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Equivalent Circuit Model for Multi-Electrode
Semiconductor Optical Amplifiers and Analysis of
Inline Photodetection in Bidirectional Transmissions

A. Sharaiha and M. Guegan

Abstract—A rate equation model for static and dynamic be- contradirectional optical input signals are given. The rate equa-
havior for bidirectional transmission in a multisection semicon- tions of the SOA model are then transformed under the form of

ductor optical amplifier (SOA) is presented. The rate equations o, aquivalent circuit [21]-[23], which allows the use of a com-
for each section have been implemented on an electrical simulator. : . .
mercial electrical simulator.

Here, we have used the model to study the inline photodetection in A o
presence of bidirectional transmission. Small signal photodetection ~Here we have applied the model to study the inline pho-
response in presence of co- and contrapropagating signals is given.todetection in presence of bidirectional transmission but it can
The photodetection crosstalk expression in bidirectional transmis- glso be used to simulate other SOA functions as modulation,
sion has also been reported. Simultaneous bidirectional photode- switching and wavelength conversion. Small signal photodetec-

tection experiments using a three-electrode SOA show good agree-t. . f d t f . |
ment between measured crosstalk and simulated results obtained 0N F€SPONSE In presence of co and contrapropagating signais

by harmonic balance method. A photodetection response nearly IS given. The photodetection crosstalk expression in bidirec-
free of crosstalk has been obtained for certain operating conditions tional transmission has also been reported. Experimental mea-

due to the cross gain modulation between contrapropagating sig- surements of photodetection crosstalk are obtained by using a

nals. three-electrode SOA and are compared with simulation.
Index Terms—Bidirectional detection, equivalent circuit, optical

duplex transmission, photodetectors, semiconductor opticalampli- || EQUIVALENT CIRCUIT MODEL FOR AMULTI-ELECTRODE

fier (SOA), SOA device modeling. SOA

A. Cavity Model

. B , ) A multi-electrode SOA withV contacts can be divided into
EMICONDUCTOR optical amplifiers (SOA's) are likely 3r sections excluding the two amplifier facets (Fig. 1). The input

\Jo play an important role in future optical communicatiofacet, of field reflectance;, and transmittanca is situated at
links. They have demonstrated their multifunctional capability _ ¢ |t receives at — 0 an input fieldZ;" . at the wavelength

n,t

by combining optical amplification with either modulation, php)\i_ The corresponding reflected field is not&ff,. The output

todetection, gating, and wavelength conversion [1]-[9]. Usinget of field reflectances, and transmittancs is situated at
multi-electrode SOA permit to optimize and to increase SOA _ | and emits a fieldf+. .. The fields amplitude of the

out, ¢

applications [10]-[14]. In optical duplex transmission, & simulyyyjified signal due to the opfical gain in the active region of the
taneous inline photodetection has been reported [14] by using;g sectionF}, ; and the intensity of the amplified spontaneous

two-electrode SOA. The signal detection can be performed o\&hission (ASE) coupled to theth optical modé. . can
all the SOA spectrak 3 dB bandwidth, which can be interestingye given in thex-direction by [15], [17], [20] spom B

in WDM applications. N
In this paper, we present a model for multi-electrode SOA's inf'%; (2)
presence of co- and contrapropagating signals. This numerical = Ak# eXp(ign,k,i (z - le:) /2) exp(ykk’i (z - z’jr))
model for a multi-electrode SOA is based on that used previ- 1)
ously [15]-20]. In our work, the SOA is divided intd/ sec-
tions and we consider that all fields may be approximated by the
propagation of plane waves and the carrier density isregarded g (2)
a constant in each SOA section. A rate equation model is used t&"°™ % ™"

. . . . . ﬁrnRs por, kErn,
describe the dynamics of the carrier concentrations in each sec- = “7- oL 777 (C,fc i €XP(EGn, k,m (2 — 2F)) — 1)

. INTRODUCTION

tion. In each one, analytical expressions of the average photon 20n. %, m
densities for amplified spontaneous emission, and for co— and @)
where
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E,, photon energy;
K, wavenumber; o e [ . e e
In, k net power gain glvgn bYgn, k = E‘T o WEE ________ F
Lgm,x — o wherel is the confine- - | % N e
R . i 1 M .
ment factor for the intensity of the Tomou| T I oni Fpot |7
fundamental wave guide mode; — T'sponk o
H ISP"“J e [sprm.M 2. &
« internal loss; Tt | SectonK | e
. . Section 1 Az Qemon %1
I, k material gain. N
The material gain is assumed to shift linearly with the carrier 0 Lz
density.

The state _Of the field at any giV_en abscissa related to th_e Fig. 1. Cavity model of a multi-electrode SOA divided inté sections. The
state of the field at any other abscigsa Az by transfer matrix signal field is denoted by*, the spontaneous intensity is giveni, and the

[19], [24] carrier density byV,,.
[F,j:i(z)} _ [GH explikenrz) 1 0 where
B i(2) 0 GSZ/ i €xp(—ikp Az) E; isthe photon energy at;;
Ff(z+Az) 3 v, IS the group velocity;
) F (2 + Az) ®) Az, is the length ofith section.

We note in (7), that the interference terms between forward and
whereG,;, .. = exp(gn, x,iAz) is the simple pass SOA gain atbackward traveling waves;;-,, have been neglected [15]-[17].

A; in the kth section for aA = length, FE,; can then be expressed as a functiodff; ,; through the
The above relationship can be written in a more compact fo"ﬂ%ra'uve use of transfer matrix relation in (4)
as
Fy IXk(AZ).Fk+AZ (4) F’:Z(Z)
i i . +
whereF, . Frya. represents the column matrix aXg. is the = —X H XAz { 72} |:Fout,i:| G
transfer matrix. 1 0

j=k+1
The relationship betweelt,, andF can be found through

the iterative use of the transfer matrix relation in (4) and tHRY using (7) and (8)5;", can be calculated and be written as
transfer matrix of the SOA input and output facets [19]

gt I'GiPip, s
[Flj;z} _ B [ 1 —7’1} ﬁ X. [ 1 7’2} {Fjﬂm} o voBi(l _RQ)wdAZkgn b
F1?i t1ta | —71 1 e} J ro 1 0 ’ . B
iz - : (1 - Gk) H G+ R H Gaii | 9)
From (5) the gain of the amplifier can be calculated as J=ktl
] WhereHMk 1 G_ = 1fork = M.w andd are, respectively,
G; = | —2ut i the W|dth and th|ckness of the active region. The input power
Fi Py, i is obtained fromPy, ; = I'™'|F] ;|>wd. Equation (9)
(1 - R1)(1 — Ry)Gy; reduces to the corresponding result for single-section and two-
- section SOA [15]-[17].
(1 -/ (R1R2)G;)? + (R1R2)G,; sin <Z ‘h) In the case where an input fleIEh1 , arrives atz = L, the
reflected field |sFJr and emits a fleIdF ,atz = 0. The

(6) transfer matrix of the SOA becomes

whereGSz = H G, ; is the total simple pass SOA gain; 0 1 1 —r M X, 1 FJr
Riy=ri,=1- tl » andgy, is the single-pass phase change| F,,, ;| ~ tit> | -1 1 1_[1 Iy FJL :
=

in the kth section. In the limit of a single-section SOA, this re- (10)

sult reduces to the well known expression for transmission 013@, similar development as in (7) and (8), we can obtain the

Fabry—Perot cavity with gain [15], [17]. average photon density in tigh section by
The average photon density for the signal at waveleagth

the kth sectionS;” ;can be given by - LGP i

1
ST = ‘F+ fon
k,i UgE A7k/ < k + k,i ( )

S-. =
ki T GEi(1— Rl)wdAzkgn k,i
1
F+
ng Az, / <‘ o

2
) e (1-a) HG +RIHG5“ ay
)2>dz(7)

+ ‘F,:Z(z

where][Z; G, = 1fork = 1.
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In the case of multichannel amplification using SOA and@he integration constants can be calculated by using the
in presence of co- and contrapropagating signals, the averagendary conditions

photon densityp S,jfo in the kth section can be given by

.
4,
sE = 1 /k
ko =
T vgAz a
2

3 \/%F,j:o(z) +¥ \/%F,;o(z) i,
(12)

In this model, we assume that the minimum spacing between
channels can be considered as sufficient to neglect the effect oféx =
the beat frequency between channels [20]. In fact, ITU standalrﬂe determin
fiber optic telecommunication for 16, 32, or 48 channels is typ-

ically 100 and 50 GHz. This approximation leads to
> Siia
1
- Vg Az, /Zk
1

: <Z N ‘Fz:fo(z)
= St D] Sy

i J

The average ASE photon density in #t& sectionSspon, &, m
is calculated [15]—-[17], [20] as

2
dz

(13)

2 1 _
+za: E_(r ‘Fk,o(z)

+ -\ —7+ +
Ispon, k, rn(zk ) _Ispon, k—1, rn(zk—l) for k # 1

Is;on, k,rn(zl—:) :Is;on, k—l—l,nz(zlz—l—l) for k # M
I;pon, J\l,rn(zj—tl = L) :RQI:—pon, J\l,rn(zj—{—l) fork=M
Is—il—)on,l,rn(zl_ = 0) :Rl‘[s_pon,l,rn(zl_) fork=1
(15)

Equation (15) can be written under a matrix forbd,C = 6 as
shown in (16) at the bottom of the page where

[3771Rsp0n, kErn
2gn, k,m
ant of matri®f

, g = _6k exp(gn, k,rnAzk)-

det(M)
M M

=11 &) |1— B | I] exp(2n,5,mAz) | | A7)
j=1 j=1

where

M
1—- RiRy H exp(2g,, j, mAz;)
j=1
is the laser gain threshold condition which is different from zero
for a low facets reflectivities SOA. The analytical expression of
Cy . can then be obtained by the inversion of mafx

B. Electron Rate Equations and Equivalent Circuit
A rate equation model is used to describe the dynamics of the

Sspon, k,m carrier concentrations in each section
T AN} I
1 —k kRN -
— + - = k)~ U
- m /zk (Ispon, k, rn(z) + Ispon, k, rn(z)) dz dt qukad ( ) ¢
RS pon, K
= spom. k_ Z ﬁigrn,k,isspon,k,i - Z grn,k,iS]::i
UgGn, k,m . ~ i,modes g
(eXp(gn, k,rnAzk) - 1)(Ck7 m T Ck, 'rn) _9 (18)
Gn, b, m A2k wherel}, is the current into the active region of the sectignis
(14) the electron charge?(Ny,) is the total spontaneous recombina-
+

1 (52 0 0 Cﬂim 62 _ 61
0 a2 63 O : 5 b3 — b2
0 0 a3 64 O C?‘:m 54— 3
0 0 g 6k+1 0 0 C’j:m 6k+1 _ 6k
0 0 0 Reapy Om 0 0 Cj'}j m | _ On — Rabpy
0 0 0 ay Oy 0 Crrm op—1— O
0 0 0 ap Op_1 . . 0 C;; m Or—1 — Ok
0 0 (8% (52 0 O?:m 62 o 63
0 0 a2 (51 Cinz 61 - 62
6 0 0 0 Riog o o1 — Ri61

(16)
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tion rate of the electrons given WY(N;.) = A,,. N + B, N2 + V2
OauN,f’ whereA,,., B,;, andC,, are spontaneous electron re-
combination coefficients. In (18) the analytical expressions of —l—
R(N), Sspon, &, and S,f , are established. In that way, for a L L Pr()GLGL00)
set of injection currents and input signals propagating along the
z-axis, respectively in the positive and the negative direction, Pi"l(x‘)G“O")Q
the performanc_e_s of the a_lmplifier are_completely determined by Pucy)_|
M carrier densities, obtained by solving togethérequations. '
This approach permits to use electrical circuit simulator for
the calculation ofV,. This leads to the transformation of the photon density along Photon density average
M rate equations under the form of an equivalent circuit model. length
The carrier denSIty,V IS re.la.ted to the voltagé’ of the SOA Fig. 2. Diagram showing change in photon density along length and
through Boltzmann’s statistics photodetection response at contagtand L. in a two-section SOA.
_ V/Ur
N =Nee (19) B. Photodetection Responses
where The analytical expression of the photodetected response at the
N, equilibrium electron density; kth-sectiorw,, , can be obtained by using small-signal analysis
Ur =nKT/q. whereK is Boltzmann’s constant; of the rate (18) [22], [23], [25]
T absolute temperature; Voo, b = Z Yo, ki
7 factor of ideality. . M
The equivalent circuit in théth section is then obtained from =7y |~ > Ziapim — Y Zia,jve,; | (21)
(18) and (19) and can be described by Kok i IR
herep;,,, is the small signal SOA optical input power
dV w Dim
de—tk = Ik - Ire(‘,,k - Z Ispon,k,i - Z Izj,:k (20) v A 4T 1 . v, Olk
i, modes 7 ol, k = RAZpWa, L} = ( +Jw7'k), k — 7
where
where
g
Cy = (QFAkad)Nk/UT T = 8_Nk Ry + Vg ‘ z;l ﬁigrn, k,iSspon, ki
Irec, k — ((JeAszd)R(Nk) 7 1
Ispon k,i = (QGAzkwd)ﬁivggrn k iSspon k,¢
2 WV 2 Ve 2 Ve :l:
and +Z gnl,k,i5k7i
It = (ge Az wd) Vg Gom, &, ZS;':Z Ne=No, &

T

ONy
. o . . : Cik =qeVor,k o5
The simulation is achieved on a microwave simulator (MDS Vi |y, =y, .
of Hewlett-Packard) where dc, ac, time domains, and nonlinear ’ s
(harmonic balance method) simulations can be performedz; . =gV, v, Z G, ki 5
[21]-[23]. . Pino, i
g
Z7‘,21j :Cljvgw Z /jignl,k,isspon,k,i
Ill. ANALYSIS OF INLINE PHOTODETECTION IN PRESENCE OF 7\, modes
BIDIRECTIONAL TRANSMISSION
A. Principle of Simultaneous Photodetection : Gm, ke, i9k i
T

For a multi-electrode SOA, using the first sections beside an e Ny=No.;

incident optical signal as a preamplifier and the last section as ON.

a detector—amplifier can perform the detection operation. Inthe C1; =q.V, % 8—VJ

presence of contrapropagating incident signals of same level, we 2 Vi=Vo,;

will detect both signals at the contact of the last section, but thad quantities with a zero subscript indicate steady state values.
signal which benefits more from the preamplifier cavity sections The first term of the photodetected response in
gain, will have a higher photodetection level [12] (Fig. 2). Th€21), —(1/1%Y%)(>>, Zi1,xpim), is related to the
signal detection can be performed over all the SOA speetBal variation of the input optical signals. The last term
dB bandwidth, which is interesting in WDM applications. Thee(l/TkYk)(Zf#k Zis v, j) takes into account the
experimental verification of this application is obtained by usingross gain modulation in the other sections between signals on
a three-electrode SOA. the one hand and between ESA and signals, on the other hand.
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For an electrode constituted ®&ections of equal length, the bALA i e
. . . 1 pectrum Analyser
photodetected voltage at this electrode is given by | b
Tt N DFB, - : DFB,
_ E : 1=1549nm Az=1543nn)
Vo = 5 Ve, k- (22) [ Three section SOA j
k=
g 10MHz L 10.1MHz
‘Wave generator

C. Definition of the Crosstalk

By using a multi-electrode SOA, the photodetected voltag@y. 3. Experimental setup of photodetection in presence of bidirectional
in presence of two simultaneous contrapropagating input dfsmission. (I: total SOA bias current.)
tical signals whereP,,, 1(A1) (coming in the positive:-direc-
tion) andP,, 2(\,) (coming in negative-direction) is the sum IV. BIDIRECTIONAL PHOTODETECTIONEXPERIMENTAL SETUP
of v, (A1) andv,(A2). We consider that the frequency of the The used SOA is a three-electrode with 100-200-160
two bidirectional optical input signals is lower than SOA phoelectrodes length. It is a ridge waveguide structure, AR-coated
todetection bandwidth.(r;, < 1). By assuming that,,(A\2) is  with 7° angled facet. For a bias current of 150 mA, the fiber to
the interfering signal, we defined the crosstalk by the ratio gber gain for the TE mode is typically 12 dB. The peak gain
v (A2) /v (A1). By takingRy = Ry =0, g &,i = gm, &, ad  wavelength is 1520 nm with an optical bandwidth of 70 nm and
A1 = Ao, the crosstalk expression can be written from (9), (11the 3 dB saturation output power is about 7 dBm. A schematic

(21), and (22) as of the setup is shown in Fig. 3. The contrapropagating signals
By—1 o are obtained by directly modulating two DFB lasers, DFB
Z Zot 1pom + Z Zin, 1V, A1 = 1549 nm anql DEB at, = 151_13 nm, b)_/ a wave gener-
vo(A2) — ' i B gtor. The modulation |nde>§ of both mpt_Jt optical signals is typ—
Cgr = A ically m = 0.1. The two signals are directed to the SOA via
vo(Ar) 4 M a polarization controller and a fiber coupler. The photodetected
Z 211, kP1m + Z Zi2, Ve, j signals are obtained at the extremity 1@ electrode length
b=y g a7k and sent to an electrical spectrum analyzer after an electrical
Cr = amplification of about 28 dB gain.
4+~v—1 M M
> | Tepom (1 - G;lk) [[Gi+ D> Zio v, V. RESULTS
0-1;—11 ;k J’j:k . The parameters for the amplifier used in the numerical simu-
il 4 lation are given in Table I. For crosstalk measurements, 0B
Z L'gepim (1 Gsz‘,k) H Glij + Z Zi2, Vs, j modulated af; = 10 MHz and DFB, at f, = 10.1 MHz to sep-
k= =t g, Ik arate the contribution of the two contrapropagating input signal

(23) responses at the spectrum analysis. Harmonic balance method
ILﬁ_used for the computational results, which permits to obtain
the photodetected responsefatand f>. The experimental and

the simulations results are performed by taking identical optical
input powers P, 1 = Py 2, andp1,, = pam = Pm). The three

By detecting at the extremity electrode and by assuming for si
plicity that the electrode is modeled by one sectiba M), in
this case, (23) leads to

Cn = p2m (1 + €2/pam) (24) SOAcontacts are biased by the same current density. Figs. 4 and
M—1 M—1 5 show the crosstalk level as a function of SOA bias current.
Pim H Gsi | 1+ Q/ DPim H G, j For input optical signals at5 and—10 dBm, measurements
j=1 j=1 and simulation present a dip in crosstalk. In fact, the numerator

term (1 + ©/p,,,) in (24) can be equal to zere{ ; < 0). Ac-
tually, we can see in (24) that the numerator term cancel earlier
than the denominator term becausés divided by

where

M
Z Zi2, iV, j
_ 3 dFk
CDg(Gain— 1) D 1_[1 Gai, g
J:

M-1

For lower optical power, the cross gain modulation term be- q In h Ik dip level is d h
comes negligiblg¢$2 — 0) and in this case, (24) tends to ms_tea Ofpm'_ n gct, the crossta ¢ dip level s due to the cross
gain modulation in the other section between the contrapropa-

Cgr = _ b gating signals. This cross gain modulation can cancel the pho-
M-t G todetected response of the contradirectional signal, which has
P1im H 5% J not benefited from of the preamplifier sections. In this case, a

j=1

free crosstalk response can be obtained for certain operating
which is the amplitude ratio of the bidirectional optical incidentonditions. By reducing the optical input powers, the crosstalk
signals at the considered electrode. at the dip level shifts to high bias current. After the dip level,
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TABLE |
LIST OF PARAMETER VALUES

Symbol Parameter Value
Bmk =a(Nk-No)-k[Ai-(Ao+BANK-Nu))J*
a Gain factor 175 10%° m?
No Carrier density at transparence 1.5510% m?®
K Curvature of the spectral gain 410"%m?
%o Gain peak frequency 1560 nm
S\ Frequency shift coefficient 251032 m*
Nan Reference carrier density 2.810%m?
Anr Recombination factor 10% T
Bs Recombination factor 107 m’s!
Ca Recombination factor 810 m%”7
d Active layer thickness 0.12 pm
w Active region width 2 ym
L Ampilifier length 400um
Amplifier electrodes length (100+200+100)
Azy Section length 100pum
o Internal loss 3000 m™T
r Confinement factor 0.35
Ri2 Residual facet reflectivity 5107
Bi Spontaneous emission factor 510°

the crosstalk increased in function of the bias current. For low
optical power (Fig. 6), the cross gain modulation term become 40 60

negligible and (24) tends to

-1
M-1

Cr= H Gai,
j=1

which indicates that the crosstalk in presence of simultaneo® o
bidirectional wavelength can be reduced by increasing the SC 591

preamplifier sections.

VI. CONCLUSION

A rate equation model for static and dynamic behavior f
bidirectional transmission in a multisection SOA has been de-201log(v. (A2)/v.(A1)).

Pini=Pin2=-5dBm

80 100 120 140 160

Lo
< < =1
> 5

osstalk (dB)
g

= -40

-60 -

veloped. The rate equations for each section have been imple-
mented on an electrical simulator, (MDS of Hewlett Packardjons, permits also the use of behavioral modeling tools, like
Electrical simulators permit easy use of dc, ac, or time domaiw$iDL-AMS, for simultaneous simulation of completely dif-

simulations and they grant easy handling of parasitic contribigrent devices [26]. The Small signal photodetection response
tions and integration with electrical circuit components. This ap presence of co and contrapropagating signals in a multisec-

proach of SOA modeling}/ differential equations fol/ sec-

I(mA)

Fig. 4. Crosstalk versus SOA bias current for two optical contrapropagating
Qfgnals of average power of about-5 dBm. Crosstalk (dB)

tion SOA's has been given. The photodetection crosstalk ex-
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evaluate the required crosstalk for simultaneous photodetection
by the use of a multi-electrode SOA in optical duplex transmispl]

sion.
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