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INTRODUCTION 

When we excite a rnultimode waveguide, we ean observe the effects mvolving the 

matching of input field with mode fields of the multimode waveguide, and then [he 

in[crferenee of the produced waves The in[errnodc interfercnce is accompanied by 50 cali cd 

scl f-i maging effects of i"put field , which is exeiti ng the multimodc waveguide As a resuh of 

thesc efTects, the ioput field, whieh most frequenlly comes from a single one-modc 

waveguide, or from a group of one-mode waveguides, is rcproduced as simple, reflected and 

multiple images This phcnomcnon constitutes a basi s for the operation ol' Illuhimodc 

interfercnce stnJeturcs (MMI) Making use of the self-i maging eITects of inpul Ii eld, we ean 

producc beam sp!itters and couplers IxN and NxM, in which [he splitting ofthc inpu l field IS 

cfTected withm a very smali area, of the order of several hundreds 11m 

The developmen[ ofthe systems ofintegrated opties making use of MMI and based on 

slep-index opilca! wa\'eguides, and in particular systems based on semiconduClor SlruClures, 

can be observed si nce car!y 1990s [1,2] In the works [3,41 ror Ihe firsl \Jme II has bccn 

af1"lrmed that the sc!f-Imaging effects can occur in gradlcnt waveguides produces by ion 

exchange method The work [4,51 presented optim;s; ng investigation studics invo!v;ng Ix2 

symmetr;c waveguide bellm sp!itters produced 0 11 the basis of MM! gradient struetures 

obtained in two basic ion exehange proccsses K' - Na ' and Ag~ - Na' Thc operatmg 

characlerist ies or I x2 bcam spl itters depcndcd on the geomctry of Ihe Sl ructurC (Ienglh and 

width oflhe multimode scetion as well as Ihe width of the monomode inpul wave~Ulde) , thc 

paramcters or lcchllOlogical process and polarizat ion oflight 

The works [6,7J presenled waveguide Ix2 heam splitters ofthe arbitrary oistribution 

ar the signa\ at the output, made using the tcchno!ogy based on silico n Thc configuralion 

considcrcd in [6] is mak ing usc of the eurvcd MMI $Cetion, which allows obtaining an 

arbitrary diSl r;but lOn of Ihe signal at the oulpUI Tuming the !x2 beam sp\itter [hrough li 

certain angle wilh respect 10 the onginal direction of propagalion may cause prob'ems while 
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dcsigning othcr elements or Ihe optoelectronie circuit The I x2 bcam splitter system presented 

in [7] is making use oftwo MMI sections working as 3dB couplers In the area be!ween Ihe 

J\iMl seclions, apart from the wavcguide joining them, therc is a gap filled with basc materia I 

Due to the difference or rerraclive indexes or the wavcguide core and the basc, the waves 

reaching the sccond MMl section are out ofphase And cOTlscqucntly, the Tatio ofsignals al 

the oulpul is the function ofthe gap's length lIowevcr, the above solution has a weak point 

Ihat is the cxccss lass ofthc slructurc conneclcd with the diffraction oflhe field wuhin the gap 

area, which is rising alang wit h ils lenglh 

In the presenlcd work. a T1ev,. concep! or (he l x2 waveguide beam splitter has becn 

presemed, on the basis ofgnsdiem multimode interfercnce slructurcs made wilh ion exchange 

technique Ag' - Na- with an arbitrary power splitting ratio at the output 

2 FUNCTIONING OF THE 1 x2 BEAM SPLlTTER 

, ' 

, " 

Fig 1 A block diagram or the examined I x2 beam 
splittcr 

A block diagram or the 1 x2 

beam splitter is pre~ented in 

Fig. 1 lt conSlsts of two M1vU 

sections working as 3dB 

couplers, which arc joined by 

rnononlode waveguides (I) and 

(2) The input monomode 

waveguide is placed in l/3,d of 

the section 's width, and the 

waveguides (I) and (2) as well as monomode output wavegUldes (3) and (4) are placed 

respectively in the l/3 rd and 2/3'" width of the multimode scction Following the theory 

presented in the article (2), the signal at the outputs (I) and (2) ar the li rst section is as 

follows 

where A is the amplilude oflhe inpul field The tic1ds at the output ofthe firs! seclion are out 

ar phasc by n/Z. And the signal at the output of the whole unii, after the subsequent phase 

shift, Is as follows 
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A ! / J-
+ _ ·e 1 = A ·e 1 

.fi.fi 
1-44 2-44 

In consequence, we obtain a maximum signal at the output 4, and signa! equal to 2ero at the 

olltpul 3 Vańable ratio of signals at Ihe olltpul of the 1x2 bcam splilTcr at (3) and (4) can be 

obtained by changing Ihe phases or signals propagating in the arms l and 2. Phase changes 

J<Pmay result from the change ofthe !ength ofthe arms (dl and dl) or propagation constants 

(Pl and 132) ofthe modes propagating in waveguides I and 2, in compliance with the following 

equation 

(I) 

Hence, at the inputs (! ') and (2') ofthe second MMI section we obtain the at the OUlpUts (3) 

and (4) ofthe lx2 beam splitter weobtain: 

1'-43 2-> 3 

The optical power II and '1 in the outpul aons can be expressed by the equation· 

(2) 
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In (he configuration ofthe beam splitter discllssed in the wark, (he phase shift is effected by 

the changes oC propagation constants result ing from the difference in the width or mOJlOlllodc 

waveguides. 

3 GEOMETRY OF THE 3dB M11.f1 SECTlON 

A J A. .. .. 
w l w. C J A, --.,. 

' : 
L 

Fig 2 A diagram oflhe examlOcd asymmetric MMI seclion 

The principal 

element of the mvcsllgaled 

system is the asymmctrlc 

MM I section working in the 

Ix2 beam spllller section as 

a JdB coupler The diagram 

or the invesligaled Slructure 

is presented in Fig 2 II 

consists of a Illonomodc 

input wavcguide obtained in the ion difTusion process through the window having the width 

w, placed in the 1/3r~ oflhe window's width WAł oClhc multimode section oClhe leoglh l, . and 

or a pair or monomode out pul waveguides having Ihe inpul geometry, place<! in the 1/3,6 and 

2/3 rd ar the widlh WM The essertt ial element ar the gradient MM l section is a multlmode 

waveguide made using the lon excnange melhod Ag+-Na+, obtained in the diffusion process 

or Ag+ ions through the window 16~m wide, for the diOosion depth ", D ·I n 031 pOl (I) -

diffusion coctlicient, ID - diffusion lime), numerically calculated on the basis of a nonlincar 

diffUSlOn equation [8] For such a selected geometry and technological process parameters, as 

il can be seen [4] basing on the efTective refractive index method, the waveguide IS a 

multimode one for the direction congruent with the structure' s width (iI guidcs 12 modes) and 

amonomode waveguide for the pcrpendicular direclion 

The propagation of the wlve in the presented structure was analyzed basing on Ihe 

scalar melhod FDBPM (Fin/te Difference Beam J'ropagalloll Melhod) Pl. 
The slarting po;nt of the FDB PM method is thc Hclmholtz equation 1!1 parabolic 

approximation Assuming Ihe polarization TE, wc obta;n the following equation 

(3) 



Molecular and Quantum Acoustics vol. 22, (2001) 23 

where E(x,y,z) Is describing the distribution of wave field TE, n(x,y,z) is the gradient 

distribution ofrefractive index oflhe investigated multimode inteńerence structure, III) is the 

refractive index of the reference (it was acceptcd that fi l) M , where /lu is the propagation 

constant of the base mode of the monomode waveguide [4]. Equation (3) ~ s solved 

numerically using the Altemating Direction ImpliciI Melhod [3] and Cranck·Nicholson finile 

difference scheme with transparent boundary conditions at the edge of the computational 

window The computational window dimensions are given by I;r; x Iy = 20~m x ~ ~m. Thc 

number oftransverse grid points is 200 x 50 and the step ofpropagation 6z=0 5~rn 

The Gauss inpul field, after a short palh of propagation, is getting matched to Ihe 

monomode structure, and we obscrve a slabIe propagation of Ihe field of the ampl ltude Ain 

until the entrance to MMl, where Ihe distribution af inpul field is taking place Inla the ficlds 

af the modes of the multimode wiłveguide. AfteT a short path of propagation, the fields in 

oulput waveguides reach the distribution of wave fimctions of the monomode waveguide of 

Ihe amplitudcs A , and A]. The total excess loss u[dBJ in the Ix2 beam splitler, which allows 

for the imaging inaccuracy of Ihe inpul field in the MMI interference section and the IOS5 

involving the coupling with output waveguides is expressed by Ihe following equalion 

La 
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The resuhs af numerkal simulatlons are presented in Figs ] ,4,5 The section MMI 
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Fig.3 The dependen~ of ex~ss loss in the 
coupler on Ihe section łength L 

Fig.4 The dependence of thc absolute values 
af output amplitudes Al and Az on the 
seclion length '-



24 Blahut M. 

was excited with the field from the monomode waveguide ofthe width l ,20J.lrn and the length 

I050llffi ensuring the matching oflhe Gauss beam oflhe wavclength A"'0,6328)lm with the 

field af Ihe wavcguide Wilh the set length between !he QUlput waveguides r-'5 34J.1m, the 

length or the section was being changcd wilhin the range from 42Sllm to 4451lm, searching 

for !he coupling palh L3dB for two-fold images Fig 3 prcsents !he dependence or cxcess lass in 

the coupler on the lenglh L Minimum attenuation u ""O 823 dR was obtained for the length 

L=43SjJffi Thc nex! figure, FigA, prcsents the corrcsponding wilh these changes lcngths, 

values or Qutpul amplitude modules A I and A] (iI was assumed thal the amplilude or inpu! 

field A"'I) Thc conformity or output amplitudes is obtained for the propagation path 

L=AJ8~m, for which tne excess loss was sligntly higncr and cqualed O.87JdB Sucn a value or 

propagation paln was acccplcd in furt ner simulations as Int: coupling paln LJdH for Iwo-fold 

lmages 

4 WORKING CHARACTERlSTlCS QF 1x2 BEAM SPLlTTER 

Fig5 A diagram of Ix2 beam spl iller wiln arbitra!)' power splitting ralio at the output 

The diagram of 1 x2 beam splitter witn Ihe arbilrary power spJitting ratio at ,he out pUl 

is presented in Fig 5 Two 3-dB MMI sections of the lenglh L-'-438Iltn, wind:>w width 

WM "' 16)lm are joined by waveguides of difTcrent window widths w(/), w(2) and lcnglh d Thc 

window widths 11'(1), w(2) are sclectcd in the way t:nsuring tnat bOlh waveguides stay in the 

monomode range. For the accepted difTusion depth O Jl)lrn, the widtn l.3)lm i5 the boundary 

or monomode range 14] The difTerences of wavch'llides' widths result in diITerent values of 

propagation constanls and connecled with Ihis phase changes atthc inpul ofthe second MMI 

section The signaIs at the outpul will be changing according to the re1ations (2) 

[n order to carry out the teslS, it was necessary lo determinc !hc optimum distance d 

between the sections Fig_6 presents the dcpendence or excess loss on the length d for 
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Fig.? Absolule values of oulput amplitudes 
A I and Al as Ihe functions oflhe waveguide 
length d for w(JJ==w(2j=w= 1.2!Jm 

w(l)=w(2)=w=1 2pm The distance was being changed wilhin thc range from 10l-1-m 10 

1600!Jm Up 10 the value of aboul 100J.lm a large dispersion of measuremenl poinls can be 

obscrved, effected by titting the field leaving the firSI MMl seclion Wilh lhe geometry of 

waveguides. With the increase of the distance d we observe Ihat Ihe attenuation is getting 

steady at the level a-l 7dB In further calculalions il was acccpled Ihal the minimum length 

or waveguides should be - IOOJ.lm. Fig 7 presents, for the same geomelry of waveguides, Ihe 

dependenee of absolute values of outpul amplitudes A I and A: on the waveguidc lengths d, 

which was being changed within !he range lOOl1m 10 1600Jlm As il ean be scen, Ihe signaJs 

in bo/h OUlpul channcls are slabie and are respcclivdy A I-O 8 and Ar O OS wilhin Ihe whole 

length (iI was assumed Ihal Ihe amplilude ofinpul field A= I). 

In Ihe nexl numerical simulations, the dependence ar absolute values of output 

amplitudes Al and Al on waveguide lenglhs d was determined for different widlhs of 

waveguide windows wOJ. w(2) Figures 8.9 present the characleristics for w(l)=1 2).1m and 

wOj"" l lllm, and for w(J)""l.2llm and w(2j""0.9pm The window widths of the input 

waveguide and of Oulput waveguides were v.= I 21lm. The changes of amplitudes at the output 

are approximately in agreement wilh the relations described wilh equations (2) The 

maximum distribution ofthe amplitude for the characteristic presented in Fig.8 was obtained 

for d""220l1m, A I has tlten Ihe maximum vaJuc, i.e. 0.812, whcreas Ihe amplitude al !he second 
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oulput reaches Its minimum equal to Ar O 09 The changing period or the amplitude is 

-4601Lffi, and avcragc excess 10ss - is suflicient to changc the amplitude from the minimum 

value to the maximum one is 1090,lffi . \320Il"l 

Thc period or the diagram from the Fig.9 i5 shortcr and equals - 1401lm The ma"imum 

division or the amplitude was obtained for the diSlance tPIJOIlm, for whieh A,9J 8 and 

A t=009 Tłu: average exccss loss increascd slighlly as compan:d wiln Ihe previous case. to the 

value 2 07dB, whieh is connected with higner mismatching ofthe size of the wavcguide w(2) 

The ehanges of amplitude from the minimum value to the maximum onc are obtained for the 

stnlcture length 10[0~m. 1180~m Making use ofthe dependenee (I), we can est;rnate Ihe 

changes of propagalion constants eorresponding wilh the obtained phase changes For the 

characlerislics from Figs 9,10 the oblained differences o f propagalion COTlSlanlS were 

respeclively L1fJ=0,0136~m·1 and LJfJ=O 0449j.1m·1 

The characlerislics presented in Figs. 10, 11, 12 involve Ihe geometry of the Sll\lcture for the 

window width of rhe inpu! waveguide and for OUlpUI waveguides w=09~m Fig 10 presenls 

Ihe dependence of oulpUI ampli tude Al and Al modules for w(J)=w(2)=w=0. 91lm on Ihe 

waveguides [ellgth tJ, which was beillg changed wilh;n Ihe range IOOJ.lm 10 1600l-lm The 

signals in bOlh oulpu! channels are SlabIe, and Ihe value of 10lal excess loss is higher than in 
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the previous case and equals 2 51dB. Figs 

11,12 presenl the characlerislics for 

",,(I)=09jlm and w(2)=1 Ijlm, as well as 

for w(J}=O 9pm and w(2)=1.2jlm The 

changing period or the amplitude for Ihe 

diagram from Fig 13 is - 200l-lm, and 

average cxcess lass - 2.57dB For the 

diagram from Fig. 14, which is a rcversed 

configuralion wilh respecI to the one 

presented in Fig. J I, Ihe changing period of 

thc amplitude is again - 140l-lffi, and the 

average excess lass - 258dB. The 

diOcrcnces of propagation constants 

detennined basing on (I) are respectively 

.1jJ=O.0314Ilm-! and .1jJ=00449Ilm·! 
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5. SVMMARY 

The main objective or the wark involved the design and optimization studies or the 

wavcguide lx2 beam spliner with the arbitrary power splitting ratio at the QutpuI, which is 

making usc or gradient mullimode sectiolls marle with the application or ion exchange 

techniquc Ag' -Na' in glass. The beam splitter consists or two asymmetrical MMI scclions 

operating as 3dB couplers joincd by monomode wavcguidcs or difTcrent widlh. The carried 

out optimization lesls or the MMI section or the window widlh 16)lm have defined the 

coupling palh LJdy=43811m for two-fald images, for which IwO identica! images or inpul lield 

are obtained wit h minimum excess loss - O.B7dB. Basing on Ihe above. the operating 

characteristics or the lx2 bcam splittcrs wcrc dClcnnincd for difTcrenl geometry 

configuralions of waveguides joinillg the MMl seclion. II has been determined Ihat the lowest 

excess loss is obtaillcd for the lxl bcam splittcr having thc possibly highcst width of the 

monomode input wavcguide and output waveguides. The illcrease of the differcllcc of Ihe 

width of waveguides joining the MMl sections results in shol1cning the length of 1x2 beam 

splittcr structure, increasing at the same time excess loss connected wit h the size of Ihe 

waveguide. 
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