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Pumping Planar Waveguide Amplifiers Using a
Coupled Waveguide System

L. H. Slooff, P. G. Kik, A. Tip, and A. Polman

Abstract—A novel scheme is presented that can be used to effi-

ciently pump optical waveguide amplifiers. It is based on the cou-
pling between two adjacent waveguides, where pump light is grad-
ually coupled from a nonabsorbing pump waveguide into the am-

plifier waveguide. The coupling between the waveguides in such a
configuration is calculated using an improved coupled mode theory
(CMT). The proposed distributed coupling scheme can enhance the
optical gain in systems that exhibit a reduced pumping efficiency
at high pump power. A numerical example is given for a sensitized
neodymium-doped polymer waveguide amplifier, in which the op-
tical gain increases from 0.005 dB to 1.6 dB by changing from con-
ventional butt-coupling to distributed coupling.
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Index Terms—Neodymium compounds, optical amplifiers, op-
tical waveguides theory, rare-earth compounds, waveguide cou-
plers.

Fig. 1. Schematic presentation of a two-dimensional (2-D)coupled waveguide
system consisting of parallel optical waveguides A and B. The calculated
waveguide mode intensity along the axis is shown for the waveguide
geometry described in the text (515 nm for pump A, 134 for pump B).

|I. INTRODUCTION

HE RAPID expansion of optical telecommunication techs_ystems,'an optimum pump power for ar_nplifigation exists: Such
T nology increases the need for planar optical amplifieFQ’StemS include Er-doped waveguides in which cooperative up-

that can be used to compensate losses in splitters, switch@gaVversion and excited-state absorption take place [1], or sys-

multiplexers, and other devices. Planar optical amplifiers a msin whic_h.the rare-earth ions are excited via energy tran.sfer
widely studied and they often use the rare earth ions erbium'GiM @ s_er_1$|t|zer [2], [3]. In these systems, butt-e.nd _couplmg
neodymium as the active element because these ions exHbRot efﬁmen_t. The excess pump power at th? beginning of the
intra-4 f transitions around 1550 nm and 1340 nm, respectiv?%"’wegUIde will rgsult In pump absorption, which does not con-
two of the standard telecommunication wavelengths [1]. Al fibute _to the optlca! gain. : , .
plification is obtained by optical pumping of the rare-earth ions, In_thls paper, we introduce a coupling configuration that can
in order to create population inversion. Stimulated emissi&i\,smbme the pump power evenly over the f”" length of the
induced by the signal light then results in optical amplificatior{.s"gnal),Wavggu'de' It is pa,‘Q‘Ed on f[he coupling between.two
The pumping of optical waveguide amplifiers is usually donwavegwdes in close proximity. In this s_cheme, the pump light
by coupling the pump beam into the waveguide at the input faégégradually co_u_pled from a nonabsorb_mg pump guide into _the
of the waveguide (butt-end coupling). The pump light is alf jacent amplifier guide. By gradually increasing the coupling

sorbed by the rare-earth ions as it travels through the Wavegui(i&:’ reQucing the distance between the guides), it iS. possible.to
resulting in a decrease in pump power along the waveguide. intain a constant pump power along the signal guide. We will

order to maintain sufficient pump power over the entire leng udy the coupling between two parallel waveguides using cou-

of the waveguide, relatively high pump powers are coupled in ed-mor?e trrlleory (C'\lﬂ): A rflumerica.\I' exgr:lzlz is g(ijvenlthat
the input section of the waveguide. This pumping scheme can WS t_dat the (l)_?_nca gaug 0 ahsen5|(';|ze ) -h_ope plo ymer
successfully used for materials in which high pump powers Jifveguide amplifier can be enhanced using this novel pump

not affect the pumping efficiency. However, in several materia%heme'
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as a linear superposition of the individual waveguide modegere

E%(z,y) andE*(z, y) as follows: p="o T
2
E = a(2)E%(x,y) + b(z)E®(x, y) P = VA2 + ke kg
H = a()H%(z, y) + b(=)H'(z, y) @) A= ®)
We can now calculate the power inside signal guide B as
with z being the propagation direction. The coupled-mode equa- 1 . .
tions, defining the mode amplitudeg~) and b(») along the P(z) = QRe //E x H" -zdrdy
waveguide, are given by = Ja(2)[2 + [b(2)[?
d . . + Ref[a(2)0*(2)Chy + b(2)a*(2)Ca]  (6)
Iz a(z) = 17aa(7) + tkapb(2) where the cross-overlap integrdls, andC,, are given by
1 .
di;“ b(z) = ikpaal(z) + ivb(z) 2 Cap = 3 // E’ x H* - zdz dy
1 a b o
with ~,, propagation constants arid, ;, mutual-coupling Cha = 3 //E x H' - zdxdy ()

constants, which, in this case, are identical. If the waveguidggd the integration is done over the cross section of the signal
are not identical, or in the case of strong coupling, the Myraveguide.

tual—coupling coefficients are different for the two WaveguideS, Using the same set of equationS, it is also possib|e to calcu-
and, as a result, power is not conserved in the conventiofge the coupling of the signal mode into the pump guide. In
theory. This problem can be dealt with using modified propghe present waveguide geometry (a broad single-mode signal

gation and coupling parametets, v, kqs, andky,, as given guide and a narrow single-mode pump guide), this loss can be
in Appendix A [6]. These parameters are known nonlinegfeglected.

functions of the fields of the unperturbed individual waveguide
modes. Consequently, when the unperturbed modal solutions IIl. NUMERICAL EXAMPLE
for the individual waveguides are known, the fields of the
coupled waveguide system can be calculated.
The optical modes of the individual waveguides are a sol

Using the equations derived in Section I, we can now calcu-
[?_te the effect of distributed coupling. As an example, we will
tion to the (Helmholtz) wave equation that is associated Wiﬁpn_s,lder a S(_ansmzed ’%'doped polymerwavegwde [2]. The

Nd ions are incorporated in an organic complex that also con-

Maxwell’s equations. In principle, one should take into account: ) ”
the complete two-dimensional (2-D) field pattern over the crof&iNS an organic sensitizer group. In these complexes, 1340-nm
ission of Nd is observed after excitation via the lissamine

section of the waveguide. However, in good approximation, tdSs! ) . X o
field E(x,y) can be written a&(z)E(y). In this approxima- sensitizer. In this way, the Nd ion can be excited efficiently,

tion, it can be easily shown that if the waveguides have the safie? result of the strong absorptio_n of the lissamine at_ the_ pump
thickness (defined in the direction; see Fig. 1), the coupling""a\’elength (515 nm). However, if the pump power is higher

only depends of(y). Using the correct boundary conditionsthan the value needed for complete population inversion of the

the transverse electric (TE) field pattern for the first even modigl, the excess pump light is still absorbed by the lissamine,
of the pump waveguide A is given by leading to a reduced pumping efficiency. Therefore, the pump

power should be kept below a certain limit over the length of the
waveguide.
In this example, the pump powek (= 515 nm) is coupled
®) through a 0.5:m wide waveguide parallel to a 180 wide
signal @ = 1340 nm) waveguide at a spacing between the cen-
ters of the waveguide of 2m. Both waveguides support only the
wherek, ando are determined from the eigenvalue equatiogyndamental mode. The re@t) and imaginary(k) part of the
(which is obtained by substituting (3) into the wave equationjefractive index are listed in Table | for the two waveguides. In
C, is a normalization constant, ankis the waveguide width. the present geometry, coupling from the signal waveguide into
The above calculation can also be done to obtain the TE fieldgk pump waveguide is negligible, as the narrow pump guide
signal guide B. does not support the 1340-nm mode. To avoid contamination of
With the modal fields of (3) as input for the coupled modene pump waveguide with the sensitized*\d complex, the
equations of (2), the modal amplitudegz) andb(z) can be goped waveguide should be made first. This can be done by
calculated. If all pump power is launched into waveguide A ahincoating the doped layer onto the cladding layer in which the
z = 0(a(0) = 1,b(0) = 0), the solution can be written as [7] sjgnal waveguide is etched. Next, the surplus of film is etched
away, followed by the etching of the second trench for the pump
o) = <Cos(wz) A sin(z/»:)) gt waveguide. This can then be filled with the undoped polymer by
a second spincoat step.
Fig. 2 shows the calculated intensity distribution of the pump
over the length of the waveguide, using an input pump power of

IR‘I\DIQ_

if |yl <

cos(ky %) e~ *W=d/2)jf 4y > 4
Ea(u) - Ca ?
cos(ky 2) etalv+d/2) - if y < —
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b(z) =1 % sin(¢)z)et?* 4)
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Fig.3. Pump power in the signal guide as function of distanicea sensitized
Nd-doped polymer waveguide. The inset shows the calculated differential gain
as a function of distance along the waveguide for a coupled waveguide system
and a butt-coupled waveguide. The input power in the pump waveguide is 1 W,
in both cases.
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signal

18 20 22

Fig. 2. Pump intensity in the waveguide structure as a function of distance Distance Between Guides (um)

along the waveguide.

fferential Gain (dB/cm)

b

1 W. The intensity decrease in the nonabsorbing pump guide O
entirely due to absorption of pump light coupled into the highly
absorbing signal waveguide. In the present configuration, tr
pump power is almost completely absorbed after a distance Distance z (cm)

about 4 cm. The pump power in the signal guide as a function

of the distance follows the same decreasing trend, becausehifieg?. Differential gain over the length of the waveguide, plotted for different

l tanti tant thel th of th .dé/eé)aration between the waveguides. The numbers in the plot indicate the
coupling constant Is constant over the [ength or the wavegul veguide separation in micrometers. The inset shows the total gain for 4-cm

It is not visible on the scale of Fig. 2 because the coupling comlng pump and signal waveguides as a function of the waveguide separation.
stant is very small. It can be determined by integrating the data
in Fig. 2 across the signal waveguide. The result is shownigithe relative overlap between pump and signal mode in the
Fig. 3. As can be seen, the power in the signal guide decreaskmal waveguide. For the example given here, the total gain is
from about 0.6 mW to almost zero over a distance of 4 cm. calculated to be 1.6 dB for a 4-cm long waveguide amplifier. To
The Nd**-level system can be described by a four-levejhow the effect of distributed coupling, the inset of Fig. 3 also in-
system in which there is no minimum pump power requiregludes the differential gain obtained by using conventional butt
for optical gain. The differential gain along the amplifier isoupling at the same input pump power of 1 W. Note that all
calculated using the known rate equations for thé Ntvel pump power is completely absorbed within the firsy50. The
system, which are given in Appendix B, and the pump powestal gain for this case is only 0.005 dB. Note that we have not
as a function of distance along the guide calculated above. TthRen into account the intrinsic waveguide losses at 1340 nm
resultis shown in the inset of Fig. 3. Note that even with a punfp.0.2 dB/cm) [11].
power as low as 0.6 mW at the beginning of the signal guide, Fig. 4 shows the effect of the distance between two parallel
the differential gain is still reasonably high-1.6 dB/cm). The 4-cm long waveguides on the differential gain. If the distance
total optical gain for this waveguide amplifier is givenby ~ petween the waveguides decreases, the coupling becomes
L stronger as more pump power will be coupled into the signal
gain(dB)= 4.34 x n x </ 05N f(2) dZ) (8) guide. This results in a higher differential gain at the beginning
0 of the signal guide, but the pump power will be consumed
whereo,. = 1 x 10720 cn? is the cross section for stimu-more rapidly. Besides that, the pump power at the beginning
lated emission at 1340 nm [8]-[1QN = 5 x 10'® cm—2 is of the waveguide is higher than the pump power for maximum
the Nd**+ concentrationf(z) is the fraction of excited Nd (see amplification, resulting in pump losses. As a result, the total
Appendix B), L is the length of the waveguide, and= 78% integrated optical gain will be lower. This can be seen in the

e
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Fig. 5. Schematic energy level diagram of the Ls—Nd system. The different rate con$tansed in the calculations are indicated.

TABLE I
VALUES FOR THEDIFFERENT RATES USED IN THE OPTICAL GAIN CALCULATION. P(W) IS THE PUMP POWER IN THE SIGNAL GUIDE

rate W, (s Wa(sh)  Wa(s!) Wiels!) Wa?)  Weh

value | 5x10° P(W) 4x10° 10* 4.3x108 10® 108

inset of Fig. 4, which shows the total integrated optical gain faulting in a more efficient power distribution along the signal
a 4-cm long waveguide coupler as a function of the distangeide. Calculations on a sensitized™Nddoped polymer wave-
between the waveguides. guide system show that, using a butt-coupled waveguide, the

For a larger separation between the waveguides, the coupliatal optical gain is 0.005 dB, whereas an optical gain of 1.6 dB
is smaller, less pump power is coupled into the signal guids,possible using a coupled-waveguide system (1-W input pump
and the differential gain is lower. In this configuration the totgbower). This clearly shows the advantage of the coupled wave-
integrated optical gain is lower, but not all pump power is comuide system over the conventional butt coupling.
sumed. If the waveguide coupler is made longer, such that all
pump power is used, the total integrated optical gain will be sim- APPENDIX A
ilar as for the 4-cm long goupler with the optimum separation Equation (A1), shown at the bottom of the page, follows from
of 2.1 4m between the guides. the reciprocity theorem [6] with the conventional propagation

constant? and coupling constait,,;,, and K, given by
IV. CONCLUSION 27 (Nap + kap)

Bt =

We have introduced an optical waveguide system, consisting Pagp A

of two closely spaced parallel waveguides, that can be used to - y = w // Eb(x Y) [Ea CEV _Ea. Eb] dz dy
optimize the pumping of planar waveguide amplifiers. The in- ¢ 4 ’ Lo =
teraction between the two waveguides is calculated using CMT _w a b pa_ b pa

for nonidentical waveguides. It is shown that light coupled into Ko = 4 //5 (@:9) [Et Ef - E EZ] de dy

the pump guide will gradually couple to the signal guide, re- (A2)

Kaa — CKba
Yo = fa+ —o——5—
1-9 (modified propagation constants)
_ Ky, — CKgyp propag

wEAE T

Kab - CKbb
b = T N

K, — CK, (modified coupling constants)
B ="

C= (Cab + Cba)/2~ (Al)
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