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" Optical anplifier with inproved linearity. Thes
imvention relates to an optical anplifier conprising a solid-state |laser
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_ The inventicn_ relates to an .optical amplifier co'mprising a solid-state laser
for amplifying an cptical'input signal to an optical output signal and including a pcwer
supply source connected to the sohd-state laser for supplymg electrical pump energy to
the sohd-state laser. ' .

The mvennon hkewrse relates toa transnusslon system utilizing such

An optical ampl_ifier as defined in the opening paragraph is known from
the journal article "Compensation of .non-linearity_ in semiconductor optical amplifiers"
by A. Saleh, R. Jopson and T. Darcie in Electronics Letters, July 1988, Vol. 24, No.
15, pp. 950-952. - |
_' ~ Optical amphﬁers are used for example in opucal transmission systems -
whrch utilize glass fibres as a transmission medium. Optical transmrsslon systems are
often used nowadays for digital trunk lines between telephone exchanges. Another
applit:ation is the use in cable'televisicn networks for the distribution of analog vV
signals over large dlstances _ _

The manmum length of a glass fibre which may be covered in one time is
restricted by various causes A first cause for this restriction is the attenuation of the
light in the glass fibre transmitted by the transmitter. A second cause is the dispersion

of the glass fibre which causes distortion of t'hc-pulses transmitted by the transmitter in
the case of digital transnussron This pulse d1stornon occurs as a result of the glass fibre -

delay being different for hght signals having dlfferent wavelcngths ‘This pulse distortion
is proportional to the length of the glass fibre and in addmon, depends on the spectral

' wrdth of the transmitted hght

Yet to cover large dlstances by means of glass fibres, what is commonly
referred to as rcgenerauve repeaters are used whlch are installed eqmdlstantly in the
glass fibre These regenerative repeaters comprise a complete optical receiver which
converts the recerved lrght s1gnals into dlgnal electric signals. In addition, the
regenerative repeater compnses a complcte optxcal transnutter wh1ch reconverts the




punp energy to the solid-s The invention |ikew se
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An optical anplifier as de | ned I'n the openi ng paragraph is known fromthe .
journal articl BHNCMwP&hsation of non-linearitd in semconductor opti 83402.1992
amplifiers" by A Saleh, R -Jopson and T. Darcie in Electronics Letters,

July 1988, Vol dighdl srgmls iro light s19@s ﬁ@'qurther transmission thropgh the| glass fibre, Sich a
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application is the use in cable telévision networks for the distrjbytion of
anal og TV si gnseéry m&llspeatrgieballdmﬁhcﬁls maximum distance aﬂ'ﬁ@ he.cPYased Wéﬁ@l%“]ﬁf
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uppl y source connected tmlim@tgélﬁeﬂm”eé | aser for supplying electrical

signal. _
Because an optical ampliﬁer, often comprising a solid-state laser as the
amphfymg element, is much simpler than a regenerauve repeater, a considerable saving
10 of costs can be realised in this manner. ' '
A further advantage of the use of an optical amphﬁer is that its operatxon
- is independent on the symbol rate and that the amphﬁer is capable of s1multaneously
amphfymg hght signals having dlfferent wavelengths
An important property of an optical amphﬁer is the linearity of the
15  relation between.the opueal input signal of the amphﬁer and the optical output slgnal of
the amplifier. : :
In trunk lines in which various amphtude-modulated optlcal carriers are
~utilized, what is commonly referred to as saturauon-mduced crosstalk occurs. This
' crosstalk occurs because the actual optrcal output power per carrier depends on the
20 actual output power of the other carriers due to the non-lmeanty
- Another use of optleal amplifiers which demands a proper linearity is the
use of optical distribution in cable TV systems. In these systems the sngnal to be o
distributed, which may comprxse, for example, the entire UI-IF band (470-860 MHz), is
converted into an amphtude-modulated light signal which is distributed through a glas_s
25 fibre. If non-linear elements such as, for example, a non-linear optical amplifier, are
present in this distribution system, noise components resulting from intermodulation
may be generated which occur in a desired ('I'V) channel.
In the optical amphﬁer known from above Journal artrcle, a sohd-state
laser is used as an amplifier element. The electneal pump energy necessary for the
30 solid-state laser is supphed by the power supply source in this case a current source. To
improve the linearity of the solid-state laser, the current supplied to the solid-state laser
contains not only aDC component but also an additional component ‘which is
| proportional to the power of the hght srgnal at the mput of the solid-state laser.
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of the glass fibre whi ch T8 °6‘?1 of the pulses transnitted by the
transmtter I n the case of m ssion. This pulse distortion
bcecurs as a result of the Iay being different for Iight
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by neans of glass fibres, conm)n y re rred to.as regenerative
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REPLACEVENT Sierthe additional component of the current for the sohd-state laser. The presence of
generaung means for generating the additional component of the current for the solid-
state laser makes the optical amphﬁer rather complicated.
‘It is an object of the invention to provide an optical amplifier as defined

in the opening paragraph havmg reduced complextty, but retauung the linearity ot‘ the

10  prior-art opucal amplifier.
_ _ For this purpose, ‘the mvennon is charactenzed in that the power supply
~ source is a voltage source. .
| The mvenuon is based on the recogmuon that the gain factor of the solid-
state laser is mainly determmed by the voltage across the active layer of the solid-state
15 laser. For that matter, the voltage across the active layer determines the quasi-Fermi
levels in the conduction band and the valence band and thus the density of the load
carriers in the two bands. Since the gain of the solid-state laser is determined by this
‘density of load carriers and by a ‘number of constant values, the gain will be constant in
the eese of a constant denstty of load carriers in the two bands _
20 By supplying the solid-state laser fro_m a voltage source in lieu of a
| current source as happens in the prior-art optical amplifier, it is possible to maintain the
voltage across the active layer of the solid-state laser and thus the gain at a constant
level, irrespective of the value of the optical ihput '.sig.hal.' In the case of a strong optical
input signal the solid-state laser will automatically consume more current from the
25 voltage source to produce the necessary optical output power. _
An embodlment of the invention is charactenzed m that the voltage
source has a negative output impedance.
The use of a voltage source having a negauve output 1mpedance makes it
posstble to maintain the 'voltage across the active layer of the solid-state laser at 2
30_ substantially constant level desplte the presence of an undesired series resistance in
 series with the solid-state laser. A possible choice for the absolute value of this negauve
output impedance is the overall value of the series reslstance of the sohd—state laser.
However, for obtaining the optimum linearity of the optical amphﬁer, it is conceivable
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digital signals into I|ght . e fit her transm ssion through t he
glass fibre. Such a regene I s rather conpl ex.

‘¥n transm ssion systems ut that generate a |ight signal with
a very small %@ 11 bandwi dth the maX| mung di stance that can be ceg Pb?‘:!
Wil mainly be eterm ned by the attenuatlon ‘of the glass fibre. In thes
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Because an opg reawlr oxrsptall&rthanthétmesaosrstancaofgthesoh&sﬂ;tesla&re | aser as the

anplifying el enent, than regener ative repeater

consi der abl e savi ng of g‘ﬂ%‘{fé dn q‘tﬁt’hﬂ%cmﬁl%&ea’ in that the

A further advgm mbres £
operation is |nhepen§;ré onlitstﬁxelsé? ol t at t n%?{ef tureo

capabl e of si thel solideseats laseramd ul’cludegadjuglng meqmaﬂos adptsnnggthet ttdltagegenerated by
: vavel engt hs. the voltage source in response to the measured temperature of the solid-state laser
' By measuring the temperature of the solid-state laser and giving the
voltage generated by the Qoltage source the proper dependence on the measured
temperature, it is possible to render the gaxn of the optxcal amplifier independent of the
10  temperature of the solid-state laser.
The invention will now be further explamed with reference to the drawmg
Figures in which like reference characters denote like elements, in which:
Fig. 1 shows a first embodiment of the optical amplifier according to the
invention, y : .' . ' '
15 . Fig. 2 shows a voltage source havmg a negattve output impedance, to be
usedmanopucalrecetverasshowantg 1, _ . '
'Fig. 3 shows a second embodrment of the opucal amphﬁer accordmg to
the invention, and ' o '
Fig. 4 shows a transrmssron system according to the invention.
20  Inthe optical amphﬁer as shown in Fig. 1 a glass fibre 1 is coupled to a -
first facet a of a solid-state laser, in this case a semiconductor laser 2. A second facet b
of the semiconductor laser is coupled to a second glass ﬁbre 3.
The anode of the sermconductor laser 2 is connected toa positive terminal
of the voltage source 4, the cathode of the semiconductor laser 2 being connected to 2
25 negative terminal of the voltage source 4. |
. | The semiconductor laser 2 is arranged on a Peluer element 5.
" Furthermore, the Pelner element 5 accommodates a temperature sensor 7 for measunng
the temperature of the Peltier element 5. The output srgnal of the temperature sensor 7
s apphed to a control circuit 6. An output of the control c1rcu1t 6is connected to the
30 Peltier element 5. - .
The semiconductor laser 2 in the optical receiver as shown in Fig. 1 has
~ two facets a and b by which the light to be amplified can be captured in the |
. semiconductor laser 2 and the amphﬁed hght can be extracted from the sennconductor
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An inportant property of lsShetHaS een r c%ler is the linearity of the
_ reI ation between the optical of the anplifier and the opti cal

'output signal of the anpli fil . In trunk lines in which
various anplit {@dy] at ed opt i caI carriersqre utilized, what is c M3
referred to as saturati on- |nduced crosstal k occurs This craosstal k occurs '
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Anot her use ofandoli gialaptured o ifzoes b aianyl eases dhe sexmcomhrctdrllma is\syhmnettieal,
use of optical trlbut on in c e TV s stems these systens the .
signal to be dWE’F i TReAns ¢ ?&‘Moﬁﬂff the entire UHF

band (470-860 MHz), is ‘E‘f;&ﬁﬂl ﬁ@"ﬁ’%k FM&PE@&F tasSthgnal
which is distributed through a g ass’? re fénon I'nea emalv&ps such as,

for exanpl$®, amatenialsi suitabledpt mnhfaempingfsemloonduetoplasemrate deschbeds in the book
Sener ared o ixmanp%stégo@s;ﬁwems e 5L g &
Sgteldcgls ggpiatlrr;c)%;&i P er e ?ﬁé?‘% r B ca rl%%?rgpfoé’ne gy ngc@hggr yé@f{st he
. ' known from the journal artrcle "Senuconductor Laser Optical Amplifiers for Use in
_  Future Fiber Systems” by M.J. O'Mahony in Joumal of Ltghtwave Technology, Vol. 6, |
10  No. 11, April 1988. '

By utilizing, in accordance with the inventive idea, a voltage source 4 as

~ the power supply source for supplymg electrical pump energy to the semiconductor
laser 2, there is achieved that the gam of the semiconductor laser becomes less |
dependent on the power of the opncal signal to be amplified than in the case of a
15 sermconductor laser which is supplied, as is customary with a DC current. Asa result,
the complex oompensauon means for enlarging the current flowing through the
semiconductor laser as drscussed in above Journal article by Saleh, Jopson and Darcxe .
are no longer necessary.

The voltage Visto be selected such that the current I, in the absence of 2

20 light signal to be amplified, continues to be below the threshold current of the
semioonductor laser 2 so as to avoid undesired oscillation of the semiconductor laser 2.
" To avoid the gain of the semroonductorlaser 2 changing as a result of
temperature variations; the temperature of the semiconductor laser 2 is maintained at a
constant level. This is done with the aid of a Peltier element 5 which accommodates a
25 temperature sensor 7 for measuring the temperature of the Peltier element 5. If the
| temperature of the Peltier element 5, and thus also of the semiconductor laser 2,
deviates from the desired value,_the control circuit 6 will send an electric current . |
 through the Peltier element 5 for cooling this down if the measured temperature is too;
.high and for heating it'up if the measured temperamre is too low. A suitable operating
temperature of the setmconductor laser 2 is, for example, 20° C. '
| In the voltage source 4 shown i in Fig. 2 a first terminal of a reference
voltage source 10 carrying a voltage value V,,f is connected to a first terminal of 2
resistor 12 havmg a resrstance R.A seeond termmal of the resistor 12 is connected to a
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solid-state |l aser is supplied by the power suppﬂyxssmbtrlﬁEBéeHR bdlcsq case a

c_urrent source. To inprove the linearity of the er, the

current supplied to the solid-state |aser contai M’"’lﬁ"ﬂlg conponent
but al so an addltlgﬂei -conponent which is proport| wer of the
| i ght .signal P nput of the solid- stat® I aser. 1993

REPLACENMENT SHEET For generating the addl tional
conponent  of firsidermminalof a sesigion Wy likswisechaving & resisiance |Rysand, torpotpnyinverting

opti cal COUpluﬁfut of aqﬁﬁ&%ﬁa&yﬂﬁﬂ{ﬁ&)&@ acting part -of the Iight
' Asecondtermmaloftheres:stor141sconnectedtoaﬁrsttermmalofa
resistor 16 having a value Rd and to the output of the differential amplifier 18. A
5 second terminal of the resistor 16 is connected to an mvernng input of the dxfferennal
amplifier 18 and to a first terminal of a capacitor 20. A second terminal of the reference
voltage source 10 is. connected to a second terminal of the capacitor 20. The voltage for
the semiconductor laser 2 is now aval_labl_e between the first and second terminals of the
capacitor 20. o : | |
10 The volmge source as shown in F1g 2isa vcltage source having a
neganve output 1mpedance accordmg to the inventive idea. For deriving the voltage V
- from the voltage V¢ and current I, to be discussed hereinafter, the effect of the _
capacitor 20 is discarded. If the gain of t_he differential amplifier 18 is sufficiently large,
this differential amplifier 18 may be assumed to cause the voltage difference between
15 - the inverting input and the non;inverﬁng-input to be zero. '
. Based on this assumption the voltage on both the inverting and the non-
inverting input may be set equal toV. Fof the -cutput voltage V,, of the differential
ampliﬁe_r 18 the following comparisons may be written: -

Vy=V+I-Ry W

- Vy -V __'V.'Vref : (2) |

R R
By substituting (1) in (2) and eliminating V,, the following will be found:
| | v =V,,f_ +I°Ry | ' ' (3)

2 From (3) it appears that a voltage source having a negative output impedance is indeed
obtained, as a result of which the output voltage increases with enhancing current I. If,
according to the inventive idea, the value Ry is made eqnal to the series resistance of
the semiconductor laser, it is possible to obtain a DC voltage across the active layer of
the semiconductor laser. It is conceivable that a slightly larger or slightly smaller value

35 of Ry entails a better linearity of the optical amplifier, because the relation between the

 voltage across the active layer and me"gain is based on simulation models.
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to be converted by means of a photodiode into an el ich, in
turn, is to be reconverted into the additional conp urrent for

the solid-state The presence of generating at i
addi ti onal co éﬁ@ﬁﬁ%ﬂ the current for the sblid- state Iaser rrake@gt(f%ie

opti-cal anplifier rather_conplicat : ob ect of the
i nvention to provi de an Spe F4RRC ‘%ﬁ@isrmewpaa%fqrﬁwd% pRgessary

paragraph, havifiobailuaent RFRhE Wohibondor'IgeP 2 thE WhERAL bl of e

prior-art optical anplit i's” purpose,
i s characteri zeﬂtml mpdtatgnahef ﬂn\npucaitmnphﬁamnhmes mﬁdlyoﬂhegld‘fexenmﬂamphﬁer

The invention is th n|t.|o a t he gai tor f the
solid- state | f‘ﬂ?‘e ‘aﬁ'ég t&ggapg ¥ active
“layer of tke solid- stat lﬁﬁ H&;,{,
active I'aylg'r determ nes t e guasi C#Fleé m Iseve gllill:rlté Eg\fg(g)t,t uction b?ﬁ?%?tlﬁd o
t he val ence baadirsinfacethofsthe lselidistatei laserpin thiscdse adsenricondacter daser B@. Avsecond
bands. Since th L n the solid-state.l ase s determ ne hi s
density of Iea&faéggk’%gé“a‘?ﬂl’l’iﬁi m@f Eéﬂ‘&sﬁ WP%M )gain wll
be constant in A temperature measuring means, a temperature sensor 38 in this case, is
connected to the semiconductor laser 30 to measure the temperature of the
10  semiconductor laser 30. The output signal of the temperature sensor 38 is applied to an
input of an analog-to—di_gital converter 46. The output pf the analog-to-digital converter
46 is connected to'a first input port of the adjusting means, in this case a

at t he input of the solid-state |aser. This extra ghée{ﬂﬁbcénsmﬁl% equently

microprocessor 40. An output port of the microprocessor 40 is coupled to an input of
- the voltage source, in this case a digital-to-analog converter 44, - |
15 The anode of the semiconductor laser 30 is connected to a first terminal of
a resistor 32 and to a first input of an analog-to-digital converter 42. A second terminal
of the res:stor 32 is connected to a second input of the analog-to-digital converter 42
and toa first output of the d:gltal-to-analog converter 44. A second output of the
d1g1ta1-to-analog converter 44 is connected to the eathode of the semiconductor laser 30.
20 An output of the analog-to-digital converter 42 is coupled to a second input port of the
rmcroprocessor 40. '
By measuring the temperature of the semiconductor laser 30 it is possible,
aceordmg to the inventive idea to make the voltage produced by the voltage source
. dependent on the temperature of the semiconductor laser 30 so as to make the gam of
5 the optical amplifier independent of the temperature. | |
, For this purpose, the mwroprocessor 40 stores the relation between the
voltage necessary for the senuconductor laser 30 and the temperature at a constant gain.
This relation may be stored in the nucroprocessor 40 by way of a Table or by way of a
formula deternnned by.curve fittmg '

30 Estabhshmg this’ relaﬁonshlp reqmres a smgle measurement of the
necessary voltage as a function of temperature ata constant gain. It is conceivable to
carry out calibration measurements penodleally and to adjust the relation stored in the

-~ microprocessor 40 to compensate_ for the effect of agemg of the semiconductor laser 30,
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the case of a constant densi ty of load carriers |nThthheét\msb@aﬁ

B% supplying the solid-state |aser froma voltage s |
current source as happens in the prior-art optical . hmm
possi ble to mai ﬂiillgséﬁe vol t age across the agtive Ia I|d S at

|'aser and thus at a constant level, Prrespective of the val /P

the optical input signal. In the case of a strong) @Pl cal |nput si gnal the
solid-state laser will akogie thearoliage sonroerformedady pasomrteagé a

Svbod: nent Por PGS AARIARACEOR L lesRUfS rRBHEE the current fowine tublgh the

Eas a negat i ve semicondudtomiaser3:. Tlus is Ii):.rformed by chneerting, withathe aid ofythe amalogeto- |
aving a negatiye out put nce. makes it possjb) e to,maintain

vol t age acr 0SS !&%@?S@i‘feﬁéf legyg'}e tage, aCTosy F%“ﬁfaiim%g@gl@! s’zﬂ“@h?ﬁ;gefﬁh ally
const ant e' 1&? t%ﬂﬂé‘@ {heflﬂ ?hﬁlﬁge e&@fﬂ‘?ﬁ'tﬁé %&?‘awﬁé?

series vmt t he s -stat aser- poss he "abso e .va

of this negatlvherewmmhmmgaomnt mrbﬁgh meeseuhéondwtuelasér 3e series
resi stance of the solid- fft e | aser ver, for obtajning the optinmm
linearity of the optical a'gﬁlf?qppﬁfl‘emﬁo e RicEQRroGessar 40 to variations in the required

current is too low, the voitage source having negative resistance as shown in 'Fig. 2 may
rather be used in leu of the resistor 32 in combination with the analog-to-digital
(0  converter 42. The voltage source 10 shown in Fig. 2 is then formed by the dxgltal-to-
analog converter 44, ' :
In the transmission system as shown in Fig. 4 an optical transmitter 50is
coupled 10 an optical receivér 59 through glass fibres 51, 54 and 57. Between the glass
~ fibres 51 and 54 an optical amplifier 53 according to the inventive idea is inserted.
15 Between the glass fibres 54 and 57 an optical amplifier 56 according to the inventive
idea is inserted. In addition, the supply lines 52, 55 and 58.are inserted between the
_ opucal transmitter 50 and the optical receiver vig the optical amphﬁers 53 and 56
The light transmitted by the optical receiver 50 is transported through the
glass fibre 51 to the optical amphfier 53 and amplified there. The amplified optical
20 signal is transported through glass fibre 54 to the optical amplifier 56, amplified there,
 and then transmitted to the optical receiver 59. The electrical energy necessary for the
- optical amplifiers is conveyed to the respectwe optical amplifiers through the
oonnecnons 52,55 and 58.
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for the absolute val ue of ‘the out put inpedance of the voltage source to. be -
chosen to be greater or smaller than the series resistance of the
solid-state | aser. - A furt her "‘enbodi nent of the invention is-
characterized, in that the anpl |f|er conprises a tenperature measuring
means f or rreasurﬂl-ﬂg QLlk enperature of the sol Pd-state laser and incl u@i62.1993
adj usting nmeans for-adjusting the voltage generated by the voltage ource
in response to t(lgimkasured tenperature of the solid-state Ia‘sﬂe(r/s- _

g the

By neasuri ng t he terrperature of the solid- state | aser and giv
-+ This Sheet Has Been Replaced

1. Optrcal amplifier comprising a solid-state laser for amplifying an optical
input signal to an opucal output signal and ineluding a power supply source connected
to the solid-state laser for supplying electrical pump energy to the solid-state laser,
characterized in that the power supply source is a voltage source. '

5 2 Optical amplifier as claimed in Claim 1, characterized in that the voltage |
source has a negative output impedance.
3. Optical amphﬁer as claimed in Claim 2, characterized in that the absolute
value of the output impedance of the voitage source is equal to the series resistance of |
- the solid-state laser. ' _ '
10 4. - Optical amplifier as claimed in one of the preceding Claims, characterized

in that the amplifier comprises a temperature measuring means for measuring the
temperature of the solid-state laser and includes adjustmg means for adjusting the
voltage generated by the voltage source in response to the measured temperature of the '
solid-state laser. _ . _

5 5. Optical transmrssron system comprising an optical transmitter coupled to
an optical receiver vig at least an optical amplifier, the optical amplifier comprising a
solid-state laser for amplifying an optical input signal to an optical output signal and
including a power supply source which is connected to the solid-state laser for supplying
electrical pump energy to the sohd-state laser, characterized in that the power supply

20 source is a voltage source. . -

6. Optical transnusslon system as clarmed in Claim §, charactenzed in that

the voltage source has a negauve output xmpedance
7. Optical transmission system as claimed in Claim 6, characterized in that

the absolute value of the output impedance of the voltage source is equal toa sertea |
resistance of the solid-state laser. g o
8. Optical transmxssron system as claimed in one of the Clarms 5,6o0r7,

characterized in that the amphﬁer comprises 4 temperature measuring. means for
~ Measuring the temperature of the solid-state laser and includes adjusting means for.
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vol t age generated by the {Flib She Ias%un&aolﬂtbh’e proper dependence on the
measured tenperature, it i ender the gain of the optical
of the solid-state |aser.

~Aanplifier independent of t
The invention will now be further explained with reference to the draw ng
Figures in whi PHNildDllef erence characters dedfote |ike el ements, in- v05.0211993
Fig. 1 shows a .first enbodi ment of the optical anplifier accordl ng to the

i nvention, adjustmg the valiage génerkted/byahu &blwg;&sonmerma’ekpmwm theaemsurede

out put- |rrpedan to be ed ircal  receiver as-shown in Fig. 1,
Fig. 3 shows o (CTIRETARYTS, Hﬂﬁm?bﬁt%é? optical anplifier according to the

~invention, and . Fig. 4 shows a transm.ssion system according
to the invention. ' In the optical anplifier as shown in Fig. 1
a glass fibre 1 is coupled to a first facet a of a solid-state l'aser, in
this case a sem conductor |aser 2. A second facet b of the semi conduct or
laser is coupled to a second glass fibre 3. The anode of the
semi conductor |aser 2 is connected to a positive ternlnal
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of the voltage source 4, the cathode of the sem conductor |aser 2 being .
connected to a negative terminal of:the:voltage source 4. The
sem conductor laser 2 is arranged on a Peltier elenment 5. Furthernore, the
Peltier element 5 accommbdates a tenperature sensor 7 for neasuring the
tenperatur'e of PHN p&Oller el ement 5. The out pdt- signal of the tenper 21993
sensor 7 is applied to a control circuit 6. An outpurof the control circuit

6 is connected AbLSHAGE Peltier el enent 5. : The sem conduct

| aser 2 in the .gptical neceivear. in Fig. 1 has two facets a afd b
by which the Ii%@@'ﬂ@%ﬂ f‘ﬁﬁr@%ﬁ&ﬁg‘r@g‘ptured in the sem conductor
| aser 2 and the anplified Iight can be extracted fromthe sem conductor
REPLACEMENT SHEET ' ' :

Optical amplifier which utilizes a solid-state laser '(2) as an amplifying
element. To improve' the linearity of the optical amplifier a complex compensation
mechanism has been necessary in the state of the art. In the optical ampliﬁer according

_ to the invention a similar linearity improvement may be achieved by feeding the solid-
5 state laser (2) not from a current-source, as is customary, but from a voltage source (4).

Fig. 1.
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laser 2, there is achieved that the gain of the seniconductor |aser becomes
| ess dependent on the power of the optical signal to be anplified than in
‘the case of a sem conductor |aser which is supplied, as is customary, with
a DC current. As a result, the conpl ex conpensati on nmeans for enlarging the
current flow ng through the sem conductor | aser as di scussed in above
journal article by Sal eh, Jopson and Darci é&e no | onger necessary.

The voltage Vis to be selected such that the current I, in the absence of
a light signal to be anplified, continues to be below the threshold current
of the sem conductor |aser 2 so as to -avoid undesired oscillation of the
'sem conductor |aser 2. ‘To avoid the gain of the sem conductor
| aser 2 changing as a result of tenperature variations, the tenperature of

t he sem conduct or E?%er T IR AI e AT o STan TRl . This is done

wth the aid of a PeftTer ergenent 5 whi ¢ C 1a tenperature sensor
7 for nmeasuring thek [enperat ItierDMl ement|5.11f the
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tenperature of the] Ppltier e|lene 2 an *&Eﬁé&éjrcf t seni conduct or

| aser 2, deviates frpmthe desir¢d vakue —tthe codifolf cirkuit 6 will send
an electric curren hrough {he Pel tifer el gnent 5 for cooﬂing this down if
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high, and for heat i ng it up if the neasured tenperature is too | ow.
“sui tabl e operating tenperature of the semnmi conductor laser 2 is, for _
exanple, 20[err] C. In the voltage source 4 shown in Fig. 2 a
first termnal of a reference voltage source 10 carrying a vol tage val ue
V[err] is connected to a first termnal ofl a resistor 12 having a

resistance R A second terminal of the resistor 12 is connected to a

first termQpticabamplifies mithamprdved Lineavitse hpvi istance R and to a
non-inverting REP ACEMENT 'SHEET

|

| The invention relates to an optical amplifier comprising a solid-state laser
for amplifying an optical input signal to an optical output signal and including a power
supply source connected to the solid-state laser for su'pplying electrical pump energy to
the solid-state laser. o | _ |
. The invention likewise relates to a transmission system utilizing such

amplifiers. : S

An optical amphﬁer as defined in the opening paragraph is known from
the journal article "Compensation of non-linearity in semiconductor optical amplifiers”
by A. Saleh, R. Jopson and T. Darcie in Electronics Letters, July 1988, Vol. 24, No.
15 pp. 950-952.

Optical amplifiers are used, for example, in optical transmission systems
which utilize glass fibres as a transmission medium. Optical transmission systems are
often used nowadays for digital trunk lines between telephone exchangés. Another

| application is the use in cable television networks for the distribution of analog TV
signals over large distances.

The maximum length of a glass fibre which may be covered in one time is
restricted by various causes. A first cause for this restriction is the attenuation of the
light in the glass fibre transmitted by the transmitter. A second cause is the dispersion
of the glass fibre which causes distortion of the pulses transmitted by the transmitter in
the case of digital transmission. This pulse; distortion occurs as a result of the glass fibre
delay being different for light signals having different wavelengths. This pulse distortion
is proportional to the length of the glass fibre and, in addition, depends on the spectral
width of the transmitted light. =~ | | |

Yet to cover large distances by means of glass fibres, what is commonly
referred to as regenerative rep&ter_s are used which are installed equidistantly in the

~ ™ glass fibre, These regenerative repéaters comprisé a complete optical receiver which
- converts the received light signals into digital electric signals. In addition, the
Tegenerative repeater comprises 2 complete optical transmitter which reconverts the
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input of a differential anplifiBEPLAGEMENT SHEET | A second terminal of the
*resistor 14 is connected to a fIIbL terminar ¢f ja resistor 16 having a
value R err] and to the output Qemgf fo4¥entijlal anplifier 18. A second
termnal of the resistor 16 id connected to an ijnverting input of the
differential anmplifier 18 and|toa TTrst tZrmngl of a capacitor 20. A
second term nal of the referefjce vol tage source {10 is connected to a second

ﬁ

t er mi nal of digitel signals intolighOsighals P transmission simough thegiass fibres Suck ai s
now avail abl e between the fir t and econd termnals of the capacitor 20.
The vol t ager@85BFTaRVETEPEHETAS %s a vol tage source havi ng a negative

VT Fom the vel tage. Vio rpaTidide) 5 W‘%‘@g 6 hd HenERia ¥ 138 Spallch 33
ef fect of therycsmpsllcspectralanidwidth sthermizdmubd distmcgzhan cari be lcoveted fwillamainkl
Rseuned o B deteopingd $ithe lbeniifg of e 138t N TF 1SS peRRithe ﬁpme@%aﬁéhe
Cglni ég\ée{)tn' g %éaltewe:vlég er ﬁﬁgﬂanﬂ%e noﬁhﬁlern%???rﬁgﬂ.}c%%?o anﬁ’?” e set equal
to V. For tésignalut put voltage V[err] of the differential

Because an optical amplifier, often comprising a solid-state laser as the
amplifying element, is much simpler than a regenerative repeater, a considerable saving
of costs can be realised in this manner.

A further advantage of the use of an optical amplifier is that its operation
is independent on the symbol rate and that the amplifier is capable of simultaneously'
amplifying light signals having different wavelengths.

An important property of an optical amplifier is the linearity of the
relation between the optical input signal of the amplifier and the optical output signal of
the amplifier. |

In trunk lines in which various amplitude-modulated optical carriers are
‘utilized, what is commonly referred to as saturation-induced crosstalk occurs. This
crosstalk occurs because the actual optical output power per carrier depends on the
actual output power of the other carriers due to the non-linearity.

Another use of optical amplifiers which demands a proper linearity is the
use of optical distribution in cable TV systems. In these systems the signal to be
diSt:ibuted, which may comprise, for example, the entire UHF band (470-860 MHz), is
converted into an amplitude-modulated light signal which is distributed throdgh a glass
fibre. If non-linear elements such as, for example, a non-linear optical amplifier, are
present in this distribution system, hoise components resulting from intermodulation
may be generated which occur in a desired (TV) channel.

In the optical ampl_iﬁer known from above journal article, a solid-state
laser is used as an amplifier element. The Eléctrical pump energy necessary for the |
solid-state laser is supplied by the power supply source in this case a current source. To
improve the linearity of the solid-state laser, the current supplied to the solid-state laser
contains not only a DC component but also an additional component which is
Proportional to the power of the light signal gt the input of t_he solid-state laser.
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For generating the additional component o
solid-state laser, however, an optical coupler is necessary for extracting part of the light
at the input of the solid-state laser. This extracted light is subsequently to be converted
by means of a photodiode into an electric signal which, in turn, is to be reconverted
into the additional component of the current for the solid-state laser. The presence of
generating means for generating the additional component of the current for the solid-
state laser, makes the optical amplifier rather complicaned.

It is an object of the invention to provide an 6ptical amplifier as defined
in the opening paragraph, having reduced complexity, but retaining the linearity of the
prior-art opucal amplifier. _

For this purpose, the invention is characterized, in that the power supply
source is a voltage source.

The invention is based on the recognition that the gain factor of the solid-
state laser is mainly determined by the voltage across the active layer of the solid-state
laser. For that matter, the voltage across the active layer determines the quasi-Fermi
levels in the conduction band and the valence band and thus the density of the load
carriers in the two bands. Since the gain of the solid-state laser is determined by this
density of load carriers and by a number of constant values, the gain will be constant in
the case of a constant density of load carriers in the two bands.

By supplying the solid-state laser from a voltage source in lieu of a
current source as happens in the prior-art optical amplifier, it is possible to maintain the
voltage across the active layer of the solid-state laser and thus the gain at a constant |
level, irrespective of the value of the optical input signal. In the case of a strong optical
input signal the solid-state laser will automatically consume more current from the
voltage source to produce the necessary optical output power.

' An embodiment of the invention is characterized, in that the voltage
source has a negative output imﬁedant:e. -

“The use of a voltage source having a negative output impedance makes it
possible to maintain the voltage across the-acl;iVe' layer of the solid-state laser at a

substantially constant level despite the presence of an undesired series resistance in

series with the solid-state laser. A possible choice for the absolute value of this negative
output impedance is the overall value of the series resistance of the solid-state laser.
However, for obtaining the optimum linearity of the optical amplifier, it is conceivable
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rapidly. The differer} ifgithégmbddifént of the invention is characterized, in that the
amplifier comprises a temperature measuring means for measuring the temperature of
the solid-state laser and includes adjusting means for adjusting the voltage generated- by
the voltage source in response to the measured temperature of the solid-state laser.

By meé.suring the temperature of the solid-state laser and giving the
voltage generated by the voltage source the proper dependeﬂce on the measured
temperature, it is possible to render the gain of the optical amplifier independent of the
temperature of the solid-state laser.

The invention will now be further explained with reference to the drawmg' |
Figures in which like reference characters denote like elements, in which:

Fig. 1 shows a first embodiment of the optical amplifier according to the

—F

invention,

Fig. 2 shows a voltage source 'having a negative output impedance, to be
used in an optical receiver as shown in Fig. 1, "

'Fig. 3 shows a second embodiment of the optical amplifier according to
the invention, and _

Fig. 4 shows a transmission system according to the invention.

" Inthe optical amplifier as shown' in Fig. .1 a glass fibre 1 is coupled to a

first facet a of a solid-state laser, in this case a semiconductor laser 2. A second facet b
of the semiconductor laser is coupled to a second glass fibre 3.

The anode of the semiconductor laser 2 is connected to a positiVe terminal
of the voltage source 4, the cathode of the scnliconductcr laser 2 being connected to a
negative terminal of the voltage source 4.

| The semiconductor laser 2 is arranged on a Peltier element 5.

Furthermore, the Peltier element 5 accommodates a temperature sensor 7 for measuring
the temperature of the Peltier element 5. The output signal of the temperature sensor 7
is applied to a control circuit 6. An outputof the control circuit 6 is connected to the
Peltier element 5. ' o

The semiconductor laser 2 in the opuul receiver as shown in Fig. 1 has
two facets a and b by which the light to be amplified can be captured in the
semiconductor laser 2 and the amplified light can be extracted from the sermconductor
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rapidly. : In the dgptfical anplifierf ghowmn in Fig. 3 a first
glass fibre 34-is coupled to alfifrsl 2f MARt188¥ t/hd solid-state laser, in
this case a sem conductor | aser _A second gllags fibre 36 is coupled to a

second facet of the seniconductjor |aser 3 A tenperature
measuring neans, a tenperaturelsensor 38 in this lcase, is connected to the
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di gital -to-anal og converter 44, A ,second, output of t.h I adi.kal -4 0xanal og
converter 4kno¥n Joymal afticle CM%?DL%% bl#ﬁ%réﬂgbﬁ?rsl fﬁgg&e %
Future Fiber Systems” by M.J. O’Mahony in Journal of Lightwave Technology, Vol. 6, _
No. 11, April 19883. ' - - '
| By utilizing, in accordance with the inventive idea, a voltage source 4 as

the power supply source for subplying electrical pump energy to the semiconductor
laser 2, there is achieved that the gain of the semiconductor laser becomes less
dependent on the power of the optical signal to be amplified than in the case of a
semiconductor laser which is supplied, as is customary, with a DC current. As a re;ult,
the complex compensétion means for enlarging the current flowing through the
semiconductor laser as discussed in above journal article by Saleh, Jopson and Darcie
are no longer necessary. ' :

The voltage V is to be selected such that the current I, in the absence of a
light signal to be amplified, continues to be below the threshold current of the
semiconductor laser 2 so as to avoid undesired oscillation of the semiconductor laser 2.

To avoid the gain of the semiconductor laser 2 changing as a result of
temperature variations, the temperature of the semiconductor laser 2 is maintained at a
constant level. This is done with the aid of a Peltier element 5 which accommodates a
temperature sensor 7 for measuring the température of the Peltier element 5. If the
temperature of the Peltier element 5, and thus also of the semiconductor laser 2,
deviates from the desired value, the control circuit 6 will send an electric current
through the Peltier element S for cooling thi_s down if the measured temperature is too
high, and for heating it up if the measured temperature is too low. A suitable operating
temperature of the semiconductof laser 2 is, for example, 20° C. |

In the voltage source 4 shown in Flg 2 a first terminal of a reference
voltage source 10 carrying a voltage value V¢ is connected to a first terminal of 2
resistor 12 having a resistance R. A second terminal of the resistor 12 is connected to a
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effect of ar%ehﬁear ¥ abd'fo & HIGRANMGEE 6F a bipRitor’20. A second terminal of the reference
voltage source 10 is connected to a second terminal of the capacitor 20. The voltage for
the semiconductor laser 2 is now available between the first and secc_md terminals of the

capacitor 20. _ o

| . _The voltage source as shown in Fig. 2 is a voltage source having a
negative output impedance according to the inventive idea. For deriving the voitage V
from the voltage V¢ and current I, to be discussed hereinafter, the effect of the

| capacitor 20 is discarded. If the gain of the differential amplifier 18 is sufficiently large,
this differential amplifier 18 may be assumed to cause the voltage difference between
the inverting input and the non-inverting input to be zero.

Based on this assumption the voltage on both the inverting and the non-

inverting input may be set equal to V. For the output voltage V, of the differential
amplifier 18 the following comparisons may be written: -

Vy=V+IRy | (1)
V-V _ V-Veer (2)

R R
By substituting (1) in (2) and eliminating V,,, the following will be found:

| -V=Vref +_I’Rd - . . (3)

From (3) it appears that a voltage source havmg a neganve output 1mpedance is indeed
obtained, as a result of which the output voltage mcreases with enhancing current L. If
according to the inventive idea, the value Ry is made equal to the series resistance of
the semiconductor laser, it is possiblé to obtain a DC voltage across the active layer of
the semiconductor laser. It is concei_vable that a slightly larger or slightly smaller value
of Ry entails a better linearity of the optical amplifier, because the relation between the
voltage across the active layer and tﬁe'géin is based on simulation models.
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- is often incapable of supplying this additional current sufficlently rapidly.

In the optical amplifier shown in Fig. 3 a first glass fibre 34 is coupled to
a first facet' of the solid-state laser, in this case a semiconductor laser 30. A second
glass fibre 36 is coupled to a second facet of the semiconductor laser 30.

A temperature measuring means, a temperature sensor 38 in this case, is
connected to the semiconductor laser 30 to measure the temperature of the |
semiconductor laser 30. The output signal of the temperature sensor 38 is applied to an
input of an enalog-to-digital converter 46. Tﬁe oﬁtput of the analog-to-digital converter

46 is connected to a first input port of the adjusting means, in this case a

microprocessor 40. An output port of the microprocessor 40 is coupled to an input of
the voltage source, in this case a digital-to-analog converter 44,

The anode of the semiconductor laser 30 is connected to a first terminal of
a resistor 32 and to a first input of an analog-to-digital converter 42. A second terminal
of the resistor 32 is connected to a second input of the analog-to-digital converter 42
and to a first output of the digital-to-analog converter 44. A second outéut of the
digital-to-analog converter 44 is connected to the cathode of the semiconductor laser 30.
An output of the analog-to-digital converter 42 is coupled to a second input port of the
microprooessof 40.

By measuring the temperature of the semiconductor laser 30 it is possible,
according to the inventive idea to make the voltage produced by the voltage source
dependent on the temperature of the semiconductor laser 30 so as to make the gain of
the optical amplifier independent of the temperature. '

For this purpose, the micrdproceésor 40 stores the relation between the
voltage necessary for the semiconductor laser 30 and the temperature at a constant gain.
This relation may be stored in the microprocessor 40 by way of a Table or by way of a
formula determined by curve fitting. -

Establishing this relationship requires a single measurement of the
. necessary voltage as a function of temperature at'a constant gain. It is conceivable to
éany out calibration measurements periodically and to adjust the relation stored in the
microprocessor 40 to compensate for the effect of ageing of the semiconductor laser 30.
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If the response rate of the microprocessor 40 to variations in the required

current is too low, the voltage source having negative resistance as shown in Fig. 2 may

rather be used in lieu of the

resistor 32 in combination with the analog-to-digital

converter 42. The voltage sou_rce'lo shown in Fig. 2 is then formed by the digital-to-

analog converter 44,

In the transmission system as shown in Fxg 4 an opncal transmitter 50 is
coupled to an optical receiver 59 through glass fibres 51, 54 and 57. Between the glass
fibres 51 and 54 an optical amplifier 53 according to the inventive idea is inserted.

Between the glass fibres 54

and 57 an optical amplifier 56 according to the inventive

idea is inserted. In addition, the supply lines 52, 55 and 58 are inserted between the
opncal transmitter 50 and the optical receiver via the optical amplifiers 53 and 56. '
The light transmitted by the optical receiver 50 is transported through the

glass fibre 51 to the optical

amplifier 53 and amplified there. The amplified optical

signal is transported through glass fibre 54 to the optical amplifier 56, amplified there,
and then transmitted to the optical receiver 59. The electrical energy necessary for the

optical amplifiers is conveyed to the respective optical amplifiers through the

connections 52, 55 and 58.



1. . Optical anplifier c rising a solid-state |aser for

anpl i fying an ﬁMMMW

9 ' :
REPLACEMENT SHEET |
Claims: — HEET
12 MAR 1997
1. Optical amplifier comprising a solid-state laser for amplifying an optical

input signal to an optical output signal and including a power supply source connected
to the solid-state laser for supplying electrical pump energy to the solid-state laser,
characterized in that the power supply source is a voltage source.

2. . Optical amplifier as claimed in Claim 1, characterized in that the voltage
source has a negative output impedance. | |

3. Optical amplifier as claimed in Claim 2, characterized in that the absolute
value of the output impedance of the voltage source is equal to the series resistance of
the solid-state laser. .

4. . Optical amplifier as claimed in one of the preceding Claims, characterized
in that the amplifier comprises a temperature ‘measuring means for measuring the
temperature of the solid-state laser and includes adjusting means for adjusting the .
voltage generated by the voltage source in response to the measured temperature of the
solid-state laser. '

5. Optical transmission system comprising an optical transmitter coupled to
an optical receiver vig at least an optical amplifier, the optical amplifier comprising a -
solid-state laser for amplifying an optical input signal to an optical output signal and
including a power supply source which is connected to the solid-state laser for supplying
electrical pump energy to the solid-state laser, characterized in that the power supply
source is a voltage source. :

6. Optical transmission system as claimed in Claim 5, charactenzed in that

the voltage source has a negative output 1mpedanoe .
7. - Optical transmission system as claimed i in Claim 6, characterized in that

the absolute value of the output impedance'of the voltage source is equal to a series
resistance of the solid-state laser. .

8. Optical transmission system as clmmed in one of the Claims 5, 6 or 7,
characterized in that the amplifier comprises a temperature measuring means for
measuring the temperature of the solid-state laser and includes adjusting means for
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i nput signal to an optigal and |ncludrng—a—p0werﬁmmnﬁjr
+ source connected to thej spliqdy &R 4897asker | f or suppl “l
energy to the solid-stajell e!gzer ~ Char acf e ized. in tlﬂ"["ltl”1 mlml pI y

source is a vol tage soufce 7. Optical anplifiér 8s &lalmed in
Claim1, characteri zed‘ n that the voltagg g(gur ce has a negative output
i rrpedance 3. ptrcal _anplitier claimed in Caim2,

characterized ,in.that absol u : ' e

voI tage sour @@q @%%Y%etﬁ?@%&?i @sh\‘e@?@%ﬁ@%w%@etsaﬂgﬁﬁuﬁser
'ﬁ?éﬁﬁﬂé of i §dlide§tateJaser.ai med in one of the preceding O ains,

char acteri zec}e hat the anplifier conprises a tenperature measuring neans

for measuring the tenperature of the solid-state |laser and includes

adj usting neans for adjusting the voltage generated by the voltage source

in response to the nmeasured tenperature of the solid-state |aser. 5.

Optical transm ssion systemconprising an optical transmtter coupled to an

optical receiver via at |least an optical anplifier, the optical anplifier

conprising a solid-state | aser for arrpllfyl ng an opt| cal input signal to an

optical output signal and



i ncluding a power supply source which i.s connected to the solid-state |aser
* for supplying electrical punp energy ‘to the:solid-state |aser,

characterized i'n that the power supply source is a voltage source. 6.
Optical transm ssion systemas claimed in Claimb5, characterized in that
the vol tage source has a negative out put ildpedance. .7. Optica
transm ssion systemas clainmed in Caim6,_characterized in that the

absol ute vahygnug the out put i npedance of jt pY, ouT is equal to a
series resista he solid-state | aserf. hg;LABéﬁEM% §HEEf)ticaI
transnissiogp GWQtHHHUV lipearity. {hd G ai s 5o 7
characterized |n that the anplifier conpris S thHAﬂeBaiu e measuri ng nmeans
for neasuring the tenperature of the soli ate laser angl ifncl udes

adj usting neans for -REDLACENENT SHEET
|

Optical amplifier which utilizes a solid-state laser (2) as an amplifying
element. To improve the linearity of the optical amplifier a complex compensation
mechanism has been necessary in the state of the art. In the optical amplifier according
to the invention a similar linearity improvement may be achieved by feeding the solid-
state laser (2) not from a current source, as is customary, but from a voltage source (4).

' Fig. 1.



10+ adjusting the voltage generated by the voltage source in response to
* the neasured tenperature of the sofld“state | &ser.
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