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Abstract

Noise is one of the basic characteristics of optical amplifiers. Whereas there are various noise
sources, the intrinsic one is quantum noise that originates from Heisenberg’s uncertainty
principle. This chapter describes quantum noise in optical amplifiers, including population-
inversion-based amplifiers such as an Erbium-doped fiber amplifier and a semiconductor
optical amplifier, and optical parametric amplifiers. A full quantum mechanical treatment is
developed based on Heisenberg equation of motion for quantum mechanical operators. The
results provide the quantum mechanical basis for a classical picture of amplifier noise
widely used in the optical communication field.
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1. Introduction

Noise is one of the important properties in optical amplifiers [1]. The intrinsic noise character-
istic is determined by quantum mechanics, especially Heisenberg’s uncertainty principle. This
chapter describes quantum noise in optical amplifiers in terms of quantum mechanics. After
brief introduction of a classical treatment usually used in the optical communication field,
properties of an optically amplified light, such as the mean amplitude, the mean photon
number, and their variances, are derived based on first principles of quantum mechanics.
Two kinds of optical amplifiers are treated: amplifiers based on two-level interaction in a
population-inverted medium, i.e., an Erbium-doped fiber amplifier and a semiconductor opti-
cal amplifier, and those based on parametric interaction in an optical nonlinear medium. The
results presented here provide the quantum mechanical basis to a phenomenological classical
treatment conventionally employed for describing amplifier noise.
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2. Classical treatment

A classical treatment of amplifier noise is widely employed in the optical communication field
[1, 2], whereas it originates from quantum mechanics. Before presenting a quantum mechani-
cal treatment, we briefly introduce the classical treatment. We first consider the light intensity
or the photon number outputted from an amplifier. A photon-number rate equation for light
propagating through a population-inverted medium can be expressed as

dn
Fe gN,n —¢gN;n +gN,, 1)

where 7 is the number of photons, N, and Nj are the numbers of atoms at the higher and lower
energy states in the medium, respectively, and g is a constant representing the photon emis-
sion/absorption efficiency. The first, second, and third terms represent stimulated emission,
absorption, and spontaneous emission, respectively. The efficiency g is common in this phe-
nomenon in a simple two-level model [3]. Assuming that N; and N, are uniform along the
medium length, the photon number at the output is calculated from Eq. (1) as
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where L is the medium length. The first term represents amplified signal photons with a signal
gain of exp[g(N2> — N7)L] = G. The second term represents amplified spontaneous emission
(ASE) photons, which can be rewritten as n4,(G — 1) with ng, = No/(N2 = Ny). The parameter 7,
is called “population inversion parameter” or “noise factor.” Note that the above equations are
for the photon number in one mode in terms of the frequency and the polarization.

Eq. (2) shows that the output photon number is composed of amplified signal photons and
ASE photons. Accordingly, the output amplitude is supposed to be a summation of amplitudes
of amplified signal and ASE lights as

Eout = \/aEin + EASE/ (3)

where E,, Ein, and E ssg are the amplitudes of the output light, the input signal light, and ASE
light, respectively. The second term provides the ASE power as <|Exgp|*> = nsp(G = 1)IfAS,
where < > denotes the mean value, if is one photon energy, and Af is the ASE bandwidth.
Regarding the ASE phase, it is supposed to be completely random because spontaneous
emission occurs randomly. Thus, the average of the ASE amplitude is supposed to be zero:
<Easp>=0. Here, we decompose E zsg into the real and imaginary parts, which are supposed to
be isotropic because the phase is random: <{Re[E asel)> = <{Im[Ease]}> = <|Eage|%>/2 = Nsp
(G =1)hfAf/2. Subsequently, the variance of each amplitude component is <{Re[Easg]}*> — <Re
[Ease]> = <{Im[Ease]}™> — <Im[Easg]>” = nsp(G = DhfAf2.

Intensity noise is evaluated using Eq. (3). The output intensity is given by Iy = | Egut! 2 and its
fluctuation is evaluated by the variance of I, as
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<P > — <Iow>? =< |Eout|* > — < |[Eout|*>? = 2G|Ein|* < |Ease|* >

out (4)

+ < |EASE|4 > — < |EASE‘2>2/

where the postulate of the ASE light phase being random is used in averaging. The first term
represents 2 X <signal output intensity> x <ASE intensity>, which is called the “signal-
spontaneous beat noise.” The second and third terms represent the intensity variance of the
ASE light, which is called the “spontaneous-spontaneous beat noise.”

As an indicator for the amplifier noise performance, the “noise figure (NF)” is usually used. It
is defined as the ratio of the signal-to-noise ratios (SNRs) at the input and output of an
amplifier in terms of the optical intensity: NF = (SNR);,/(SNR)oy: where SNR = (mean inten-
sity)z/(variance of the intensity) in the signal mode. The square of the mean intensity at the
output is calculated from Eq. (3) as <l Eqy! 2> = GlEjn|? + <|Eage!®>, and the output variance is
expressed as Eq. (4); thus the output SNR is expressed as

G2|Ein‘2 +2G|Ein|2 < |EASE|2 >4+ < |EASE‘2>2
2G|Ein|2 < |EASE|2 >+ < ‘EASE|4 > —-< |EASE|2>2

(SNR) s = ®)

On the other hand, the input SNR is evaluated for pure monochromatic light in the definition
of the noise figure. In quantum mechanics, such a light is called “coherent state,” whose
photon-number variance is equal to the mean photon number: <n*> — <n>* = <>, Thus,
<|Ein %> — <|E; |22 = IEinlzhf where hf is attached for the dimension to be matched. Subse-
quently, the input SNR is given by <|Ej, | 22)(<| Ejn|*> — <|Ejn1>?) = IEinlz/hf. Therefore, the
NF is expressed as

(SNR);, _ |Ein|* 2G|Ein|* < |Ease” > 5, G—1
(SNR)out hf Gz‘Einrl a ¥ G '

NF = 6)

where GIE;, 12> > | Exspl? is assumed, and <| Exgg | %> = 1sp(G — 1)hf is substituted because the
signal mode is considered here.

The above-mentioned classical treatment is widely used for noise in optical amplifiers. How-
ever, it is based on phenomenological assumptions. (i) Eq. (3) is phenomenologically provided.
Though the solution of the photon-number rate equation indicates that the output photon
number is composed of amplified signal photons and ASE photons (Eq. (2)), this result does
not logically conclude that the output amplitude is a linear summation of the amplified signal
and the ASE amplitudes as Eq. (3). (ii) The phase of ASE light is assumed to be random, which
is a phenomenological postulate, not logically derived from first principles. Although the
above classical treatment is correct and useful in fact, we need quantum mechanics for theo-
retically confirming its validity, which is presented in the following sections.

3. Quantum mechanics

In this section, we briefly review quantum mechanics, especially the Heisenberg picture [4].
The basic concept of quantum mechanics is that a physical state is probabilistic and the theory
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only provides mean values of physical quantities, which is given by a quantum mechanical
inner product of a physical quantity operator X with respect to an objective state |'P> as
< Y[xX|¥ >. In the Heisenberg picture, an operator evolves according to the Heisenberg equa-
tion of motion as

25

11 ~
- [%.4], )
where H is the Hamiltonian (i.e., the energy operator) of a concerned system, [x,y] = Xy — yx

denotes a commutator, and # is Planck’s constant. The mean value after the evolution is given
by the inner product < Wy[x(#)|W, > where | (> is an initial state.

The most important operator in discussing quantum mechanical properties of light is the
“annihilation operator,” @, which corresponds to the complex amplitude of light and is also
called as the “field operator.” It has an eigenstate |a> and an eigenvalue a:a|a >= ala >. This
eigenstate |a> is called “coherent state” and corresponds to pure monochromatic light in
classical optics, and the eigenvalue a corresponds to its complex amplitude in the photon-
number unit. The Hermitian conjugate of the annihilation operator @' is called the “creation
operator,” which satisfies < ala’ = @ < a|. The annihilation and creation operators have a
commutation relationship {E,Eq =1, which comes from Heisenberg’s uncertainty principle
and is the origin of quantum noise. They also work to annihilate or create a photon as
An>=nn—1>anda'|n >=Vn+ 1jn+1 >, where |n>is a photon number state having
n photons. Another important operator is the photon-number operator defined as 71 = a'a.
Using the above eigenvalue/eigenstate equations, the mean photon number of a coherent state
is given by < alila >=< aIE+E|a >=a*a < ala >= \a\z, which corresponds to the classical
picture that the absolute square of a complex amplitude represents the light intensity.

We discuss quantum noise of optical amplifiers in the following sections, using the above-
mentioned framework of quantum mechanics. Note that the above operator 4 is for one mode
in terms of the frequency and the polarization state. Thus, the following discussions are for one
optical mode.

4. Population-inversion-based amplifiers

Erbium-doped fiber amplifiers (EDFAs) are widely used in optical communications. Optical
semiconductor amplifiers are also being developed for compact and integrated amplifying
devices. They amplify signal light through interaction between light and a two-level atomic
system with population inversion. This section discusses quantum noise in population-
inversion-based amplifiers [5].

4.1. Heisenberg equation

The Hamiltonian for a light-atom interacting system can be expressed as [4]
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H=nhwa'a +Zha)a e 71]+th1<](71 a —ﬁ]A+). (8)

The first and second terms are the Hamiltonians of light and atoms without interaction,
respectively, where 7 is the field operator; w is the angular frequency of light; 7t Nf =2><1|
and 7; = [1 >< 2]; are the transition operators of an atom, with 12>; and 11>; denotmg the
upper and lower energy states, respectively, satisfying <111>;, = <212> ;; =6 jx and <112>;
k=<2l1>;,=0; hw? is the energy difference between the upper and lower states; the subscript
j indicates a specific atom. The third term is the interaction Hamiltonian between light and
atoms, which represents energy exchange such that a photon is created while an atom transits
from the upper to the lower states and vice versa, with «; being the coupling coefficient.

Applying the above Hamiltonian to the Heisenberg equations for @ and 7;, we obtain the
following differential equations:

B L[aA) = —iai - Z]: KR %)
a1 (7, H] = ~iwl'%; + wa (73] - 7l7)) (9b)
dt  ih o ! I 1)

Employing the variable translations @ — dexp(—iwt) and 7t j — Tjexp (—iwg) t), these equations

are rewritten as
= iAwjt
=- Z KjTeter, (10a)
j

A
d_t] = x;a (R/ﬂ; - n;rn]')eflA“"t, (10b)

where Aw; = w - @, i.e., the frequency detuning between light and a two-level system.

We solve Eq. (10) by an iterative approximation. First, the first-order solutions are derived by

substituting the initial values @, ﬁ](-o)} into the right-hand side of the equations:

“weo_ Z K7t 1Aw, , (11a)

I g <ﬁ40>ﬁ]<0>+ _ ﬁ](0>+ﬁ(0>) bt (11b)

The solutions of these equations are

1Am] 1

= ZZ K7 Ao (12a)
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—iAwit
a0, A0 (s050F  ~0ts0)e " 1
=T +ikja <nj S - )Tw] (12b)

Next, these first-order solutions are substituted into the right-hand side of Eq. (10a), and the
second-order solution is calculated as

eiAm,t -1

e 13)

iAw;t :

~(2) _ ~(0) 2 (A0 2O ~OF~(0) 1 — €U +iAwit . ~0)

1’ =a 1—E K]-(T[j R )—2 +z§ KiTL;
i (Awy) 7

We regard Eq. (13) as the time evolution of the field operator during a short time 7, and rewrite

it as
Aty + 1) :a(to){1 —ﬁ(to)} +P(t), (14)
where
fi) = 3 R ) - 7 o} LT S as
; j
B(ty) — izj:Kﬁj(to)%. (15b)

Eq. (14) is the basic expression for discussing quantum properties of light that travels through
an amplifier. For the discussion, we also need an initial state of the system at f,. It can be
expressed as

[Wo >= [W(to) > ®|Walto) >= [V(to) > ® { ® (c1]1 > +eof2 >)]}/ (16)
j

where | W/(ty)> denotes the initial state of light, |'W,(t;)> denotes that of atoms, and ¢; and c, are
the probability amplitudes of an atom being in the lower and upper states, respectively,
satisfying |c; 1%+ I¢c;1> = 1. We use Eqs. (14) and (16) in the following calculations.

4.2. Mean amplitude

We first discuss the mean amplitude. The mean amplitude, denoted as a hereafter, after a
short-time interaction is expressed from Eq. (14) as

a(ty+ 1) =< Wola (to +1)|Wy >=< W(to)ﬁ(to +1)|W(t) >

~ ~ (17)
x{1= < Wa ()L (t0) | Walto) >} + < Wa(t)[P(to) Wa(to) >

The average of the transition operator I is calculated, using Egs. (15a) and (16), as
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) 2sin?(Aw;jt/2) + i{ Aw;T — sin (AwjT) }

(8
(Aawy)? o

W ()T (t0)[Walto) >= > 2 (lerf = Jea
j

Assuming that the energy levels of each atom are densely distributed, the summation in this
equation can be replaced by an integral in the frequency domain, and the real part of Eq. (18) is
further calculated as

2sin?(Awjt/2) T 2s5in%(Q71/2)
2 2 2 ] _ 2 2 _ 002
}j 2 (Jerf o] ),~ oy Jf (leP = lesP) 27/2) )i

sa 2
- 2K2<|c1\2 - |c2\2> f wmﬁ)dﬁ — 12(N; — Np)nt

(19)

—oo

where Q) is the frequency detuning; p is the density of atoms in the frequency domain and is
assumed to be constant around a resonant frequency Q = 0 as py; {x, lepl?, and l¢q1?) are
assumed to be identical for any atom; and N; = pylcy 12 and N, = pylc,1? are the numbers of
atoms at the lower and upper energy states, respectively. On the other hand, the imaginary
part of Eq. (18) can be rewritten as

oo

Aw;jt — sin (Aw;T) Q1 — sin (Q1)
2 2 2 j 1Y) 2 2 _ 2
Ej 5 (\al |ca | >,-—(ij)2 = wa (|c1\ |ca] )Q - p(Q)dQ.  (20)

In this expression, the contents of the integral is an odd function around the resonant fre-
quency €2 = 0. Thus, the imaginary part equals 0. Regarding the average of P in Eq. (17), it is
calculated as < \Ifa(tg)’f"\lfa(to) >=iy0K (c{cz)j{exp(iAw]-T) — 1} /Awj. Here, the phases of
the probability amplitudes are random in general, and (01*62)]4 = 0 on average. Subsequently,
< W,(t) )ﬂ‘l’a(to) >= (. Substituting the averages evaluated as above, Eq. (17) can be rewrit-

ten as

a(to + 1) = a(to) {1 + x*(No — Ny)mt }. (21)

Eq. (21) describes the time evolution of the mean amplitude of light traveling through an
amplifying medium, i.e., the time evolution in a frame moving along with the light, during
a short time. This expression can be translated to the spatial evolution along the medium
length as

a(zo + Az) = a(zo){1 + (g/2)(N2 — N1)Az}, (22)

where ¢ = 2x%rt/v with v being the light velocity. Applying a Taylor expansion x(zy + Az) = x
(zo) + [dx/dz](zp) x Az to this equation, we obtain the following differential equation:

dag

I 2(N2 — Ny)a. (23)
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Eq. (23) includes (N> — N;), which depends on the atoms’ state at a local position. Here, we assume
that the atoms’ state is uniform along the medium length independent of z, and this condition is
satisfied in uniformly pumped amplifiers with no gain saturation. With this assumption, Eq. (23)
can be analytically solved, and the mean amplitude at the amplifier output is expressed as

aout = \/aﬁin/ (24)

where G = exp[g(N> — N7)L] with L being the amplifier length. This result, derived from the
Heisenberg equation, is equivalent to the classical expression, i.e., Eq. (3) with <Exgg >= 0, and
confirms that the mean amplitude of ASE light is zero.

4.3. Mean photon number

We next discuss the mean photon number. The short-time evolution of the photon-number
operator is expressed from Eq. (14) as

Aty +7) = [a"(t0) {1 =TT (t0) } + ' (10) | [at0) {1 = TL(t0) } + P(t0)], (25)

from which the short-time evolution of the mean photon number is obtained as

ﬁ(to + T) =< \yolﬁ(fo + T)I\yo >= ﬁ(to){l + ZKZ(NZ — N])T[T} + 2K2N27'[T. (26)

In deriving Eq. (26), higher-order interaction terms are neglected, because the short-time
evolution is considered here. This short-time evolution is translated to the short-length evolu-
tion along the medium length as

7i(zo + Az) = 7(20){1 + (N2 — N1)Az} + gN,Az, (27)

from which the following spatial differential equation is obtained:
dn _
%Zg(szNﬂl’l +gN2. (28)

This equation is equivalent to the photon-number rate equation given in Eq. (1). Therefore,
similar to Eq. (1), the output of the mean photon number is calculated as

7i(L) = G7i(0) + ngp(G — 1). (29)
The first and second terms represent amplified signal photons and ASE photons, respectively.

It is noted that ASE photons appear at the output even though there is no such light in the
mean amplitude as shown in Eq. (24).

4.4. Amplitude fluctuation

We next discuss amplitude fluctuations or noise. The light amplitude has two quadratures,
i.e., the real and imaginary components. The operators representing each component are
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X1 = (E +E+> /2 and X, = (E —E+) /2i, respectively, and their fluctuations are evaluated by

G%,Z =< \IIOI&\%,ZPI]O > —< ‘I’0|5C\1,2|‘I’0>2-

From Eq. (14), the short-time evolution of the mean square of the real component is expressed
as

R 1 " . 2
< Wl 2(ty + T)|Wo > = i< \P0|{a(t0 Y) (o + T)} W >

" 1
= < WS (to)|¥ > {1+ 2k* (N, — Ny)mt} + E1<2(1\12 + Ny)mr, (30)

where O(7%) terms are neglected. On the other hand, the square of the average of the real
component is expressed as

~ 1 ~ ~
< ‘yolxl(to + T)|‘I]0>2 = Z < \I]0|{a(fo + T) +IZ+(t0 + T)}l\l—’0>2

1 A o
=4 [< Wa(t)|W > {14 13Ny — Ny)mrh+ < Wia' (k)| W >

{1+ 12N> — N)mt P = < WIR: (t)|W>2{1 + 2k (N, — Ni)mit ).
(31

From Egs. (30) and (31), the short-time evolution of the variance of the real component is
obtained as

0% (to + 1) =< Wyl 2t + T)|Wo > — < WolR1 (fo + 7)|Wo>>
- {< YR (1) > — < WIR: (k)| W> }{1 +2K3(N; — Ny)mr'}

1
+21<2(N2 + N1)nt = 0% (to) {1 + 2k*(N2 — Ny)mie }
Lo
+EK (N2 + Np)mt. 32)
This equation is translated to the short-length evolution as
(Zo+AZ) 70 (Zo){l +g(N2—N1)AZ}+ (N2+N1) (33)
from which the following differential equation is obtained:

do?
dzl §(N2 — N1)o?, +i

(N2 + Ny). (34)

From Eq. (34), the variance of the real component at the output is calculated as
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02, (L) = Ga*,(0) + 31 (2ngp —1)(G - 1). (35)

The variance of the imaginary component is similarly calculated as 022 (L) = Goy® (0) + (1/4)
(2nsp — 1)(G - 1). The first term in Eq. (35) represents amplified fluctuations from the incident
light, with a gain G whose square root equals the amplitude gain [Eq. (24)], and the second term
represents additional fluctuations that are superimposed onto the amplified fluctuation through
the amplification process. This input and output relationship of amplitude fluctuations can be
schematically illustrated in the complex amplitude space (constellation) as shown in Figure 1.

For a coherent incident state, i.e., whose amplitude variances is 0> 0) = O 0) = 1/4 [4],
Eq. (35) is rewritten as

1.1 1 1
oil(L)=1G+i(2nspfl)(cfl)=Z+Ensp(G71). (36)

The first term 1/4 corresponds to the inherent quantum noise of a coherent state, and the
second term represents amplitude fluctuations at the amplifier output in a classical picture.
Recalling that the mean amplitude at the amplifier output is that amplified from the incident
light with no addition mean field, as indicated in Eq. (24), Eq. (36) suggests that the amplifier
output can be regarded as a summation of a clean signal light (i.e., coherent state), displaced
from the initial mean amplitude position, and fluctuating light, whose mean value and vari-
ance are 0 and n4,(G — 1)/2, respectively, in one quadrature. Figure 2 illustrates this output
condition in the complex amplitude space. Noting that the variance of the fluctuating light
equals half of the spontaneous photon number indicated in the second term in Eq. (28), we can
say that the above picture illustrated in Figure 2 is equivalent to the classical picture of
amplitude noise described in Section 2, where the ASE power is given by <|Egg|*> = 15p(G =
1)hfAf and the variance of the real component of ASE light is given by <{Re[Easg]}*>> — <Re
[Easel> = n5p(G — 1)hfAf/2. Therefore, the classical picture introduced in Section 2 is confirmed
by the quantum mechanical treatment presented here, except for the inherent quantum noise
of 1/4. This noise 1/4 is sometimes called “vacuum fluctuation” or “zero-point fluctuation,”
that appears owing to quantum mechanics.

Im[£]

incident state)

i vt r s i s o wm wim - Re[[:']

Figure 1. Constellation diagram of amplified light.
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Im[E]
' (coherent state) Im[£]
T ‘
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I

Figure 2. Decomposition of amplified light in the constellation diagram.

4.5. Photon-number fluctuation

We next discuss photon-number fluctuations. These fluctuations are evaluated employing the
variance of the photon number as 02 =< Wo[ii*|Wy > — < Wylii|¥o>2. From Eq. (14), the

short-time evolution of the mean square of the photon-number operator is calculated as
~2 ~ R 2
< Wyln (to + T)|\I]0 >=< \I’0|{a (to + T)a(to + ’l')} Wy >
4 ~1 ~t . ~ ~ 2
=< ol [{&"(t0) (1~ I (1)) + P (t0) }{at) (1 = TL() ) + P(t0) }| 10 >

=< W[A*(to)|¥ > {1+ 4x*(N2 — N1)nt} + 27(to)x* (3N + Ny)mt + 2k*Namr,
(37)

where higher-order interaction terms are neglected as before. This expression can be translated
to the short-length evolution as

< Wyli* (20 + AZ) Wy >=< W[ii* (z0)|¥ > {1 4+ 2¢(Ny — N1)Az} + g7i(20) (3N2 + N1)Az + gN, Az,

(38)
from which the following differential equation is obtained:
d< 72 > ~2 _
T:Zg(Nz —Ni) <1” > +g(3N2 4+ N1)7i 4 gN,. (39)

with < 71® >=< W[#*|¥ >. The first term represents an amplification process with a gain
coefficient of 2g(N> — Nj), and the second and third terms represent the number of photons
generated at a local position, which propagate and reach the medium end while being ampli-
fied by the first term. Then, the solution of Eq. (39) can be expressed as

L
<A (L) >=< 71°(0) > e2BMN27NIL 4 J {g(3N2 + N1)7(z) + gN, bR WN-NIL=2)gz - (40)
0

Here, 7i(z) is expressed from Eq. (29) as 7i(z) = 71(0)exp[g(N> — N1)z], and then Eq. (40) is
calculated as
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<A(L) >=<7%(0) > G* + nep(G — 1) +47(0)G(G — 1)ngy +202,(G — 1)* = 7(0)G(G — 1).
(41)

From this equation and Eq. (29), the photon-number variance at the amplifier output is
expressed as

3(L) >=<7*(L) > —{n(L)}*
= 271(0)G(G — 1)ngp + 12,(G = 1)* +7(0)G + ngp(G — 1)
+G[< 2(0) > —{7(0)}> — ﬁ(O)]. 42)

Recalling that the mean photon numbers of the amplified signal and the spontaneous emission
are 77(0)G and ng, (G — 1), respectively, each term in Eq. (42) can be interpreted as follows. The
first term is equivalent to 2 x (signal light intensity) x (spontaneous light intensity),
corresponding to the signal-spontaneous beat noise represented by the first term in Eq. (4).
The second term is equivalent to (spontaneous light intensity)?, corresponding to the
spontaneous-spontaneous beat noise represented by the second and third terms in Eq. (4).
The third and fourth terms denote the mean photon numbers of the amplified signal and
spontaneous emission, respectively, corresponding to the inherent quantum noises of the
amplified signal light and the spontaneous emission, respectively. In the fifth term, < 72
(0) > —{7(0)}* is the photon-number variance at the input and 7(0) is that of a coherent state.
Thus, their difference represents noise other than the inherent quantum noise, i.e., excess noise,
and then the fifth term corresponds to the amplified excess noise.

The first and second terms in Eq. (42) correspond to the classical intensity noise represented by
Eq. (4), as described above, supporting the classical treatment. In addition, the inherent quan-
tum noises are included in Eq. (42), owing to the full quantum mechanical treatment, and the
amplified excess noise is simultaneously included as well. Sometimes in the classical treat-
ment, the inherent quantum noise is phenomenologically added as the shot noise arising at the
electrical stage after direct detection [2]. In fact, however, it exists in the optical stage as derived
above. Therefore, the inherent quantum noise is sometimes called “optical shot noise.”

4.6. Noise figure

The noise figure, defined as the ratio of the signal-to-noise ratios (SNRs) at the input and
output of an amplifier in terms of the light intensity or the photon number, is usually used as
an indicator for the noise performance of an amplifier. Based on the above results, we describe
the noise figure of population-inversion-based amplifiers in this subsection. The output SNR is
obtained from Egs. (29) and (42) as

{71(0)G}?

(SNR)out = 250)G(G = Ty’

(43)

where only the signal power and the signal-spontaneous beat noise are taken into account,
assuming that the amplified signal is sufficiently larger than the spontaneous emission. On the
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other hand, the input SNR is evaluated for a coherent state, according to the definition of the
noise figure, which is (SNR),, = 7(0). Therefore, the noise figure is expressed as
(SNR),, G-1

NF = (oo™ = 2y~ =

(SNR) 49

out

This expression equals the classical result given by Eq. (6).

The noise figure is proportional to the population inversion parameter 7y, = N»/(N» — N1), as
shown above. The minimum value of g, is 1, which is achieved when N; =0, i.e., the fully
inverted condition where all atoms are in the upper states. Under this condition, NF = 3 dB for
G >> 1. This is the quantum-limited noise figure of population-inversion-based optical ampli-
fiers. Near-quantum-limited noise figure has been demonstrated experimentally in Erbium-
doped fiber amplifiers [6, 7].

The fact that the noise performance is determined by the population inversion parameter can
be intuitively understood as follows. The source of amplifier noise is spontaneous emission. A
small amount of spontaneous emission suggests a good noise performance. However, sponta-
neous emission is roughly proportional to the signal gain (Eq. (29)), which is desired to be high
as an amplifier. Thus, the amount of spontaneous emission normalized to the signal gain, (ASE
power)/(signal gain), can be an indicator for the noise performance. The spontaneous emission
rate is proportional to the number of atoms in the upper energy level N, i.e., (ASE power)xN5,
and the signal gain is determined by the balance between stimulated emission and absorption
and thus is proportional to the difference between the numbers of atoms in the upper and
lower states, roughly speaking, i.e., (signal gain)«x(N, — N;). Subsequently, (ASE power)/(signal
gain)xNo/(N> — N1) = ngp, which suggests that the amplifier noise performance is determined
by the population inversion parameter 7.

5. Optical parametric amplifiers

Whereas population-inversion-based amplifiers are widely used, there is another type of optical
amplifiers, that is an optical parametric amplifier (OPA) based on optical nonlinearity [8]. When
signal light is incident onto a nonlinear medium along with intense pump light, a signal and
idler photons are created from one pump photon in case of second-order nonlinearity, satisfying
the energy conservation of hw, + hw; = hwp, (ws, @;, and w,, are the angular frequencies of the
signal, idler, and pump lights, respectively), or they are created from two pump photons in case
of third-order nonlinearity, satisfying aws + hiw; = hwp + hawp,. Through this photon exchange
phenomenon, the signal light is amplified. This signal amplification scheme also offers optical
signal processing functions such as wavelength conversion and generation of phase-conjugated
light [9]. This section describes quantum noise in OPAs [10].

5.1. Heisenberg equation

The Hamiltonian for parametric interaction between signal and idler via pump light(s) can be
expressed as [11]
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H = hw.ala, + hwala; + i (Xiiza‘{ - X*Esﬁi). (45)

The first and second terms are the Hamiltonians of signal and idler lights without interaction,
respectively, where 4, and @; are the field operators of signal and idler, respectively. The third
term is the interaction Hamiltonian between signal, idler, and pump lights, which represents
photon energy exchange such that signal and idler photons are created while pump photon(s)
is annihilated and vice versa, with the coupling coefficient y. Since the pump light is so intense
that its quantum properties do not matter here, the pump light is treated classically, whose
amplitude E, is included in the coupling coefficient as x o E, or Ep,1Ep; for the second- or third-
order nonlinear interaction, respectively.

From the Heisenberg equation with the above Hamiltonian, temporal differential equations for
the field operators are obtained as

di. 10 ~ o

- [aS,H} = —iwgds + X!, (46a)
il 14 ~1 . .

= i ] = ot + 172 (460)

These temporal differential equations can be translated to spatial ones as

das s X ~
e —ifas + —(c/n) a;, (47a)
da, . X -

= ipai + (c/n)as' (47b)

where =1 (w/c) is the propagation constant (n: the refractive index, c: the light velocity in the
vacuum). The above equations can be simplified by the variable translation as;(z) — a5 i(z)

exp(—i‘Bs/iz> as

das X i ¢i(BtB)z

= (c/n)a (48a)
aﬁ:_ X° ~ i(p+p)
= = Wase (B.+8)z. (48b)

Here, we consider the propagation phase of the right-hand term in the above equations. The
coefficient x includes the pump light amplitude as x «E, or E,1Ep,», and the pump amplitude
can be expressed as E, = E, (0)exp(—ifipz) under no pump-depletion condition (g, is the
propagation constant of the pump light). Subsequently, x «E, (0)exp(—ifpz) or E,1(0)Ep2(0)
exp[—i(Bp1 + Pp2)z]. From these considerations, Eq. (48) can be rewritten as

day ;
= e, (49a)
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+
da; ~
i ZK*HSE zA,Bz.

- (49b)

where x is the coupling coefficient in the spatial domain, excluding exp(—ifyz) or exp[—i
(Bp1 + Bp2)z], and AB = s + fi — Py or s + Pi — Bp1 — Ppo- This parameter A is called “phase
mismatch,” and determines the signal gain of an OPA as shown later. As for «, its absolute
value is Ix| =dylEp | |Ep;| when an optical fiber is used as a nonlinear medium, where y is
the nonlinear coefficient, and d is the degeneracy factor that takes 2 and 1 for f,1 # f» and
fp1 =fp2, respectively. Regarding the phase of x, it is determined by the incident phase(s) of the
pump light(s).

From Eq. (49), the signal field operator at the output is calculated as

Ay(L) = {cosh(gL) — i(AB/2g)sinh(gL) }as(0) + ¢\/1 + (AB/2g) sinh(gL)a! (0),  (50a)

where ¢ = {Ix1% - (AB/2)*)'/%, L is the medium length, and ¢ = arg(k). Eq. (50a) includes the
field operators of signal and idler lights, i.e., the signal and the idler are treated separately. For
particular frequency conditions such as 2ws = w, for the second-order nonlinearity or
2ws = wp1 + wpy for the third-order nonlinearity, the idler frequency equals to the signal
frequency, w; = w,, and the signal and the idler are degenerate. Under such conditions, Eq. (50a)
is rewritten as

a5(L) = {cosh(gL) — i(AB/28)sinh(gL) }as(0) + €¥1/1 + (Aﬁ/Zg)zsinh(gL)E;r (0), (50b)

As shown later, degenerate and nondegenerate OPAs have definitely different characteristics.
For simplifying mathematical expressions, hereafter, we rewrite Eq. (50) as

a(L) = {Aei((p"P)/zﬁs(O) + Bei(0-0)/ 25 5(0)}e"(‘f’+¢)/2, 1)
with
A= \/ cosh?(gL) + (AB/2g)’sinh?(gL), (52a)
_ (AB/2g)sinh(gL)
¢ = arctan {— T(gL)] , (52b)

B =/1+ (AB/2g)’sinh(gL). (52¢)

The mean values of the physical quantities after amplification can be evaluated using Eq. (51).
In the evaluation, we need the initial state in addition. Here, we assume that only signal light is
incident to an OPA, and express the initial state as Wy >= |[V>®|0>;, where |WV>; and 10>
denote the signal and idler states, respectively. When the initial state is a coherent state as | ¥>,
= la>, we have a5(0)|¥ >= /7i5(0)e/|W >, where 75(0) and 6 are the mean photon number
and the phase of the incident signal light, respectively. On the other hand, ;(0)|0>; = 0.
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5.2. Mean amplitude, photon number, and signal gain

The mean amplitude and photon number at the output are evaluated by a5(L) =< Wolas(L)[Wo >
and 75(L) =< ‘I’OIEZ(L)ES(L)I‘I’O >, respectively. For nondegenerate OPA, these are calculated
from Eq. (51) as

as(L) = a5(0)Ae™, (53)

7is(L) = 715(0) A% + B2, (54)

Eq. (53) indicates that the signal field is simply amplified while preserving the phase state,
with no additional field on average. On the other hand, Eq. (54) shows that the output photons
consist of two components. The first term is proportional to the incident photon number,
which corresponds to the amplified signal photons with a gain of

A% = cosh®(gL) + (AB/2g) sinh?(gL) = G. (55)

It is noted in this expression that parameter g = {Ix1? — (AB/2)*}"”? is equivalent to the gain
coefficient. When A = 0, g is maximum and the signal gain is maximum. Therefore, it is
important to satisfy the condition Af = 0, that is called the “phase matching condition,” in
implementing an OPA [9]. The second term in Eq. (54) is independent on the signal input, and
represents spontaneously emitted photons. The above results, i.e., the spontaneous light does
not appear in the mean amplitude while it does in the photon number, suggest that the
amplitude of the spontaneous emission is completely random. However, we do not know
how random it is at this stage. The photon number of the spontaneous emission is expressed
from the second term in Egs. (54) and (52c¢) as

B = {1 + (Aﬁ/Zg)z}sinhz(gL) =G-1, (56)

where Eq. (55) is applied. This expression is equivalent to the spontaneous photon number in
population-inversion-based amplifiers indicated in Eq. (29) with 7, = 1. This correspondence
suggests that nondegenerate OPAs can offer the ideal noise performance achievable in EDFAs,
which is shown later.

Regarding degenerate OPA, on the other hand, its mean output amplitude is calculated as
(L) = {Aei{ngr(q)f(ﬁ))/Z} + Be—i{60+((pf(¢’))/2}}las(0)|ei(¢+d))/2, 57)
where 0 is the phase of the incident signal light. The mean output amplitude does not have a

simple form as in nondegenerate OPA (Eq. (53)). Under the condition where Af = 0 and the
gain coefficient g is so large as cosh(gL) = sinh(gL) = e/2, Eq. (57) is approximated as

(L) = cos (A)eL[a(0)[e!(#+9)2, (58)

where A = 0y + (¢ — ¢)/2 is introduced. This expression indicates that the phase state of the
incident signal light is not transferred to the output.
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The mean photon number in degenerate OPA is calculated from Eq. (51) as
— (a2 2\ ~ 2 i(p—¢)/2 ~t 2 —i(p-0)/2 2
ns(L) = (A® + B*)75(0) + ABS < W[ |{a5(0)} e +4a,(0)¢ e ¥ > b+ B (59)

Unfortunately, this equation cannot be further developed, because we cannot readily calculate
2

< l;Vl{ES(O)}lell > and < Wl{ﬁ:(O)} |V > for an arbitrary |'¥>. However, for a coherent inci-

dent state, these quantities can be evaluated using a5(0)|¥ >= /7i5(0)e|W >, and then

Eq. (59) is developed as

7is(L) = 715(0){ A> + B* + 2AB cos (2A) } + B%. (60)
In this expression, the first term represents amplified signal photons, and the second term
represents spontaneous emission whose mean amplitude is zero as indicated in Eq. (57).

From the first term in Eq. (60), the signal gain is expressed as
G = A? + B + 2ABcos (2A), (61)

which is dependent on the relative phase A = 0, + (p—¢)/2. Hence, degenerate OPA is called
“phase-sensitive amplifier (PSA).” The maximum gain is obtained when A =0 as

G(A =0) = (A + B)%. (62)

5.3. Amplitude fluctuation

Next, we evaluate the amplitude noise in OPAs. For the evaluation, the light amplitude is
decomposed into two quadratures and the variance of each quadrature is calculated, as in
Section 4.3. In case of OPAs, the output field operator is phase-shifted by (¢ + ¢)/2, as indicated

by Eq. (51). Accordingly, we introduce a phase-shifted field operator defined as b =a,ei(0+0)/2,

~ ~
and evaluate the variances of the real and imaginary components of b, i.e., X1 = <b +b ) /2 and
~ ~ ~t . . ~ ~

X = (b —b )/21, respectively, as 0%1(2) =<Wo 133, | We> — <Wy X 2 | W

The calculation result for nondegenerate OPA is expressed as
1 1
ohp(L) = AZG%l(Z) 0)+ ZBZ = Azaiuz) 0) + 1 (G-1), (63)

where Egs. (55) and (56) are applied. The first term represents noise amplified from the incident
light, and the second term represents additional noise superimposed via OPA. Note that Eq. (63)
is equivalent to the amplitude variance of population-inversion-based amplifiers shown by
Eq. (35) with ng, = 1, suggesting that the ideal noise performance achievable in EDFAs can be
obtained in OPA. Similar to Eq. (35), Eq. (63) is rewritten for a coherent incident state as

131



132 Optical Amplifiers - A Few Different Dimensions

+-(G-1). (64)

Q

=

o

B
—
=
=

Il
I
M| =

The first term is the inherent quantum noise of a coherent state, and the second term represents
noise superimposed via OPA in a classical picture. The sum of the second terms of the two
quadratures equals the photon number of spontaneous emission light indicated in Eq. (56). This
consideration supports the classical noise treatment, described in Section 2, where spontaneous
emission with random phase is superimposed onto signal light at the amplifier output.

For degenerate OPA, on the other hand, the amplitude variances are calculated as

0% (L) = (A+ B)?0%,(0) = Goo%(0), (65a)
0% (L) = (A — B)’0%(0), (65b)

where Gy = G(A = 0) is the phase-synchronized gain introduced in Eq. (62). The results show
that the output variances are unequal in the two quadratures, such that 0., is enhanced while
0x2” is depressed. Since X; and ¥, are the real and imaginary parts of the phase-shifted
operator, respectively, this result suggests that amplitude noise along the axis of a phase of
(@ + ¢)/2 is enhanced and that along the orthogonal axis is depressed, in the complex ampli-
tude space. It is noted in Eq. (65a) that it only has fluctuations amplified from incident light
with no additional fluctuation, unlike population-inversion-based amplifiers (Eq. (35)) and
nondegenerate OPA (Eq. (63)). This result suggests that even the noise-enhanced quadrature
X1 is expected to have lower noise than these amplifiers. Regarding the imaginary part,
Eq. (65b) for high-gain conditions, where cosh(gL) = sinh(gL) = ¢*/2 and then A = B, is rewritten
as 0,1> = 0. This consideration indicates that the amplitude noise along the phase axis orthog-
onal to the signal output phase approaches zero as the signal gain increases. The above-
mentioned characteristics of amplitude fluctuation in degenerate OPA can be illustrated in
the complex amplitude space as shown in Figure 3.

5.4. Photon-number fluctuation and noise figure

Next, we discusses photon-number fluctuations in OPAs, which are evaluated through the
photon-number variance as o= <\I/0|ﬁ2 IWo> — <V, |71 W2 Using Eq. (51), the average of
the square of the photon-number operator for nondegenerate OPA is calculated as

2
< Wola2 (L) Wy >=< %|{E§(L)ES(L)} Wy >=< Wolfis(L)|Wo> + (A” + B*) A’ (0) + (AB)”.

(66)
Subsequently, the photon-number variance is obtained as
0%(L) = (A® + B?) A%7is(0) + (AB)* = (2G — 1)G1(0) + G(G — 1)
(67)
=2(G — 1)Gi15(0) + (G — 1)* + G15(0) + G(G — 1),
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"?i{;lcidcnt state)

Figure 3. Constellation diagram of amplified light in a phase-synchronized degenerate OPA.

where Egs. (55) and (56) are applied. Recalling that the mean photon number of the amplified
signal is G7i5(0) and that of spontaneous emission light is (G — 1), as indicated by Egs. (54)-(56),
each term in Eq. (68) can be interpreted as follows. The first term is equivalent to 2 x (signal light
intensity) x (spontaneous light intensity), which corresponds to the signal-spontaneous beat
noise. The second term is equivalent to (spontaneous light intensity)?, which corresponds to the
spontaneous-spontaneous beat noise. The third and fourth terms are equal to the mean photon
numbers of the amplified signal and of spontaneous emission, respectively, and correspond to
the optical shot noises of the amplified signal light and the spontaneous emission, respectively.

Next, we consider degenerate OPA. As indicated by Eq. (59), properties of the photon number
in degenerate OPA are hard to evaluate for an arbitrary initial state. Thus, we assume a
coherent incident state here. From Eq. (51), the average of the square of the photon-number
operator for the initial state | Wy>= la>; @ 10> is calculated as

< Wyl 2(L)| Wy >= [A% + B? + 2ABcos(2A)7i,(0) + B2
+{ (A2 + B?)” + 4(AB)® + 4(A2 + BZ)ABcos(ZA)}ﬁS(O) 4 2(AB)?

=< Wiy (L) Wo>2 + {(A2 +B2)® 4+ 4(AB)? + 4(A% + BZ)ABcos(ZA)}ﬁs(O) +2(AB),  (68)
Subsequently, the photon-number variance at the output is

(L) = {(A2 +B%)? + 4(AB)® + 4(A® + B?) AB cos (2A)}ﬁ5(0) +2(AB)?
69
- {G2 + 4(AB)? sinz(ZA)}ﬁs(O) +2(AB)?, ©

where Eq. (61) is applied. This expression cannot be decomposed and interpreted as that of
nondegenerate OPA indicated by Eq. (68), which could be because the amplitude distribution
is not simply isotropic in two quadratures, unlike nondegenerate OPA.



134 Optical Amplifiers - A Few Different Dimensions

The noise figure can be evaluated from the results obtained above. For nondegenerate OPA, it
is obtained as

(SNR), _ )26 =1G(0) 61 70)

NF=(5NR),., (G (0)) G

where only the signal-spontaneous beat noise is considered for the output SNR, according to
the definition on the noise figure. This noise figure equals that of ideal population-inversion—
based amplifiers indicated by Eq. (44) with ng, = 1. For the degenerate case, on the other hand,
it is expressed as

2
NF=1+4 (Ag) sin?(2A). (71)

For A =0, NF =1 (0 dB), suggesting no SNR degradation in phase-synchronized degenerate
OPA. In fact, a noise figure of less than 3 dB in a phase-sensitive amplifier has been experi-
mentally demonstrated [12, 13].

6. Conclusion

This chapter describes quantum noise of optical amplifiers. Full quantum mechanical treatment
based on the Heisenberg equation for physical quantity operators was presented, by which
quantum properties of optical amplifiers were derived from first principles. The obtained results
are consistent with a conventional classical treatment, except for the inherent quantum noise or
the zero-point fluctuation, providing the theoretical base to the conventional phenomenological
treatment.
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