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Noise in an Optical Amplifier: Formulation
of a New Semiclassical Model

Silvano Donati,Member, IEEE and Guido Giuliani

Abstract—After pointing out some questionable assumptions (number of photons per mode at the OA output [1]) and
of the standard beating theory, we formulate a new semiclassical f; — (Aﬂ?>/<m> is the input-signal Fano factor. By taking
wave theory of the noise in optical amplifiers. The theory is simple into account the optical amplifier bandwidm,, the previous

yet rigorous and uses a few quantum statements in a classical It b dint f ohotodetected d
signal framework. The amplifier is modeled as a 2< 2 port device, results can be expressed In terms of photodetected mean an

and the amplified spontaneous emission and associated noise ard10ise current as
shown to be just the amplified coherent state (or vacuum state)

fluctuation of the field entering the idler input. The new theory (Iyn) =GI, + Izse (3)
can treat other closely related detection schemes as well, correctly 5
supplying both mean signal and noise. (Ionn) =[2eGIs + 2¢elssk + 4G Iask/ B,

Index Terms—Amplifier noise, optical amplifiers, optical noise, + 213/ Bo + 2¢G*(F; = 1)I,) - By (4)

optical signal detection noise, spontaneous emission.

where I, = (e/hv)P;, with P, the input signal power,

Izxsg = (C/hl/)PASE, with Pysg = hl/Nsp(G— 1)BO the CW

o i -~ ASE power, andB,; <« B, electrical detection bandwidth.

I N recent years, noise in optical amplifiers (OA’s) has beenthe apove quantum-mechanical treatments are obviously
analyzed by means of several theoretical frameworks [Hyact but are not versatile (especially the field operator) due to

each of which has given special emphasis and unveiledyf gperator description, which may become a burden in cases

particular aspect of optical amplification. Broadly speaking nracical interest where realistic fiber links with cascaded

these frameworks can be classified as: 1) quantum-mechanigals are considered. The reduction to a semiclassical descrip-

field operator; 2) rate equation; 3) photon multiplicationjon ejther particle or wave, is thus a useful schematization,

and 4) field beating; the first two are quantum-mechanicghmmonly used in many situations occurring in electronics

treatmepts and the others sem|class.|cal. Treatments_ 1) apg photonics.

4) consider the wave-like aspect of light and deal with the e \ell.known standard field-beating theory due to Olsson

electric field at optical frequencies, while 2) and 3) COﬂSId%], which has been followed by other authors [1], [10],

the particle-like nature of light and deal with photon numbe[il], is based on the analysis, at the OA output, of beating

The field-operator methods [2]-{5] are formal approachgsims generated by the square-law process of photodetection
that describe the OA irrespective of the physical mechanism gf ihe amplified signal field and the ASE field. The ASE
operation and determine the minimum amount of noise that thg,q is postulated to be a Gaussian noise variable with a

OA must add to the amplified signal not to violate quantumyarrow-hand white spectrum of double-sided spectral density

m_e(?hanical c_:omr_nutation rules. Th_e WeII-knowr\ result for th%a,w(G_ 1) N, and widthB, [in view of quantum-mechanics
minimum noise figurel,,;, = 3 dB is thus obtained.

: results; see, for example, (1)]. The beatings between signal and
The rate-equation method [6]-[8], based on the Kolmogorgiet signal and ASE, ASE and itself, correctly give the dc
equation for transition probabilities, considers a real actiygmponents and the dominant noise term of the photocurrent.
medium amplifier and allows one to compute the mean valyg,yever, the exact output noise expression is not obtained
(no) and variancg{Anz) = (n3) — (no)* of the number of o the beatings, since the first two terms of (4) are missing.

photons at the OA output as well as the photocount statisti§iese missing terms are added heuristicallgosteriori and
Explicitly, and with the usual notation, it is attributed to the shot noise of the photodetection process [1],
(no) = G{ns) + Nep(G — 1) 1) [9], [10]. As_will be expla_lined in detail in Section I, the aboye_
9 procedure is not meaningful because the so-called amplified
(Ang) = Gni) + Nep(G = 1) + 2N G(G — 1)(ni) signal and ASE shot noises have no physical significance.
+ NL(G = 1)? + G*(F; — 1)(ni) (2) Hence, the standard field-beating theory should be regarded
. . as not consistent from a noise-analysis point of view. The
where N, :.7/(7 ~ o) 'S _the spontaneous emission factor tandard OA beating theory is derived from an argument that
Nep(G — 1) is the amplified spontaneous emission (ASEi fairly valid at radio frequencies [12], [13] but fails in
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Recently, Berglind and Gillner [14] presented a semiclasnd the currents arée/hr) times the powers (assuming
sical field treatment based on hypotheses differing from Olsnitary photodetector quantum efficiengy= 1), i.e.,
son’s; namely, they model the OA by means of an electrical . .
equivalent in which the gain is represented by a negative con- Iy = (e/h)Ps,  lase = (¢/hv)Pase. ()
ductanceG. Noise sources are explicitly included within theThe electric field amplitudes of signal and ASE at the AO
OA by means of a noise spectral density proportiondlitiz| output are written a&’ = /(2P) (the missing factotZ /A is
associated with the conductan€e The latter assumption is uninfluential). The amplified signal at frequeneyis therefore
an indirect consequence of the existence of quantum vacuum E, = /(2GP,) cos 2nust. @)

fluctuations, as clearly explained in [15]. The correct result (411) )
is attained, and the tern&:GI;, 2¢lssk are obtained by the he assumption taken from quantum theory concerns the ASE

calculation, although again attributed to a shot-noise effePPWer and its optical spectral density. For one mode, the CW

The one proposed in [14] is an elegant approach; however, \SE power is
formal correctness is hindered by the attempt to conform to Pasg = hvNg,(G —1)B, (8)

the “standard beating” framework by means of a misleading,q o g is the amplifier optical bandwidth. The ASE power
hypothesis on noise sources, as it will be explained in Sectign,ssymed uniformly distributed over the optical bandwidth
. , and is decomposed in a numia¥ = B, /év of elemental

In this paper, we present a new semiclassical wave-like fiervalssy. each having a powefPasp = Nop(G — 1)hvéy
scription of the OA capable of yielding the correct result (4) foénd a rano]om phasé, uncorrelated for ealch;. The ASE
the output noise within a self-consistent frame, which is alﬁféld is accordingly Wri7tten as

valid in general cases (i.e., for coherent photodetection and
cascaded amplifiers). Our model is based on a few assumptiondase = V 26 Pask Z cos[2m(vs + kév)t + ¢i]

from quantum theory. The most relevant assumption concerns k=—M,+M

vacuum quct_uations WhiCh must be taken into account for both _ \/2Nsp(G — Dhvév Z

the conventional and idler input of the OA and are shown v

to be the cause of the ASE CW power and added noise. In - cos[2m(vy + K6Vt + di]. )

our treatment, proper electric field fluctuations are superposed o ]
to the input signal, contrarily to what it is done in previous !N the limit & — 0, the above ASE field has the same
semiclassical works [9], [14] that consider a noise-free puféatistical properties of a Gaussian-distributed narrow-band

sine wave as input signal to the OA. noise variable [12]. The instantaneous (mean plus fluctuation)
It should be observed that a well-proven semiclassicaiiotodetected current is then taken as
approach is of extreme importance in dealing with engineering Ln(t) = (e/m)((Es + Easg)?) (10)

gpp!ications of optical amplifica_mtipn, expecially if the moqe\llvhere the average is over optical frequencies. Inserting (7)
IS tsmp![e tan?hhaz gtene;ral Va:ld'ty'lv(\j/e WOUldfhlll(e tp poink g (9) in (10) gives explicitly (11), shown at the bottom of
out that, 1o the best of our knowledge, no Tully rigorolp, o ey page. At the right hand side of (11), the first term
devglopment Of. a Waye-l|ke semiclassical model for photod  the signal-signal beating; the second term is the so-called
tection of amplified signals has been performed to date. T Rnal-ASE beating and the third is the ASE—ASE beating. By

method presented in this paper parallels the procedure : : : -
the quantum-field approach [3], [5], bearing in mind that Wo%velopmg the cosine products in sum and difference of the

ing the high-f h
suggest a treatment in which the electric field, and not tgrguments, and dropping the high-frequency components, the

: . . ! &Iowing dc and noise terms are obtained [9]:
corresponding operator, is represented directly, thus allowing a

great simplification due to the use of the conventional electrical g ;:gm mg igféalgsslgEnngggtm?H ;h:ssléggzl tcé;%eﬁ?ms_;

communication-theory principles and theorems. hNoy (G — 1)B, and a n(?i,se term with sinrlseE-sEjed
The paper is organized as follows. In Section Il, we sum- ViVsp | densi o © b 9

marize and comment on the standard field-beating theory [9] spectral density given by

and on the recent analysis of [14]; in Section Ill, we present Srpn,ase-ase(f) = 2Iasg/Bo - (1 — f/B,) - rect[0, B,]

in detail the new semiclassical formulation which overcomes (12)

the revealed inconsistencies and fully accounts for the dc as _ _

well as the noise components of the OA output; in Section }'g?e;ez%(jt;?]’df;];fl.for 0<f < foandrect[0, fo] =0

IV, we discuss the obtained results and compare our treatmené) from the signaI—ASO;E beating, a noise term with single-

to others. sided spectral density
Stph,s-ase(f) = 4G Iase/ B, - rect[0, B, /2].  (13)

In the commonly accepted derivation of this theory, due t‘Bhe two above noise terms alone do not give the correct result

Olsson and Henry [9], the analysis is carried out by looking {ﬁ) as obtained by the exact quantum-mechanical approach. To

the OA output with a photodetector. Here, the average outglIftch the correct expression, it is assumed that two white-

current is the sum of amplified signal and ASE noise terms2eGlI;,2¢lasg, identified as amplified signal
and ASE photocurrent shot noise, shall be added to those

(Ipn) = G(ILs) + (Lask) (5) obtained by the calculation. The above derivation includes

Il. THE STANDARD SEMICLASSICAL BEATING THEORY
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a few inconsistencies on which we will now comment. It igain medium, modeled in terms of negative and positive
well known that optical power-dependent photocurrent noisenductances representing gain/stimulated emission and op-
is strictly related to the statistics of impinging photons otjcal loss/absorption, respectively. Noise generators of white
equivalently, to statistical properties of the detected opticapectral density proportional tw |G| are associated with the
fields [8]. Thus, noise in photodetection can be correctionductances. This result, derived from [15], is an indirect
inferred only by exploiting the amount of “optical noise” that isonsequence of the existence of quantum vacuum fluctua-
converted into electrical noise at the detector. In this view, tii@ns. An expression is obtained [14, eq. (19)] accounting for
attribution of a shot-noise ter@el,,;, to the photodetection of the spectral density of the excess noise field spontaneously
a generic optical field yielding a mean dc photocurrgntis emitted by the amplifier that is a correct result differing
not always correct. For example, when detection of a coherédmtprinciple from Olsson’s, as it will be shown in Section
state is considered, the shot-noise term can be explained eifierHowever, after this result, the authors of [14] make an
by conversion at the detector of theptical noise 2hvP, arbitrary transformation which allows them to recover the
derived by quantum optics, or by assuming a classical noisel€8§ventional ASE spectral density in agreement with [9],
sinusoidal optical wave impinging on a photocathode af@ Which the vacuum fluctuation spectral density is added.
attributing the noise to the quantization of the electric chard@ this step, the negative conductanGe(gain) is formally
which results in Poisson statistics for the photoelectrons [16¢Presented a8G + |G| (twice the gain plus a loss), and
Among these two pictures, only the former is correct, sindBe existence of two uncorrelated noise sources of spectral
it is also valid for non-Poissonian photon statistics, which i§tensityh2|G| andhu|G| is assumed, hence obtaining a total
really the case when amplified optical signals are consider&@ise spectral density(2|G| + |G|) = hw3|G]. This is an
It is well established that both amplified signal and outp@Pitrary assumption, since the total quantum noise emitted by
ASE do not exhibit Poisson statistics [6], [17]-[19], hencé well-defined (_)p_t|cal gain element (the negative conductance)
the procedure followed by the standard beating theory is quife?ltered (multiplied by 3). When one associates noise sources
questionable. to active or dissipative eIemenFs, or?Iy real elgments are to
There are also other arguments which suggest that stand®gconsidered, and formal manipulation on their value is not

beating theory is inaccurate. First, this wave-like theory us8lowed. As a result, also in [14] the dominant noise term is
results that are derived by a particle-like approach, thifle conventional signal-ASE beating. Moreover, also in this

impeding a unitary description within a well specified framépproach in.put signal poise :_:md its amplification are neglected.
totally wave-like or particle-like. Second, the attribution tq The considered semiclassical analyses [9], [14] yield numer-
the amplified signal of a shot noise teffaGI, is in contrast ically correct results but are affected by some inconsistencies.

with the fact that, when a shot noise-limited signal (carryingOr th_is reason, we in_tend to present a new_sim_ple and rigorous

the noise2hwP,) is amplified by the factor?, at the output escription of noise in OA’s, capable of yielding the correct

there shall bes found the amplified shot 7noi§éyG2P results in a consistent way within a semiclassical framework.
e

Also the terminology of beating theory is inappropriate, as

the photodetection is not necessary to generate the so-called

beating terms: they already exist physically in the Poynting [|I. A N Ew SEMICLASSICAL WAVE-THEORY MODEL

vector whose modulus i& - E*/2Z,.

. ) _ Since at optical frequencies quantum noise predominates
Fmally, I COUI.d be conclgded that th.e sta{ndqrd-beatmg 3BVer thermal noise, quantum-mechanical principles have to
proach is not a rigorous noise theory, since it fails in obtaini

taken into account. In [14], the noise associated with a

the correct result in a consistent way. Olsson’s approach rb%%ductance is a consequence of vacuum fluctuations [15].
been later reported in textbooks [1] and rearranged by othglerefore, it is interesting to ask if a semiclassical theory

authors. In [10], the same procedure of [9] is followed with g, e geveloped starting directly from this very fundamental
different formalism; in [11], the so-called shot-noise terms ar[?rinciple as we do in the following.

disregarded because negligible if compared with beating termsyrpe ;erg-mean electric field coherent (or vacuum) fluctu-
thus assuminga priori that the exact quantum-mechanicaliion is independent of the field expectation value and its

result can be dropped. o o variance is given by [8], [20], [21]
A different semiclassical description of noise in OA’s has

been presented by Berglind and Gillner [14] which is based
on an electrical scattering matrix equivalence for the optical (AEZL) = (2Zo/A)3hvB (14)

e
In(t) = (E) GP; + 2\/4GPSNSP(G - 1)h1/61/<cos(27r1/5t) -k__%—i_M cos2m(vs + kév)t + ¢k]>

+2Np (G — 1)h1/61/< Z cos2m(vs + kov)t + i) Z cos[2m(vs + 16v)t + ¢l]> (11)
k=—M,+M I=—M+M
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to which corresponds the (double-sided) white power spectral R ‘/ﬁ

density Eg+AEg —/»/ Eph IDEAL i)
————————————— PHOTODETECTOR
m=10
SaE (f) = Sar..(f) = {hv (15) ' (W1

=3 |

where the factorzZ;/A has been neglected. Equation (14) |
comes from the minimum-uncertainty relatieAE2, )V =
%hz/ for each polarization of the field, wheléis the quantiza-
tion volume, i.e..V = AcT, A is the mode (or detector) areaFig. 1. Model for the photodetection of a coherent signal with quantum
andT = 1/23 is the observation time. Letting—= 1/\/@ efficiencyn through a beamsplitter of field transmissigfy.
and Zp = /(1+/¢€), (14) is obtained.
In our formulation, we try to assume the minimum numbddere, AE,,. has the same statistical properties®FE,, but
of statements, listed below, coming from quantum theothese two variables are statistically uncorrelated.
which are needed to supplement the classical description so aéccordingly to statement 2) made above, the photodetected
to obtain a consistent framework capable of treating all casesirrent I,;,(¢) is obtained by subtraction of a terf\EZ, )
1) The electric field fluctuationAE,,, of a coherent from the squared modulus of the total electric field impinging
state has zero mean value and a variapad2 ) = ©On the photodetector, given by, = /77 - (E;s + AEcon) +
(2Zo/A)LhvB, corresponding to a double-sided whitév/1 =7 - AEy,c. Thus, we have for the dc term

spectral density of1p, irrespective of the field _ 2 2
amplitude E. Therefo?e, also fo# = 0 (vacuum state (Tpn(®)) = (e/ ) [{| Epn(t)|%) — (|AEV2aC(t)| )
or unused input port) a fluctuatioAEy.. = AEcy iS = (e/h)nFs + n{|[AEcon(t)])
found and shall be taken into account. + (1= ){(|AEvac®))

2) The variance of the vacuum state is not directly observ- — (|AEac(D)]?)]

able by a photodetector, i.e., the variafeer?2, ) and
higher order moments oA E,,. shall be ignored when
beating on a photodetector. This statement was madeTine spectral density of the zero-mean photocurrent fluctua-
a slightly different context, by Loudon [8] and accountsion I;, ,(t) = I,n(t) — (I,u(t)) can be obtained by the
for the fact that, when only the vacuum field impinge&ourier transform of the photocurrent autocovariance function
on the detector, the photocurrent is identically zero fclE'Iph(T) = (Ipnn(t) - Ipna(t + 7)) [12] which is given by
both dc signal and noise components.

3) The fluctuation of the vacuum state shall be addeg,*lph(f) :(

=(e/h)nP; = nl. a7)

c

2
) {772C|AEc0h|2(7') + (1 — 77)2C|AEvac|2 (7')

to each mode and to any input port of the physical hv ,
experiment at hand, even if the mode or port are unused. + 477" Cs.aEcon(7)
We will illustrate the application of these statements with +4n(1 = M)Crs.AEvac(T)
simple examples before using them later to describe the OA + 4n(1 — N)CABconAEvac(T)
noise. _ C|AEvac|2(7_)} (18)
A. Detection of a Coherent Signal where it is assumed thaf|g=(7) is the autocovariance of

the function|E(t)|* and C gy().p2(1)(7) that of the function

Let us con5|d§r.the model of a photodetector W'th quantuﬁ]e[El(t) - F2(t)]. Equation (18) can be simplified using the
efficiencyn receiving a coherent-state signal of signal poweﬁ‘
i

. . roperties of autocovariance functions and keeping in mind
P,. We assume that the total field is the sum of a determ P ping

LA . ; 1at the fieldsAE,,.(t) and AE..,(t) are uncorrelated, i.e.,
5;‘;%?;122%15; ?Q?N‘:}téenr(;?ean fluctuation £. The the termC A gvacz (1) Yields a noise spectral density twice

the one given bYCa peon-AEvac(7). Thus, the first, second,
E, = \/(2P,) - exp i(wst + b,). (16) fifth, and sixth terms qf (18) cancel out, _While_ the_ third c_';\nd
fourth terms yield a white photocurrent noise with single-sided
The superposed fluctuation is that of the coherent staf, =  spectral density given by
AFE.., with zero mean valugAF.;,) = 0 and the variance _
(14). This fluctuation is re;ﬁesentgd mathematically in the Sronn(f) = 2enl (19)
form of a Gaussian stochastic variable (in agreement with [&}hich is the correct shot noise for the considered case. Note
having a white double-sided spectral density given by (15).that, from the semiclassical point of view, by reversing the
The photodetector with nonunitary quantum efficiencgrguments, the€1/4)hr double-sided spectral density of the
(n<1) is a port for the vacuum state, and for clarification weoherent state fluctuation (15) can be invoked as necessary
shall model it as an ided# = 1) photodetector preceded by afor the shot noise to be given by (19). Also, the amplitude
beamsplitter with power transmissigr{22]. The beamsplitter fluctuation of the detected current, which is known to be
will therefore transmit a fraction/; of the signal field and Gaussian in the time domain (i.e., for the random variable
reflect a fractioni/(1 —n) (phase-shifted of 90 of the I, ,(t)) and a negative exponential in the frequency domain
vacuum fieldAFE,,. entering this unused port, as in Fig. 1(i.e., for the random instantaneous power) correctly comes out,
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since the coherent state fluctuatidd.,,,(¢) is assumed to be S(gssaEexay (D
Gaussian-distributed [23]. A
BX
. . . . P2 B
B. Detection of a Laser Signal with Excess-Noise A T A

A real laser source does not emit a pure coherent state and
its photodetection noise is larger than pure shot noise. Also, 4
the correct modeling of a real source is of importance for
the evaluation of the performances of a communication fiber
link including OA’s. We can easily model such a source as a 1, £
deterministic field~, given by (16) to which a field fluctuation _
AFex(t) is superposed. The double-sided spectral density':fgft'
AF«(t) is given by

Sap,..(f) = 1hv{l +k - rect[- B, /2, +B,/2] e |
E +AE, g .
® [5(1/5) + 5(—1/5)]} (20) s _—_/7/~ b Fph PI'IOT(I)%%}I%CI‘OR i(0)

. . Inpu Outpu m=1
where k£ > 0 and @ denotes convolution. The total field Port ’ :f«/owl | pot

spectral density of the nonideal laser source is shown in | l |

Fig. 2. The two rectangular-shaped noise densities in excess | | Crhvac [

(k+Dhvi4

hvi4

~

2. Spectral density of the total field emitted by a laser source with Fano
or F;;onrce =k + 1.

of the vacuum fluctuation account for the ASE power which is use
always emitted by a real source. A rectangular-shaped optical Lo~

gain is schematically assumed for the laser medium Wiy 3. Model of an optical amplifier of gaii and complete medium
a bandwidth equal td3,. Photodetection of the considerednversion (Ns, = 1) represented as an amplifying beamsplitter of field

signal yields the following dc current: transmission,/G. At the idler port, the vacuum field fluctuation is applied.
(Ipn(t)y =(e/hv)[Ps + k- By - hv /2] the field at the idler input, the commutation relations require
= (e/h)[P; 4 Pasg.] (21) [22], [24] that the transfer matrix be of the form
where the CW ASE power emitted by the lasBksg; is [B/} - [ VG WG - 1} {A/} (25)
negligible for usual cases. The single-sided spectral density b WG -1 VG A
of the noise current is now given by This matrix is identical to that of a beamsplitter with a fictitious

G >1 factor of power transmittance. From the relationship

_ 2
Stpnn(f) =(c/hv){20(Py + Pasp,) + 2hvkP, point of view, the transfer matrix allows us to describe the

2
-rect[0, By /2] + 2Pisp 1/ Bx optical amplifier as a four-port device, as shown in Fig. 3.
- (1= f/B,) -rect|0, B,|} (22) We can again represent a coherent input sighaland its
and we have fluctuation AE;(t) = AFE.n(t), as in Section Ill-A, and

B 9 P p assume that the vacuum state enters the idler port with zero
Stpnn(0) = (e/hv)™{2hv[(k + 1)Ps + (k/2+ 1)Pase)l} mean value and a white spectral density given by (15). The
~2e(k + 1)1, (23) total electric field on the photodetector (assumed to have

where the approximation holds for most cases. It can be eadifjitary quantum efficiency) is now given iy, = \/G(f) -
seen from (23) that the quantity: + 1) represents the Fano(£s+AEcon)+iy/G(f) — 1:AEy,.. The spectral dependence
factor of the considered real source of the optical gain ig7(f) = G'for f,—B,/2< f < fs+B, /2,
_ andG(f) =1for f< fs—B,/2andf > f;+ B,/2 where the
Foowree =k +1 (24) . T .
active medium is transparent. For the moment, let us consider

or, equivalently, it is the ratio between the source RIN angh OA with complete medium inversion, eV, = 1.
the RIN of a pure coherent source. The above descriptionThe photocurrent is obtained according to statement 2), and
correctly accounts for the evolution of the Fano factor ghe dc value is given by (26), shown at the bottom of the
the light transmitted through an attenuator [21], which cagage, and coincides with (3). The spectral density of the zero-
be represented by a beamsplitter as in Section IlI-A. mean photocurrent fluctuatiofy, ,(t) = Ipn(t) — (Ipn(t))
is obtained by the Fourier transform of the photocurrent

autocovariance functio@®; , (7) which is now given by
The key point for the new description is that the additional

2
noise responsible for the ASE enters the optical amplifier from C,,(7) = (hi) {Ca(p)|aBeon(T)
an unused port. This statement is consistent with quantum v

C. Model of the Optical Amplifier

theory prohibiting an ideal two-port amplifier (i.e., with just +Cla()-1)apvacl (7)
input and output). Rather, if the field-amplification coefficient +4Cq(5)-Es-ABcon(T)
from input to output isyv/G, quantum theory requires that +4C Gt e A Evac(T)

there shall be another port from which noise enters the optical L 4C ()
amplifier, with a field-transfer coefficierit/(G — 1). Indeed, GNIG()—1]-AEcoh- ABvac\”
if A is the signal field at the physical input port field aAtlis — ClaEvacp (1)} 27)
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The Fourier transform of the first, second, fifth and sixth StphASED
terms of (27) gives the noise associated to ASE. The ASE
is not postulated in our model but rather comes out as the 2U5qp /B, + 2el pg
amplification of coherent signal fluctuations and vacuum state
fluctuations. The ASE noise has a single-sided spectral density 2elpsE
(28), shown at the bottom of the page. The third term of (27) A f=
gives the noise due to the amplification of the input signal °
coherent state fluctuation, which has a single-sided spectral @)
density Stohamo) |
(e/hr)? - 2h/GP P, = 2eG? 1, el
_ 0< f<B,/2 s
SIph,amp(f) - (C/hl/)2 . 2hl//G'PS — 2GGIS, (29) 2ol
f> BO/2 i + -
The fourth term of (27) yields the noise due to the amplifica- B2 !
tion of the vacuum state fluctuations entering the amplifier (b)
idler port. This constitutes amplifier excess noise with a Stph.exel)
spectral density ’ A
2¢G(G-1)I
(e/h)? - 2hvG(G —1) Py = 2¢G(G — 1)1, )
SI})h,exc(f) = 0<f<Bo/2 .
0, f>B,/2 >
(30) By/2 !

The spectral densities (28)—(30) are reported in Fig. 4. , _ © _

The total photocurrent noise spectral densitij§h(f) _ Fig. 4. Sp_ectral densqy of'OA ?qtput phptocurrent noise terms (28)—(3_0).

(a) ASE noise, (b) amplified input-signal noise, and (c) amplifier excess noise.

SIph,ASE(f) + Sfph,amp(f) + SIph,exC(f) and agrees with the
correct expression (4) and with the conventional result [9]. The
approach presented here suggests a clear interpretation forth
OA output noise terms. Neglecting the term (28), the dominantTo avoid excessive burdening of the notation, in the pre-
noise is represented by two terms: 1) the amplification of inpuibus section we have assumed ideal photodetector quantum
signal coherent fluctuatioBeG2I, (equation (29), amplified efficiency, a coherent input signal, and unitary ASE factor
shot noise) and 2) the excess-nofs&7(G — 1), introduced N,,. Now we can generalize the above results dropping these
by the amplifier. ForG > 1, these two terms have the sam@&ssumptions.
magnitude and the 3-dB minimum noise figure is obtained. TheFirst, let us note that a subunitary quantum efficiency of
high-frequency white noise ternt:I,sg,2¢GI, cannot be the photodetector has nothing to do with amplifier noise, and
physically regarded as ASE and amplified signal shot noisétsis therefore reasonable to model it by a beamsplitter (as in
since they extend well beyond the limit for which electroniSection IlI-A) cascaded to the OA.
formalism is valid. Further statistical properties of output noise Second, the excess noise carried by the input laser signal
can be inferred from the structure of the terms of (27), keepicgn be modeled as in Section 11I-B, thus obtaining the same
in mind that the fluctuationgAFE .., AE, and AE,,. are result given by the quantum theory when an input signal Fano
Gaussian-distributed. The probability density function for eadhctor F; > 1 is assumed.
term of .}, ,(¢) can be obtained, compounding the results with Third, to take into account incomplete inversion, i.e.,
standard statistical rules. Ngp>1, a sort of ASE amplification shall be introduced.

éExtensions of the Results

(e/h)[(|Epn (D)) = (| AEvac(t)[*)]

(/M UVG() - Es(OF) +{IVG(f) - ABeon(®)*) + (VG (f) = 1AEwac(®)]?) = (|AEwac(®)*)}
(e/M)[GPs + {|AEcon(t)?) + $h1/(G — 1)B, + Shi(G — 1)B, — (|AEyvac(t)]?)]

(e/h)[GPs + hv(G — 1)B,]

=GI, +Iase (26)

{Tpn())

Sronase(f) =(e/hv)? - {2(h)*(G = 1)?B, - (1 — f/B,) - rect[0, B,] + 2(hv)*(G — 1)B,}
=2[3sp/B, - (1 = f/B,) - rect[0, B] + 2el sk (28)
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of interference with the amplified signal and with the amplified
noise carried by the signal itself, to the total output CW
and fluctuation power. This gives rise to the correct CW and
noise terms. In [14], input field fluctuations (that are at least
equal to vacuum fluctuations) are neglected and so is their
amplification. Hence, at OA output, the total optical spectral
density lacks a noise term, which is why the analysis is not
fully consistent. It is now clear the importance of taking
explicitly into account input signal fluctuations (or vacuum
fluctuations if no signal is applied to OA input) and their
amplification in order to obtain a consistent description.
When a transmission line with cascaded OA'’s featuring
rectangular-shaped gain is considered, conventional semiclas-
sical approaches [9], [14] give correct results, despite the

b litt ith field t ssion/ NV d field Mlconsistencies analyzed above. However, the validity of these
eamsplitter with a field transmissiog’N,, and a fie approaches is limited to the case of pure coherent input

riﬂectlo_n ilg'/(NSSP'Ij 1t)h'Shl?” be alqt?ed ton t_he |tdler port,l ‘?Ss'gnal. This is a limitation that can be easily overcome by
fs| Oant!n 'EE - 10 (;sAgamsm er, vIV_oc;nwthurgﬁprre ate8ur approach. Our method also allows the characterization of
UCtUALIONS A Lryac1 AN vac2 are applied. Wi IS NEW 3 cascade of OA’s with arbitrary spectral gain shape, yielding

Zch?_me,”:tcls ag tﬁxermseit t? r(irp])eadt thﬁ tcalculau;)nsf aSil} exact ASE noise contribution which strongly depends on
ection III-C, an e results for the dc photocurrent is found .-, gain shape.

c;mmd_e}r:tjt\? (ZC?), Xv'g] a‘lr']hAiESECV\(\ p;ower n?w glvetn by When there is no need to distinguish between various noise
ase = hvNsp(G —1)B,. The photocurrent NOISe 1eMya s the calculation (26)—(27) can be carried out directly

has now the form on the total fieldE£,y, and its whole spectral density can be
Stphase(f) = (e/hv)? considered.
. {2(h1/)2N52p(G -1)?B,
(1= f/Bo) - rect[0, B]
+ 2(hv)2 Ny (G — 1) B, }
=2I3sp/B, - (1 - f/B,)
-rect[0, Bo] 4 2elasE.

IDEAL
PHOTODETECTOR
=0

i)

Fig. 5. Model of an optical amplifier of gaid and incomplete medium
inversion (Ngp > 1).

Since the ASE comes from the unused port, an amplifyi

V. CONCLUSION

We have formulated a new semiclassical wave theory of
the noise in optical amplifiers which is a simple yet rigorous
translation of a few quantum statements. We have shown that
the OA can be modeled as a sort of amplifying beamsplitter
The noise due to the amplification of the input signal fluctuand that the ASE comes from the amplification of vacuum
tion (29) is unchanged, while the amplifier excess-noise teffluctuations. Examples of application point out the general
is now given by validity of the description.

(31)

(e/hr)? - 2hv(2Ngp, — 1)G(G = 1) Ps

g ) = 2¢(2N,p — 1)G(G = 1), ACKNOWLEDGMENT
fphexell) = 0< f<B,/2 The authors wish to thank Prof. G. M. D’Ariano, Lecturer of
0, [>B,/2 Quantum Optics at University of Pavia, for critical discussions

(32) on (25) and the vacuum fluctuations.
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