditions. It is evident that the more 

confined the input light is, then fewer modes are excited and hence the 

light is more axially confined. This will result in less pulse spreadingl 

The calculated pulse spreading verifies the above statement. For 

the PCS and step index fibres, Equations 18, 26 and 30 are used to cal­

culate the apreading. For the case of wide beam angle, the pulse broaden­

ing is determined by Equation 26. It can be seen that the broadening ia 

totally dependent upon the fibre characteristics. In particular, defining 

the numerical aperature (NA) of the fibre as: 

1/2 
NA = n2 ( 2 ( n1 - n2) ) (42) 

where n1 is the index of refraction of the core and n2 iu the index of 

refraction of the cladding (n2 ~~).Renee it can be shown that: 

(43) 



( i) 

(ii) 

,..... 
(iii) 

Description PCS Step Graded 
fibre fibre fibre 

-·---~-~--·-------

!TT published data 

Numerical Aperature O.} 0.25 0.25 

-}dB pulse spread (nsec/Km) }0 15 2.5 

Core index of refraction 1 .46 1 .48 1 .48 

Fibre core diameter (microns) 1 25 50 50 

Measured -}dB pulse spread 

Fig }7a as input (nsec/Km} 59 41 43 

Fig }Sa as input (nsec/Km) 13 9 

Calculated -3dB pulse spread 

NA::::.25, beam angle=30° 
(nsec/Km) 44 

NA=.25, 0 
beam angle=9 

(nsec/Km) 15 

NA=.25, 0 beam angle=8. 4 
(nsec/Km) 1 3.1 

NA=· 3, beam angle=30° 
(nsec/Km) 70 

NA=.28, beam angle=30° 
(nsec/Km) 61 

Fig. 39 Tabulation of published, meaeured anà calculated 

resulta. 
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This indicates that the pulse broadening is highly dependent upon the 

relative difference between the indices of refraction of the cladding 

and the core. This can be seen from the calculated pulse spreading for 

the PCS fibre: a 7~ change in NA produces a 14% change in pulse spreadt 

Similiarly for the launching beam angle (step index fibre); for a 7% 
change in beam angle, a 15% change in pulse spreading occurs. 

To re-iterate, since the ITT publications àid ~ include a 

description of the test conditions, no meaningful comparisons can be 

made. The most that one can say at this point is that the published data 

and both Mr. Puc's and my measurements are of comparable magnitude and 

hence seem reasonable. 

The case of the graded index fibre is difficult to analyze: in 

order to be accurate, a description of the index profile is mandatoryl 

Since this description was not given by the manufacturer, it is therefore 

impossible at this time to calculate the pulse spreading using the 

theory developed in Chapter 4. For those equations, one requires two 

co-efficients of the power series describing the distribution of the 

refractive index. However,looking at the measured values, one can see 

quite strikingly the effect of different launching conditions upon the 

impulse response. It is obvious that with the input of Fig 37a, a great 

deal of skew rays are excited which consequently produces excessive 

pulse broadening. An interesting point to note is that the m·easurements 

performed by Mr. Pue show a pulse spread 3.6 times greater than that 

published by ITT. This is probably due to the excitation of modes which 

may be attenuated over long distances, but show up here simply because 

the fibre was too short. Also, excessive mode mixing might have produced 

this result. This mode mixing would have occurred since the fibre was 

wound upon a small drum. This constant curvature o1' the fibre could also 

have proouced the excessive pulse spreaàing. 
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8- Conclusions and Recommandations 

It is hoped that this report has satisfactorily shawn that a com­

plete and carefully defined set of test conditions are mandatory when 

presenting a description of the pulse broadening in an optical glass 

fibre. This description is vital,considering the wide range of uses 

that these fibres will have. A user who is not a~re of the restrictions 

upon launch conditions can be sorely disappointed when the fibre he ia 

using does not perform as specified by the manufacturer. This description 

of the launch conditions must include information concerning the input 

light beam•s shape (ie. beam angle and pulse width) and also must con­

aider the orientation of the fibre end. For example, if a fibre end is 

not flat and perpendicular to the longitudinal axis, then excessive 

skew rays can be produced in the graded index fibre. These will, of 

course, produce the greatest pulse broadening and hence will limit the 

information rate. 

It is also concluded that either narrower light pulses or longer 

fibres should be used in ensuing experimente. For a fixed pulse broad­

ening, it is obvious that shorter light pulses will produce the greatest 

effect and consequently will yield more accurate descriptions of the 

impulse response. 

It is evident that the ray optics theory produces reasonably 

accurate d~riptions of the impulse response of optical glass fibres. 

In arder to use this theory effectively, howev·er, one requires an 

accurate description of refractive index profiles. This description 

can be obtained through various index profile measurement echemes, 

however, one must keep in mind that manufacturing techniques of optical 
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glass fibres cannat produce abaolutely uniform index profiles. Hence, 

at best one can obtain only an average profile. It must be kept in mind 

that this variation in profile can have a very marked effect upon the 

impulse response. 

It ia recommended that any future attempts to measure the impulse 

response of optical glass fibres take the following course. One should 

establiah an experimental aet-up to meaaure refractive index profiles. 

The pulse spreading of the desired fibre can consequently be quite 

easily measured upon the test hench designed by Mr. Pue. Subsequent 

tests should include the effect of varying beam angle and launch. 

It is also recommended that narrower input light pulses be utilized. 

This can be accompliahed using an SH laser where the applied current 

for lasing is set upon a pedestal current pulse. This pedestal current 

will have an amplitude equal to the laser threshold current and a width 

of between 20 to 50 nsec. The actual lasing current will be superimposed 

upon this pedestal and will be delayed by about 10 to 15 nsec and will 

be narrow enough to produce the desired light pulse width. This scheme 

will then result in light pulses which are sufficiently narrow for 

impulse response measurement and yet will have enough intensity to 

overcome the fibre and coupling lasses. 



Appendix 

(i) Proof of Formula for Impulse Response Calculation 

for Truncated Sampled Signala. 

For truncated signale of the form: 

.. 
h(t) = 

N-1 
2: h(nT) b(t -nT) 
n=O 

95 

(A-1) 

and for systems with input/output signala r(t), c(t) respectively and 

system responses f(t) of the form1 

c(t) = r(t) ~ f(t) (A-2) 

where ' ~ 1 representa a convolution; one can define the sampled signala 

in terme of their Fourier transform inverse as followa: 

N-1 
h(k) = (1/N) 2: H(n)exp(j2xnk/N) 

n=O 

The discrete convolution is defined as (Ref 41): 

N-1 
c(k) = L:; r(i) f(k-i) 

i=O ' 

now substituting Equation A-3 into Equation A-4 yields: 

N-1 N-1 N-1 
1 2: C(n)exp(j27"\"nk/N) = 2: 1 2:' R(m)exp(j2'7\"m1/N) 
~ n:O i=O ~ m=O 

N-1 
x 1 L:: F(n) exp( j27<n( k-i )/N) 

N' n=O 

(A-3) 

(A-4) 

(A-5) 
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or, 
N-1 N-1 N-1 

1 L C(n) exp( j2 ~nk/N) = 1 L; R(m) L: F(n) exp( j2 7\nk/N) 
J n=O J m=o n:O 

N-1 
x 1 '2':: exp ( j2 7tmi/N} exp( -j2 ?'{ni/N) 

R' i=O 
(A-6} 

where the laet eummation definea the orthogonality relationship if ~ 

and ie zero otherwiee, hence: 

N~ N~ 
:C C(n) exp( j2 7nk/N) = 2: R(n) F(n) exp( j27\nk:/N) {A-7} 
n=O n=O 

therefore: 

C(n) = R(n) F(n) {A-8) 

or F{n) =fibre impulse responae 

= C(n) 1 R{n) (A-9) 

QED. 



FORTRAN IV 4AAAA 

r· (ii) Fortran Program 
(" MAIN.FT 
(
., 
·' 

.,..,.,... C THIS F'FWC:mAM SOLVE:S FOF\ THE I MF'ULSE RESF'ONSE 
· C OF OPTICAL GLASS FIBRE. 

c 
0002 
0003 
()()04 
1
., , 

.. 000~) 
00061000 
0007 

• 001.01001 
0011 
001.2 
()01.3 
0014 
001.5 

,. 001.62 
(
., 
·' 
()017 

" 00~.~0 
00218 
0022 
002:i 
c 
0024 

.. 0025 
,...... 0026 

00274 ,.. 
(" ·' 
0030100 
c 
()031 
0032 
003~~ ,. 
OO~H 

oo:~5 

()036 
~ C' 

0037 
0040 

" 0041 
00425 
0043 

p 0044 
004~i 

0046 p 004/ 
0050 
OO~i1 
('' 

OO~i2 

pl"" () () ~:; 3 

REAL REAC256)tiMA<256),RESTC256),IMSTC256) 
REAL ARRAYC256)rSTC256)rNFC4) 
DEFINE FILE 1 (4,61rU,IPNT> 

WRITE(4, 100()) 
FORMATC'ENTER FILTER CUTOFF (413)') 
READ(4,1001>CNFCI),I=1•4> 
FORMATC4I3> 
DO 1 I=1,4 
IPNT=I · 
DO 2 J=lt256 
Af~RAY ( J > =0. 0 
FŒACJ)=O.O 
IMALJ) =O. 0 

READCl'IPNT)<REACK>,K=1,61> 
DO 8 M= 195, 2~i6 
REACM)=-REA<257-M) 
CALL GF\APH (fŒ A) 

CALL FFTCREAriHA> 

IF<I.NE.l>GO TO 100 
DO 4 ~1= 1 , ~!56 
F:E!H ( ~J) =f<EA ( J) 
IHSTCJ)=IMA<~I> 

IFCI.EG.1>GO TO 1 

[tO 5 J=2, NF ( I> 
DENOM=REST<J>**2+IMST<J>**2 
Tl =fŒ A ( ~J > *fŒST C J) + I MA< ..J) tI MST < J) 

T2=IHAC..J>*REST(J)-REA<J>*IMSTCJ) 
f<EA < J) =T 1/DENOM 
IHA<J>=T2/DENOM 

REA<257-J)=REA<J> 
I MA< 257···J) =, .. I MAC ,J > 
ARRAY<J>=SGRTCREACJ>**2+IMACJ)**2> 
CONTINUE 
FŒACt)::::REA<2> 
fŒ A ( 256 > :::F\'EA ( 2) 
IMA<1>=IMA<2> 
I MA ( 2~56) ::::-- I MA ( 2) 
ARRAYCt)=ARRAY<2> 
CALL GRAPH<ARRAY> 
CALL FFT<REA,IMA> 

[10 6 J:::1,64 
IF<REA<J>,GT.O.O>REA(J)=O.O 

-
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()0~54 

..- ()0~i56 
0056 

""" () 0 ~.) 7 1 
.,. 0060 

OObl 

• 
. , 

.. 

,.,, -· ,.JnN .... · 'Cj• 

IFCREACJ>,GT.O,O>IMA(J)=·O.O 
REA<J>=SQRT<REACJ>**2+IMA<J>**2> 
CAL.L GFMPH (REA> 
CONTINUE 
CALL EXIT 
END 
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FORTRAN tV 4AAAA 

0002 
(
., 
,, 
(
., 
·' 

""" C GRAPH, FT ,.. c 

!:>t.JBROUT I NE Gr~AF'H <ArmA Y) 

C THIS ROUTINE OUTPUTS A GRAPH OF THE POINTS CONTAINED 
C WITHIN THE ARRAY. 
c 
ooo:~ 
0004 
0005 
0006 
c 

• ()()07 
0010 
0011 
0012 
()0 131 
(
., 
,, 

• 0014 
OOJ:j 
0016 

• 00:1.7 
0020 
00212 
{
., 
,, 

0022 
() 0 ::.~ 3 

,. 0024 
l"" 0 () 2 ~.) 

0026 
t- 0027 

()030 
0031.4 
c 
0032 
0033 

• 0034 
00351000 
()036 

" ()0371.00 
()040 
()0411001 

,. 004~2101 
0043:~ 
0044 

DIMENSION ARRAY<256> 
f\EAL. MAX 
INTEGER PLOTC51),HORZ,VERT,PL.US,SPACErPOS,POINT 
DATA HORZ/'-'/rVERT/'!'/,PLUS/'t'/,SPACE/' '/,POS/'*'1 

MAX=ARRAYC1) 
DO l. 1=1,61 
IF<MAX.LT.ARRAY<I>>MAX=ARRAY<I> 
IF<ARRAY<I>.LT.O.O>ARRAYCI)=O.O 
CONTINUE 

DO 3 1=1,61 
DO 2 I1==1,51 
IJ:l::::I.t-·1 
F'LOT < I 1) :::SPACE 
IF<MOD<II1,10),[Q,O>F'LOTCI1>=VERT 
CONTINUE 

II=I-1. 
POINT=IFIX<51..5-50,0*ARRAYC62-IJ/HAX> 
IF<HODCII,5>.NE.O>GO TO 100 

DO 4 J:::: 1 , ~:; 1. 
F'L.OT ( J) =HOF'\Z 
~LJ:::: ~J .... 1 
IF<HODCJJ,lO),EQ,O)PLOT<J>=F'L.US 

CONTINUE 

PLOT<POINT>=POS 
IH=62-.. I 
WRITEC6,1000)JH,PL.OT 
FORHATC10X,r2,2Xr51A1) 
GO TO 101 
PLOT (POINT> :::.:f·OS 
WRITE(6,1001>PLOT 
FORHATC14X,51A1) 
CONTINUE 
CONTINUE 
wr~ 1 TE Un 1. oo::! > 

f' () 0 4 ~.'1 1. 0 0 :! FCm HAT ( 1 .~X , ' 1 , 0 ' , 7 X , ' 0 , B ' , 7 X , 1 0 .,'~ 1 
, lX • ' 0 , 4 ' , 

*?x, 'O.~>' ,7x, 'O.o' > 
0046 WRITE<6,1003) 

~ 00471.003 FORMAT<'t'> 
0050 RETURN 
0051 END 

99 -
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http:WRITE(6,1000)IH,PL.OT
http:IF(HOD(JJ,10).EG.0)PLOT(J)::::F'L.US


- c; 
C FFT2.FT 
(
., .. 

-"" C SUBRCJUTINE TO CALCULATE FAST FOURIER TF<ANSF()f;:M 
~ C OF THE INPUT ARRAYSt XREAL AND XIHAG. 

c 
0002 

) 0003 
0004 
ooo~; 

~ 0006 
0007 
0010 .. f' .. 
()0 11. 
0012102 
0013 
0014 
0015 • 0016 
0017 
0020 ,. 
0021 
0022 
0023 
()024 
0025 
0021.> ,. 
00271.01 

l""" () () 3 () 
0031. 

J oo:~2 
0033 
0034100 
0035 
0036 
0037 

" 0040 
0041 
0042 ,. 
()043 
0044 
004~j .. 0046103 
004/ 
oo~;o 

~ r· ·' 

p 0002 
()()03 
()()04 
()005 
0006 

pl"" ()007 
0010200 
00:1.1 
001.2 ,. 

SUBROUTINE FFT<XREAL,XIHAG> 
DIMENSION XREALC256>tXIHAGC256) 
N=256 
N2=N/2 
NU1=7 
NU=S 
K=O 

DO 100 L=1,NU 
DO 101 I=b N2 
P=FLOATCIBITRCK/2**NU1,NU>> 
ARG=6.283185*P/256.0 
C=COS<ARG> 
S=SIN<ARG> 
K1.=K+1 
K1N2=K1+N2 
TREAL=XREALCK1N2)*C+XIMAGCK1N2>*S 
1IMAG=XIMAGCK1N2>*C-XREALCK1N2>*S 
XREALCK1N2>=XREALCK1>-TREAL 
XIMAGCK1N2>=XIMAGCK1>-TIMAG 
XREALCK1>=XREALCK1>+TREAL 
XIMAGCK1>=XIMAGCKl>+TIMAG 
K==K+l 
K=K+N2 
IFCK.LT.N>GO TO 102 
K=O 
Nli1==NU1-1 
N2=N;u;?. 
DO :1.03 K==J.,N 
I=IBITR<K-1,NU>+1 
IFCI.LE.K) GO TO 103 
TFŒAl..-:::XREAL < K > 
TIMAG=:XIHAGOO 
XREALCK>==XREAL<I> 
XIMAG<K>=XIHAG<I> 
XFŒAL ( I) =H\EAL 
XIMAG<I>=TIMAG 
CONTINUE 
fŒTURN 
END 

FORTRAN IV 4AAAA 

FlJNCTION IBITR(J,NU) 
Jl=J 
IBITR=O 
DO 200 I==t,NLJ 
~J2=J1/2 

IBITR=IBITR*2+CJ1-2*J2> 
,JI ::::~J2 
FŒTI.Jr\N 
END 

100 ·-
-
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F'AGE ONE 

http:0046J.03
http:00271.01
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... ' ' ·~ 

TYPES PS-05-35, PS-05-20 
PS-05-10 

Plastic Clad Silica Fibcr, Type PS-05, is dcsigned for use in economical. medium bandwidlh, 
medium distance single liber data transmission systems. The f1ber consists of a homogeneous 
pure silica core surrounded by a plastic optical cladding ar;j a plastic protective coating. The 
plastic cladding and coating providc the liber with mcchRr. cal and cnvironmcn!al protection. 
This fiber may be used singly or incorporated into multich;;.~.nol fi ber o;:>tic cablcs. 

- ,". r t ', 

Attenuat10n @ .791.m 
PS-05·35 
PS-05·20 
PS-05-10 

Nu111<::rical Aperture 
01sperS10n 

10 dB width 
3 dB 1Nidth 

Core Index of 
Refraction 

F1ber Core 01amcter 
Jacket Outer Diamcter 
Tensile Strength 

(% m gauge length) 
M1n1mum Bcnding 

Rad1us 

Thi; specification is for a developmental product. subJl!Ct to change without notice 

NOMINAL 

35 dB/km 
20 dB/km 
10 dB/km 
.3 

60 ns/km 
30 ns/km 

1.46 
125 1.m 
500 ,,m 

500.000 psi 

0.5 cm 

1 01 

. -, 

ITT 
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JlEn_flfL.Hc:x:::x::>H JHUlJ[;t 

TYPES GS-02-12, GS-02-8, GS-02-5 

Glass Step l:1dex Fiber, Type GS-02. is designed for use in medium to high bandwidth single 
liber data tra:1s-nission systems. The fiber consists of a doped silica core and a borosilicalc 
cladding wi:h a step index profile. A plastic jac%et is extruded onto the liber to provide 
mechanica! a;-c::l environmental protection. This flber is suitable for incorporation into a multi-
channel cable o~ may be used singly. · 

Attenuat,on 
GS-02-12 

@ 0851.m 
@ 1 061.m 

GS-02-8 
@ 0 851.m 
@! 1061.m 

GS-02-5 
@ 0 851.m 
@ 1 06pm 

Numencal Aperture 
Dispers1on 

10 dO Wtdlh 
3 dB Wld!h 

Core Index of 
Refract1on 

F1ber Core D•ameter 
F 1ber Outer 01am<::tcr 
Jac:.;et Outer 01amctcr 
Tens11e Slrength 

NOMINAL 

12 dB/km 
8 dB/km 

8 dB/km 
5 dB/km 

5 dB/km 
3 dB/km 

.25 

30 ns/km 
15 ns/krn 

1 48 
50 ,.rn 

125 1.m 
500 ·" '11 

( ',2 m gauge length) 500 000 asi 
M1n1mum Bcnd1ng 

Rad1us OS cm 

This •.pecification i~ for a dl!v'!lopm'!ntal prorJ.,ct, suhjoc 1 to chang" without no tic~. 

1 
1 
' 1 
1 

ITT 
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_] llfUUL H c::>c::x::::> H .JIUIJLl 

TYPES GG-02-12, GG-02-8, GG-02-5 

Glass Graded Index Fi ber, Type GG-02. is designed for use in high bandwidth single fiber data 
transm;ssion systeMs. The liber consists of a doped silica core with a graded index of refraction 
profile and a boras! cate cladding. The graded index profile signifiCJntly roduces dispersion 
thus permitting larger bandwidth signais to bo transmittod. A plastic jJcket is applicd to the 
liber to provide mechanical and cnvironmcntal protection. The liber may be used singly or 
incorporated into multichannel liber optic cables. 

-·- ---, 

Attenuation 
GG-02-12 

@ 0 851.m 
@ 1.061,m 

GG-0?-8 
@ 0851.m 
@ 1.061.m 

GG-0?-5 
@ oss,.m 
@ 1 061.m 

Numerical Aperture 
Dispersion 

10 dB widtll 
3 dB Wid!h 

Core Index of 
Refraction 
(on axis) 

Fiber Core Diamcter 
Fibcr Outer Diamctor 
Jacket Outer Diamotor 
Tensilo Strcnglh 

(
1/Hn qnugo length) 

Minimum Ucnd1ng 
Rad1us 

Tht'> ~p~rif!Catton is for a dcvcloprncntal product, SUUJ1'Ct to change wothout notice. 

NOMINAL 

12 dB/km 
8 dB/km 

8 dB/km 
5 dB/km 

5 dB/km 
3 dB/km 

.25 

5.0 ns/km 
2.5 nstkm 

1.48 
50 ":il 

125 _ .. m 
500 ,um 

500,000 rsi 

0.5 cm 

ITT 

1 
1 
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