Peculiar characteristics of amplification and noise
for intensity modulated light in semiconductor
optical amplifier
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SUMMARY  Amplification characteristics of the signal and the noise not popularly be known yet. One reason of this less popular
in the semiconductor optical amplifier (SOA), without facet mirrors for knowledge may come from the fact that method of theoreti-
the intensity modulated light, are theoretically analyzed and experimen- cal analysis has not been fixed yet, resulting iflﬁ(l:iillty to

tally confirmed. We have found that the amplification factor of the tem- . | v the d . hani
porarily varying intensity component is smaller than that of the continuous point out clearly the dominant cause or mechanism to gen-

wave (CW) component, but increases up to that of the CW component in €rate above mentioned peculiar operating characteristics.

the high frequency region in the SOA. These properties are very peculiar If a SOA consists of two facet mirrors at the input and

in the SOA, which is not shown in conventional electronic devices and tha output ports, the spontaneous emission can be counted in
semiconductor lasers. Therefore, the relative intensity noise (RIN), which . . . . .

is defined as ratio of the square value of the intensity fluctuation to that terms of the Iongltudlnal ques, gl_ve_n with _Standmg W_aves
of the CW power can be improved by the amplification by the SOA. on formed by the two facets mirrors similar as in the semicon-
the other hand, the signal to the noise ratig\(%atio) defined for ratio ductor lasers [1]. For the case of the SOA without facet
of the square value of the modulated signal power to that of the intensity mjrrors, the optical wave is given with propagating travel-
fluctuation have both cases of the degradation and the improvement by theIng wave without boundary condition along the Iongitudinal

amplification depending on combination of the modulation and the noise di . Th | h h d th
frequencies. Experimental confirmations of these peculiar characteristics irection. en, almost authors have supposed that sources

are also demonstrated. for the spontaneous emission are spatially localized point
key words: semiconductor optical amplifier, intensity noise, RIN, intensity sources and should have continuous spectrum. However, the
modulation, & ratio idea of the photon has to be defined together with definition

of the mode whose spatial distribution should be well de-
1. Introduction fined with discreet angular frequency in principle.

In the previous paper in Ref.[17], one of current au-
The semiconductor optical amplifier (SOA) has been in use thors proposed a model in which a periodic boundary condi-
and its operating mechanism and properties have been investion with lengthL ¢ is supposed to define longitudinal modes
tigated by many authors [1]-[18]. Important properties of an for the spontaneous emission. In the space within length
amplifier are the amplification factor, the operating power L;, a single zero-point energy can exist for each longitu-
and the noise. In most electronic and optical devices, thedinal mode. Then, we can relatg with emission rate of
amplification factor or the operating range is reduced in the the spontaneous emission and count up quantitatively total
higher frequency region for the modulated signal. Also, the photon number and amount of the Langevin noise sources
signal to the noise ratio (N ratio) or the relative intensity  giving fluctuations on the photon and the electron numbers.
noise (RIN) for the signal is degraded after passing an am- The RIN is defined as a ratio of auto-correlated value
plifier, because both the signal and the noise are amplifiedof the fluctuated component to square value of the contin-
and additional noise are generated in the amplifier. uous wave (CW) component of the photon numbers. We
However for the SOA which does not have the facet have theoretically shown and experimentally confirmed that
mirrors, several authors have theoretically predicted that thethe RIN becomes reduced after amplification by SOA when
inputted optical signal can reveal the larger amplification the optical power is diiciently large enough [17][18]. This
factor for the higher modulation frequency than the lower peculiar property comes from the fact that temporal fluctua-
modulation frequency[15], as well as the RIN can be re- tion of the electron density has inverse vibrating phase with
duced by the amplification[6][7][17]. These peculiar oper- that of the photon number, resulting in less amplification for
ating characters are opposite to those in conventional electhe fluctuated photon number. Let us call thifeet to be
tronic amplifiers and semiconductor lasers, but are seemedexpulsion éfect” here. This expulsionfiect does not in-
Manuscript received January 1, 2011. flqence onthe CW compon(?nt which have no tem.p_ora! vari-
Manuscript revised January 1, 2011. ation. Thus the RIN can be improved by the amplification.
fThe author is with the Division of Electrical Engineering and Generating question is how is for the intensity modu-
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nology, Kanazawa University, Kanazawa 920-1192, Japan. modulated light, the &l ratio should be defined for ratio of
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2
+ I = Um (gm - Km) Sm + Um gem+ Fm(t, Z), (3)
R=0 R=0 . . . . .
7 wheregn, is the gain cofficient,«y, is the guiding loss coef-
Yy Pu o000 Pou ficient andF(t, 2) is the Langevin noise source. Here, the
- gain codficientgn, consists of two parts for the optical emis-
M > siongemand the optical absorptianm, corresponding to the
2=0 | z=Lo electron transition from the conduction band to the valence

Fig.1  Structure of semiconductor optical amplifier (SOA). Facets of the band and that from the valence band to the conduction band,

amplifier are anti-reflection coated to prevent reflections. respectively.
gm = gem = Jam: (4)

In this paper, we theoretically analyze and experimen- gjnce electron transition from the conduction band to the
tally confirm amplification properties of intensity modulated 5jence band is given Withy gem(Sm + 1) as summation
light in the SOA having no facet mirror. Amplifications of  of the stimulated emission and the spontaneous emission,
the CW, the modulated and the noise components are anajnciysion of the spontaneous emission is introduced in form
lyzed and are represented in terms of the RINand fhe S ¢, Gemin (3).
ratio. The carrying optical poweP(t,2) by propagation is

This paper is organized as the followings: In Section rejated with the photon number through stored optical en-
II, model and basic equations of this analysis are introduced.grgy in the space as

In Section Il1, the optical power and the electron density are

decomposed to the CW, modulated and fluctuating compo- Ly
) Smhwm = —Pn(t, 2). (5)

nents. The model and calculating manner are almost same Um

as in Ref.[17], but the treatment is extended to include the

intensity modulation for the imputed light. In Section IV,

numerically calculated data are given. In Section V, exper-

Then, a dynamic equation for the carrying optical power
Pn(t, 2) is derived from (3) as

imentally measured data are presented and compared with P, 1 9Py h Wm Um Gem
numerically calculated data. In Section VI, conclusions are 5z F om Ot = (gm = &m) Pm+ Ly
listed. 7 wm

+ S Falt.2) (6)

2. Model of Theoretical Analysis
Here, we examine the supposed lengithbased on
Structure of the SOA is illustrated in Fig.1. Inputted light property of the spontaneous emission. The spontaneous
propagates alongdirection. Length of the amplifier ik, emission is generated by existence of the zero-point energy
width and thickness of the active region arandd, respec-  of the optical field, and never duplicated in the defined space
tively, facets for the input and the output are anti-reflection at the same time for each longitudinal mode. Time period of
coated to prevent the reflections. Field distributiorxin y the spontaneous emission in a mode/isgem During this
transverse cross-section are supposed to be stable funddime period, the field propagates the lengthwith velocity

mental modes. vm- Then we get a relation of
In the beginning, we suppose a lendth in which
a longitudinal mode for the traveling wave of the ampli- Lt =1/gem )

fied spontaneous emission (ASE) is defined with a periodic

» Three dimensional volum¥; in the active region cor-
boundary condition as

responding to the supposed lengthis

ﬁ L = UoEoN L¢ =2rn, L¢/A = 2, (1)
m VHo€olNegwm eq m Vf:def:w—d, (8)
wheremis the mode numbeg,, is the propagation constant, gem

wm is the angular frequency, is the wavelength antkqis  Therefore, variation of the electron densityn the defined
an equivalent refractive index characterizing the propagationyelumeV; is given as [17]
speed, of the field as
dn_ ' gnPn N1 WD
Um = C/Neg, (2) dt eVo Vi

9)

— fwmwd 7

_ The photon and photon numb8p, are defined in the  \herer is the electron lifetimee is the elementary charge,
given space with.;. Variation of the photon number is de- Vo = wdLy is full volume of the active region in the SOA,

rived from the Maxwell's wave equation with suitable quan- W(t,2) is another Langevin noise source for the electron
tum mechanical modification as [17] numbemV; .

dSn(t,2) 9Sm dSm In our qnalytical model, the SOA is .made of InGaAsP
dt ot + Um 9z system having a quantum well structure in the active region.
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Then, gain cofficient g, shows a saturation phenomenon
for the increase in the electron density We experimen-
tally examined the gain cdigécient in a device and found an
approximated function by making best fitting to the experi-
mental data as

_ ‘fam(n_ng)

T 1+4byn (10)

where¢ is a field confinement factor into the active region,
n, is the transparent electron densty, andby, are codi-
cients characterizing the gain. The tegg, for the electron

transition from the valence to the conduction bands is given

by puttingn = 0 in (10) as
gam = & amny. (112)

Here, we should note followings in our model : Al-

though each longitudinal mode of the traveling wave is de-

fined with discrete angular frequenay, or wavelengthin,

as givenin (1), experimentally measured optical spectrum of
the amplified spontaneous emission (ASE) must form con-

3

gm(t. 2) = gm(2)
+ gl [{nM(z) Mty e + f Na(2) e dQ], (17)

gerlt, 2) = gem(2)
+ g [{nM(z) eiQMt+c.c.}+an(z) el dQ], (18)

where,
’o_ dﬂ _ dgem _ &am(1+bmny)
~dn dn  (1+byn)?
We should note here that amplitude of the modulated light
is 2Py (2)] and the modulation indeld; is defined as
_ 2Pu(|
P2

(19)

(20)

tinuous profile because each mode show a spectrum broadg?lthough all other ASE modes( # s) have possibility to
ening caused by temporal variations in both the intensity P& modulated through the modulated carrier dersitywe
and the phase. The inputted optical light can be adjustedSUPPOse that this modulation of ASE modes is weak enough.

with one of the longitudinal moden = s, by suitable se-
lection for locating position of the defined space with

By substituting above equations to (6) with (7), we get
spatial changes of the CW, the modulated and the fluctuating

Therefore, orthogonal properties among the inputted opticalt€ms as

light(m = s) and the ASE modesr(# ) are thus guaran-
teed.

3. Amplification for The Intensity Modulated Light

We introduce here intensity modulation of the optical power 9P

with frequencyfy = Qum/2r for the input signal light of
m = s and note modulated components witlfisuM. The
CW components are indicated with —
components are expanded with angular frequeRcyThe
noise generating terms are expressed as

Fm(t,2) = f Fra(2) € dQ, (12)

W(t, 2) = f Wo(2) €t dQ. (13)

The optical power, the electron density and the gain
codficients are, then, expanded with CW, modulated and

fluctuating terms such as
Py(t,2) = Po(d+{Pu(@ €2 +c.c )+ f Pa(2) €% do

= I5S(z)+2|PM|cosQMt+9M) + fPSQ(Z) el 4o

for m=s (14)

Pm(t, 2) = Pm(2) + meQ(z) eda for mzs  (15)

n(t.2) = N2 + {n(2) €™ + c.c} + f no(2) €2 dQ, (16)

and the fluctuated

als — ) ’ %
623 = (gs — ks) Ps + 2gsRe(ny Py,)
+ vshws(ges+ 294% Iwl?), (21)
E = (gm — km) ISm + Umhwm(égm"' Zg;nz|nM|2)
for m# s (22)
0Py Qv —
= |- - P
9z ( Us + s Ks) M
+ ds (§s+ zvshwsg_es> Nu, (23)
0P iQ _
ar;) = (_Jl)_m +gm_Km) Pma
+ gm’ (5m + ZUmhwmg_em> No + fiwmgemFa,
(24)

Similarly by substituting to (9) with (8), we get three equa-
tions for the electron density;

2 iR Py)) | 7

! gm P
-, 25
hwswd T (25)

eVO - ™ hwmwd

v = —— _ 9sPu . (26)
{i Qum + Zm g Pm/hwmwd + 1/7} hwgwd
Wao/Vi = X (Gm/fiwmwd) P
No = o /Vi Zm(gm/ wmw ) mQ (27)

Q4+ Yl Pn/ionwd + 1/7



Objectives of our calculation are to follow variations of
Ps(2), Pm(2), IPm(2I? and (P2,(2)) from (21)-(24) along

the propagation in the SOA. Although variations along the
propagation will be achieved with numerical integrations,
we need more manipulation of equations to be substituted

in (21)-(24).
From (26), we get equations of

2
[Nm|

92 IPuml?

{Qﬁﬂ +(ng§n ﬁm/hwmwd+1/‘r)2} (ha)swd)z’

(28)
Refw Py)
_ gdPuP (Zmgh P/hwmwd + 1/7)
{Q%A + (ng;n F_’m/ha)mwd + 1/1')2} hwswd
(29)
By substitution of (26) to (23), we get
OPw _(_iQu
9z Ds gs — Ks
_ g’sgs(lgs + 20sliwsges) Py
{jQM + Ymdm F_’m/hwmwd + 1/7'} hiwswd
(30)
and
3 |Pwf?
0z
g/sg_s(lss“‘z vsliwsges) (Z hg:,"mpur)nd + %)
— m
=2|gs—Ks— > IPuf?.
{ (Z hTPqu %) } hwswd
(31)
Similarly by substitution of (27) to (24), we get
oP jQ
a;ﬂ = (_Jl)_m + gm_Km) Pma
_ v 9pPro
_ . Z hwpwd
+9m (Pm + ZUmhwmgem) e
J Q+ 2 hwpwd +
+ 1 WmJemFma. (32)

The termsFnq andWg, in (27) and (32) are seeds of
the noise called the Langevin noise sources. Although direct
determinations of these terms ardidult, we can evaluate

IEICE TRANS. ELECTRON., VOL.Exx—??, NO.xx XXXX 200x

Jem + —  nVy Vil
gemgamp+ f+f

<W2 >= =
Q hwmgem m Vo e

m

(34)

Jem + — _
_Yem _gam P — Um Jom (35)
WmYem

mWQ >=<WQFm >=

Since we defined the all longitudinal modes to satisfy
the orthogonal relation as given by (1), the Langevin noise
sources have no mutual correlations amorttgdent modes.
Hence, we can suppose that mutual correlations for power
fluctuations among €tierent modes are zero, although they
might have small correlation through the fluctuatiomgf,

< PmaPpo >= 0 for p#£m. (36)

Then power fluctuatio Pf2 for the total modes is given
with summed value of the power fluctuation of each mode
as

(= pm] )= 3 (e (@7)
m m

Although almost theoretical analyses of the SOA by other
authors postulate to take into account the so called "beat-
ing noise” caused by mutual interactions among the ASE
modes and the signal modes, we need not take into account
the cross terms among the modes because the orthogonal
relations are guaranteed in our model.

To apply these relations in the optical power fluctua-
tion, we reform (32) to following three equations by multi-
plying P;,, W;, andF~ ., respectively :

O<P2. > [9Pmg S Pr o
9z 9z M9z

P
Gin G (P 20 0mGern) (z e %)

{ (Z 9P —)Z}hw wd
hwp fiwpwd m

. 24 (Pm + 20mhiwmGen) Rel < PmaW, >

Vi _JQ+ZfZEqu+_

2|gm—km—

2
<Pfa >

+2hwmgemRe< PmaF g > (38)

0< me5> 0Pma., . GWE‘2
9z _< oz Vot Pro 6z>_

Q _
{—— +gm—/<m} < PmoW,, >

Um

gm(Pm + 20mhwmgem) Z < PooW, >

whose auto-correlated and cross-correlated values by sum- (]Q +3 h’i” w"d + )ha)mwd P

ming up all dynamics of photons and electrons in (3) and (9)

such as [17];

gem+ Gam + Km

T P+ vmdem (33)
WmYem

2 _
<Fro>=

I (Pm + 20mhwmGem)

Wgz2 >
(ng_f_Z fo u?d )Vf
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5
OW,
omgiam < FreWe, > + <ng azg> (39) < Pma(0)W;(0) > =< Pma (0)F:(0) >= 0.  (48)
Three types of the amplification factor are defined in
and this paper based on treating components, such as
d<PmFlq> [0Pma oF.q = —
o < o Fro+ Pmo—— 52 > Asgnal = —= sinal _ Ps(Lo) for CW signal mode (49)
I:)in PS(O)
Q  _ I g_m(lgm + 20mfiwmGem) B = > ISm(LO)
T\ o I Awotal = Pouttoral _ m for CW total mode (50)
(JQ +> hgaj’ u’;d + )hwmwd Pin Ps(0)
Gi (P + ZUmhme m - |Pulto) for modulated component  (51)
X < PpaFig >+ il W < WoFma > M = Pu(0)
9pPp
(JQ * 2 fogd ¥ )Vf Here, stifix total means to detect all modes including the
OF* ASE modes, andignal means to pick up only the signal
+Hhwmem < Frg > + <PmQ BZQ> (40) modem = s by inserting an optical filter.
The RIN is defined for CW power and théN\bratio is
Since calculating the term®A};,/0z anddF ", /0z are for the modulated term as
difficult, we approximate as foIIows 2
(Plo)
RleignaI = ?, (52)
5 W, 5 W (2) - Wiy (z— A2) s
mo " ) = ma(2) Az <P2> <P, >
RINo@ = =t = (53)
(Pra(2W;(2)) [1 (Pra(dW;(z— Az))] ol = >
— _ total D
= P
Az (Pra@W;,(2)) (§ “‘)
Pro(2QW: (Z W2(z— AZ 2|Py?
~ (Pro@We(@) | | (Watz-12) , (41) S/Neignal = '—2“”' (54)
Az (W2(@) (P2)
2|Pwl? 2|Pul?
S/Nar = 2Pl (5)
< (9F;‘nQ> <P2> <P >
Pro @ m
0z
4. Numerical Calculation
. (Pra@F;(@) (F2,(z- A2)) ,
- 1- (42) The SOA model for numerical calculation is made of In-

Az (F,@) | .
ma GaAsP system. We suppose that the half width of the ASE

profile is A1, the gain cofficientsgy, and the spontaneous

We perform numerical integration from= 010z = LO’ emissionsyen, are almost identical within the range aft

along the propagation for all componentsR;t P P12,

(PmQ), <PmQW£*2> and <PmQFmQ>. Here, we need to pay such as

attention that terms OQ‘PmW;;) and(PmFr’;Q> are given an=a, (56)
with complex numbers although other terms are given with

real numbers. bm = b, 67

The initial conditions az = 0 are .
andgem are zero for other modes outside/of.

|:_>S(o) = |:_>in for m=s, (43) We put here that number of modes taken into account
as the ASE modes X given by [17]

Pm(0) = 0 for m # 44 _
m(0) S (“44) X = 2NeqLs A1/A% = 1 = 2NngqAd/A%ge — 1, (58)
1 = N . N
[Pm(0) = E(Mi)i” Pin for m=s, (45) where two directions of the electric polarization are counted
in (58) and one mode is subtracted as the signal mode. Then
<P§Q(O)> _ < é> for m=s (46) the terms to c_ount the A_SE modes are simply rewritten as
= _ Ps(Lo) + X Pm(Lo)

(P,ZHQ(O)> =0 for m# s, (47) Acotal = 5.0) where mz#s, (59)
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6
Table 1 Numerical values of used parameters. " 0 ol ; ; : ;
g=2vsh wmgedm N (23) and also find vibrating phase o
Symbol | Parameter | Value [ Unit is inverse to that oPy as given in (26). Then amplification
w active region width 2 pm of Py is suppressed by the term gi2vs wmgedv in (23).
d active region thickness 49 nm However, we can not find comparing reduction term in the
Lo amplifier length 907 mum e . . .
Vo Volume of active region | 7.256x 107 | m® CW ampI|f|cat|pn given in (21). w ) )
2 optical wavelength 155 2 We call this reduction fect to be" repulsion &ect in
hw photon energy 0.8 eV this paper. This repulsiorffect remains in (31) and tells us
Ad half width of ASE 80 nm that releasing condition from thigtect is
ng transparent electron density 2 x 16%% m3 /B 1
T _electron lifetime 86x10°10 s Qy >> Z ImFm + 2 (62)
c/v equivalent refractive index 35 fiwpwd T
K guiding loss cofficient 3030 mt m
£ confinement factor 43%x 102 The longer electron lifetime and the lower operating power
a codficientin the gain | 1.345x 10 | n? Ps are better for the wider frequency range of modulation.
b codficientinthe gain [ 3583x 102> | n® This property is completely inverse that of the direct modu-
lation in the semiconductor lasers.
<P 54X <P? > When inputted optical powelP, increased from
RIN ot = —2— —™_ wherem# s, (60) 10QuW to 10mW, the diference of the amplification factors
(PS+ XPm) between CW and Modulated components becomes larger.
However, when the input power exceeds 10mW, tHeedi
S/Nu = 2|Pu(2) 2 wherem# s (61) ence of the amplification factors between CW and Modu-

lated components becomes smaller. We find fromin Fig.2(a)
that the CW amplification factof reduces to 0dB around
Used parameters in the numerical calculation are listed P, = 10mW. It means that the SOA reveals saturation for
in TABLE 1. We numerically determined variations of each the amplification for larger input power than 10mW due to
value in the SOA along direction and obtained values at reduction of the electron densitydown to the transparent
z = Lo. Calculated examples of amplification characteris- electron densityn,. Amplification for larger input power
tics for modulation frequencfy, are shown in Fig.2, where  such as 100mW, the gain d@eient becomes very small,
(a) is for the amplification factors and (b) is the modulation resulting in smaller dierence of the amplification factors
index. Solid lines in (a) indicate the CW components for to- between CW and Modulated components.
tal modes including the ASE, broken lines indicate the CW According to the frequency dependence of the ampli-
components for the signal mode and dotted lines indicatefication factorAy, the modulation inded; defined in (20)
the modulated components. The modulated component ischanges withfy, as shown in Fig.2(b). If the input light is
obtained only for the signal mode, because the modulationmodulated with a pulsation shape in the intensity, the ampli-
is given only on the signal mode not other ASE modes. The fied pulse shows flierent shape from that of the input pulse.
driving current ofl = 100mA and the modulation index of However, this type of reformation may not give degradation
(Miin = 0.1 for the input light are suggested. The reason of the pulse shape, because the higher frequency component
why we suggest the small modulation indik is that we is amplified the more féectively than the lower frequency
are adopting a small signal approximation as defined in (14)component.
without introduction of the nonlineafiects due to large sig- Variations of the amplifications factors with input CW
nal amplitude. power P;, are shown in Fig.3, where (a) is for CW com-
As shown in Fig.2(a), the amplification factors for CW ponents and (b) is for modulated components. Solid lines
components do not vary witfy,, and show slight dference in (b) are modulation withfy, = 10GHz and dotted lines
between the total modes and the signal mode when input op-are with fyy = 100MHz. Both amplification factors for the
tical powerPj, is lower than 10QW but are almost identical CW and modulated components are reduced with increase
whenPj, > ImW. This situation means that included ASE of the input power because of reduction of the gaimvith
power is lower than 1Q0ON. the electron density. If the input optical poweP;, exceeds
Figure 2(a) also tells us that modulated components arethe supported electrical power®fu,x 1, we can not realize
less amplified than the CW components especially in the the optical amplification any more.
lower frequency region, and can approach to the values of Noise frequency spectrum for the RIN of the output
the CW components in the higher frequency region. This light is given in Fig.4. Horizontal axis is the noise fre-
type of amplification characteristic may be the most unique quencyfy. The RIN level of the input light is assumed to
feature of the traveling wave type optical amplifier never ob- be RIN,, = 1 x 101*Hz™! and is indicated with a chain
served in the semiconductor lasers and the electronic amplidine. The lower RIN is the better for usages. RIN profiles
fiers. are not changed with the modulation frequency in range of
Cause of the reduction of the amplification factor in fy = 100 kHz to 10 GHz. When the driving curreinef the
the low frequency region comes from temporal variation SOA and the input optical powé¥;, are large enough, RIN
of the electron densityny. We find a term given as  of the output light becomes lower than tR&N;, in the lower

2 2
<PSQ>+X<PmQ>
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~E 008} aor M),
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5 £ 00— ]
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100k IM 10M  100M 1G 10G 100G -10 L L L L ——
Modulation Frequency f, [Hz] 100n In 10 100 _ Im 10m  100m
Input Power P, [W]
(b) modulation index
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Fig.2 Variations of the amplification factors and modulation index with ] o o ) )
the modulation frequency. Fig.3 \Variations of the amplification factors with the CW input power.

frequency range than several 100 MHz as already reported =50mA
in Refs.[17] and [18]. The reason of such improvement of pd

RIN by optical amplification comes from the repulsion ef- 10
fect for noise amplification but not for the CW component 100mA

as found from (21), (24) and (27). Since both the modu- N
lated light and the noise ffier the repulsion féect, the @\
ratio defined in (54) and (55) or (61) reveal rather compli-
cated characteristics. Calculated examples/Nfspectrum i
are shown in Fig.5 with various frequenéy of the modu- A S —— -7 P =lmW
lation. The horizontal axis is the noise frequerfgy The S00mA TV
higher 9N ratio is the better for the real usage. Th&l$a- ) ) v % o 0GHz
tio of the input light is indicated with a chain line. The\s 100k IM  10M 100M 1G  10G 100G
spectrum is sensitively depend on the modulation frequency Noise Frequency f, [Hz]

fm. When the modulation frequendy, and the driving cur-
rentl are large enough, thel$ ratio in the low frequency
region becomes higher than that of the input light, resulting
in improvement of the 8\ ratio by the optical amplification.  degraded by the optical amplification. Variations of i S
However, when we measure the noise with same frequencyratio with the input CW optical powe®;, are shown in Fig.6
with the modulation frequencyy = fy, the SN ratio is under condition offy, = fy = 10 GHz. The & ratio of the

total
signal

Fig.4 Frequency spectrum of RIN for intensity modulated light.
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%) : - - - - signal Fig.8 Relation between the modulation frequefigyand the amplifi-
ol cation factor. Solid and dotted lines indicate the theoretical date for CW
10 E (M), =0.1 3 components\ota and modulated componentg,. A ande indicate the
2 f,=f=10GHz experimental data for CW componentsando indicate the experimental
107 [/ ) ) data for modulated components.

100n  1p 10p 1000 Im  10m  100m
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Fig.6  Variations of the SN ratio atfy = fu = 10 GHz with the CW amplification factor is shown in Fig.8. Theoretically calcu-

input power. NTM lated data are for the total modes mcludmg the ASE modes,
because powers of the ASE modes are included in the exper-
iment. The theoretically calculated and the experimentally

input light is indicated with a chain line. The solids lines measured data were well coincided. As seen in Fig.8, ampli-

are 3N ratios when we detect total mode including the ASE fication factor of the modulated signal is smaller than that of

modes, and the broken lines are those only for the signalthe CW component. In addition, the amplification factor of

mode which can be picked up by inserting an optical filter. the modulated light gradually increases with the modulation

The SN ratio for the lower input power is much degraded frequencyfy.

even we use the optical filter. _ Figure 9 shows relations between the input CW power
Pin and the amplification factors. This figure also indicates
5. Experimental Confirmation good correspondences between the our theoretical analyses

and the experiments. Both amplification factors for the CW
Setup for the experimental measurements is illustrated inand modulated components are reduced with increase of the
Fig.7. A semiconductor laser (LD) was used as a sourceinput power, because the electron density in the SOA re-
of the input light and was modulated with a high frequency duces with increasing of the input power.
oscillator to support intensity modulation on the input light. _On the other hand, when input power is very low such
The RIN level of the input light was fixed by the injection asPj, < 10QuW, the amplification factoré&\ of CW com-
current to the LD, while the input power level to the SOA is ponents reveal additionally larger values than the those of
adjusted by an optical attenuator (ATT). The CW, the mod- the modulated components. This additional enhancement
ulated and the noise powers of the input light and the out- comes from inclusion of the ASE powers, because the ASE
put light from the SOA were evaluated electrically through powers are included in the CW components but are not in
photo detectors (PD). Oscillation wavelength of the LD was the modulated components.

1545.6nm, modulation index of the inputted optical signal Relation between the modulation frequerfgyand the
was (M)in = 0.1. The driving current of the SOA was= 50 RIN at noise frequencyy = 100 MHz is shown in Fig.10.
mA andl = 70 mA. As found from Fig.10, the RIN levels are almost constant

Relation between the modulation frequerfgyand the  for changing of the modulation frequendy. When driv-
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Fig.9 Relation between the input CW powErn and the amplification
factor under conditiorfyy = 1GHz Solid and dotted lines indicate the the- (a) theoretical results data
oretical date for CW componenfgyiz and modulated componemis. o
ande indicate the experimental data for CW componentando indicate
the experimental data for modulated components. -130 ¢
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Fig.10 Relation between the modulation frequency and the RIN at noise Fig.11 Noise frequency spectrum for the RIN. (a) theoretically calcu-
frequencyfy = 100MHz Chain lines indicate the theoretical date for RIN  lated data. (b) experimentally measured data.
of the input light and solid lines correspond to the output lightndicate
the experimental data for RIN of the input light, anénde correspond to
the output light, respectively.
modulation frequency. The/S ratio can be improved if the

noise is measured with lower frequency than the modulation
ing current of the SOA is raised up, RIN level of the out- frequency ady, > fy.
put is reduced lower than that of the input light, resulting in Figures 13 shows relations between the input CW
improvement of the RIN by the optical amplification. This powerP;, and the $N ratio at fyy, = fy = 1GHz When
effect means that the repulsioffect dfects not on the CW  we measure the noise with same frequency with the modu-
component but on the noise component. lation frequencyfy, = fy, the 9N ratio is degraded by the
Noise frequency spectrum for the RIN is shown in optical amplification.
Fig.11, where (a) is theoretically calculated data, and (b) We should note here that th@\Bratio sencitively vary
is experimentally measured data. When the driving currentnot only with the input optical power, the modulation fre-
| of the SOA are large enough, RIN of the output light be- quency, the noise freqeuncy and the driving current but also
comes lower than RIN of the input light in the lower fre- with the modulation indexN};)i,. Our theoretical analyses
quency region. and experimental measurements are performed in the case
Relations between the modulation frequerfgy and of small modulation index to investigate basic property of
the SN ratio at noise frequencyy = 100 MHz is shown  the SOA. If modulation index is large enough, several char-
in Fig.12. When modulation frequency is same as the noiseacteristics may dier from our data as reported in Ref.[14].
frequencyfy = fy = 100 MHz, the &N ratio of the output As found from these results, our theoretical calculation
light is degraded from that of the input light. However, the and postulation were well confirmed by the experimentally
SN ratio of the output is gradually increased with the higher obtained data.
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125 3. The 9N ratio is degraded by the amplification when
the noise is measured with almost the same frequency
120 as the modulated signal. However, th&San be im-
N proved when the modulation frequency of the signal is
¥ 1S high enough and the measuring frequency of the noise
g is low.
E 110 4. Above mentioned amplification characteristics are very
& unique only in the optical amplifier as has not been
z 105 ] pointed out in conventional electronic amplifiers and
2 P =ImW ] other optical devices such as the semiconductor lasers.
100F (M) =0.1 .
£ =100MHz 1
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