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1 　Introduction

The rece nt a dva nces i n p hot onic mate rials

a nd f a brica tion tec h niques e na ble t he i ntegra tion

of la rge2scale p hot onic ci rcuits . L a rge2scale p ho2
t onic i ntegration is necessa ry f or t he i mple me nta2
t ion of sop histica te d p hot onic devices suc h as de2
lay2li ne based op tical f ilte rs a nd multi2a r m Mach2
Ze nhder i nte rf e romete rs ( M ZIs) [ 1～3 ] . Also , la rge2
scale i ntegration ca n ef f ectively re duce device

cost . Cohere nt lightwave com bi ne rs a re i ndisp e n2
sa ble comp one nts of la rge2scale p hot onic i ntegra t2
ed ci rcuits ( PI C’s) . The com bi ne rs ca n be imple2
me nted wit h di rectional coup le rs or Y2bra nch

combi ne rs , but di rectional coup le rs a nd Y2bra n2
ches a re usually la rge a nd a re se nsitive t o f a brica2
t ion e r rors . Moreove r , t hey must be casca ded t o

ma ke multi2p ort ( N ×1 , N > 2 ) cohe re nt light2
wave com bi ne rs , lea ding t o a la rge r device size ,

highe r losses a nd less robust ness agai nst f a brica2
t ion e r rors . Free2sp ace sla b waveguides have bee n

widely used as combi ne rs i n a r ray waveguide gra t2
i ng ( A W G) devices , but t hey a re wavele ngt h2de2

p e nde nt .

Multi mode i nte rf e re nce ( MM I ) coup le rs ,

wit h t hei r comp act size , high t ole ra nce f or f a bri2
cation e r rors , broa d ba ndwidt h c ha racte ristics ,

a nd p ola riza tion i nse nsitivit y , have a t t racted grea t

i nte rest a nd f ound ma ny app lications as sp lit te rs

a nd mode converte rs [ 4～6 ] ,so t hey might be exp ec2
ted t o use d f or cohe re nt lightwave combi ne rs .

Howeve r , back ref lections exist i n conve ntional

recta ngula r MMI coup le rs [ 7～11 ] . Figure 1 shows

op tical p ower dist ributions i n a recta ngula r 2 ×1

MMI combi ne r , w hich was si mulated wit h t he f i2
nite dif f e re nce bea m p rop agation met hod ( FD2
B PM) . The bold li nes i n Fig. 1 a re outli nes of t he

si mulated MM I com bi ne r wit h a widt h of 12μm

a nd le ngt h of 395μm . There a re two rib si ngle2
mode access waveguides at t he i np ut a nd one rib

si ngle2mode access waveguide at t he outp ut . Con2
side ri ng t he si ngle2mode conditions i n t he rib

st ruct ure [ 12 ] ,we select t he access waveguide wit h a

widt h a nd ref ractive i ndices of a core a nd a cla d

of 2 ,3 . 35 , a nd 3 . 34μm , resp ectively .

In the case of in2p hase inputs ( no relative p hase

difference between two inputs) ,even2modes are excit2
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Fig. 1 　Power dist ributions in an MMI coupler wit h a

rectangular shape in t he case of in2p hase inp uts ( a )

and out2of2p hase inp uts (b)

ed in the MMI section because of the symmetric in2
puts. As a result of multimode interference , a single2
mode interference image appears at a p osition deter2
mined by the effective width and ref ractive index of

the MMI waveguide. The image can be extracted by

f orming an output waveguide at the p osition ,as shown

in Fig. 1 (a) . When there is a relative p hase difference

between the two light inputs , the MMI pattern is

changed. In the case of out2of2p hase inp uts (a relative

p hase difference ofπ between two inputs) only odd2
modes are excited. So the MMI pattern at the output

is reversed compared to that of the in2p hase inputs.

No modes can be coupled into the output waveguide ,

and most of the p ower is concentrated in the MMI

shoulders , the f acet wall , as shown in Fig. 1 (b) . Con2
sequently , there is a large end2f acet reflection. Ac2
cording to our simulation , the reflection back into an

inp ut p ort is - 16dB when the end2facet reflectivity is

25 %. This simulated result is larger than the experi2
mental result of - 25dB f or a 2 ×2 MMI splitter [ 8 ,9 ] .

The reason is that the outp ut p ower of a 2 ×1 MMI

combiner with out2of2p hase inputs is concentrated on

the facet wall ,while the outp ut p ower of a 2 ×2 MMI

splitter is concentrated on the output p orts. Especially

when the MMI is deeply etched or covered by a metal

layer , the reflection is more severe. The reflection

may not be a p roblem f or some passive systems. How2
ever ,when the combiner is connected with a semicon2
ductor optical amplif ier (SOA) or a laser , the reflec2
tion will degenerate the system perf ormance. In order

to minimize the end2f acet reflection ,several methods

have been rep orted[ 10 ,11 ] . Previously we p rop osed an2
other method using a tapered MMI combiner to avoid

the back reflection[ 13 ,14 ] .

Tapered MMIs with two symmetric end2f acets

have been rep orted as compact p ower splitters [ 15～18 ] ,

but tapered MMIs with asymmetric end2f acets f or

p ower combiners have not been rep orted. Actually ,

MMI coherent lightwave combiners are different

f rom MMI splitters ,although it seems that MMI split2
ters can be used as combiners by int roducing light

p ropagating in the opp osite direction. In the case of

MMI coherent lightwave combiners , relative p hase

changes of inp ut lights will change the p ower dist ri2
bution in an MMI section.

In t his p ap e r we p rese nt t heoretical a nalysis

of a nd exp eri me ntation wit h tap e re d MMI coher2
e nt lightwave combine rs .

2 　Theoretical analysis

2. 1 　Multimode interference images in tapered
MMI waveguides

　　The tap e re d MMI combi ne r is sc he matically

s how n i n Fig. 2 ,i n w hic h t he com bi ne r le ngt h , t he

i nitial MMI widt h , t he access waveguide widt h ,

a nd t he access waveguide sp aci ng a re de note d by

L , W , ww , a nd ws , resp ectively. The com bi ne r

outp ut e nd a nd t he outp ut waveguide have t he

sa me widt h . The tilted a nd curved borde rs ca n be

a ny s hap e suc h as a n a rc or a n exp one ntial curve .

Fig. 2 　Schematic diagram of a tapered MMI2based

combiner

The f unda me ntal op e ra tion p ri ncip le i n t he

tap e red waveguide is t he sa me as t hat of conve n2
t ional MMI coup le rs [ 19 ] . B y i nt roducing i np ut light

f rom a si ngle2mode access waveguide , seve ral

modes a re excited i n t he MMI section . However ,

t he number of t he excited modes dec reases duri ng

p rop agation i n t he com bi ne r due t o t he tap e red

st ruct ure , a nd t he re is only a single mode at t he
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outp ut . Si nce t he num be r of supp orte d modes de2
creases , a n i nte rf e re nce i mage i n t he tap e red M MI

results only f rom t hose modes supp orte d a t t he

p osition wit h a local waveguide widt h . We call

t hese t he ef f ective modes of t he i mage . High2or2
de r modes disapp ea r duri ng p rop agation in t he ta2
p e re d MMI , but t he p ower loss ca n be kep t small

if t he tap e r is not steep . As we discuss la te r , t he

low loss comes mai nly f rom t he p owe r conversion

f rom high2orde r modes t o low2orde r modes be2
cause of t he i nte rf e re nce of t he hybrid modes .

I n a conve ntional MMI coup le r wit h a recta n2
gula r shap e , t he p rop agation consta nt sp acing is

de rived as [ 4 ]

β0 - βυ≈
υ(υ+ 2)πλ0

4 nW 2 (1)

w here W is t he ef f ective widt h of t he M MI

waveguide wit h a ref ractive index of n ,λ0 is t he

f ree2sp ace wavele ngt h , a nd v is t he mode number .

Si nce t he p rop agation consta nt sp aci ng is i nde2
p e nde nt of t he p rop agation p osition , t he re always

exist p ositions w here t he p hase dif f e re nces of all

high2orde r modes a nd t he f unda me ntal mode a re

t he sa me ———f or exa mp le , 2 lπ(self2i mage , l is a n

i ntege r) . The ref ore sta ble a nd clea r i mages p e ri2
odically app ea r along t he p rop agation i n t he M MI

waveguide . The i mages a re sta ble a nd clea r be2
cause t hey a re ge ne ra ted by t he cont ribution of all

modes i n t he MMI section .

For t he tap e red MMI , W is not a consta nt ,so

t he p rop agation consta nt sp aci ng give n by Eq . (1)

dep e nds on p osition . I n ot he r w ords , t he borde r

s hap e dete rmi nes t he p rop agation consta nt sp ac2
i ng. I n orde r t o a nalyze t he mode p rop agation

cha racte ristics , we deduced t he p rop agation con2
sta nt sp aci ng i n t he tap e red MMI waveguide [ 4 ,15 ] .

The disp e rsion relation a t a ny p osition z ca n be

w rit te n as
( n K0 ) 2 = Kxυ( z) 2 +βυ( z) 2 (2)

w here Kxv ( z) a ndβv ( z) a re t he late ral wave num2
be r a nd p rop agation consta nt of t he mode v at

p osition z , resp ectively , a nd K0 is a f ree2sp ace

wave num ber . The la te ral wave num be r is give n by

Kxυ( z) W ( z) = (υ+ 1)π (3)

w here W ( z) is t he ef f ective MMI widt h at t he

p osition z , a nd v is a mode numbe r such as 0 , 1 ,

⋯, m - 1 , m , w he re m is t he number of ef f ective

modes .

By a nalogy wit h Eq. ( 1 ) , t he p rop agation

consta nt sp aci ng f rom t he v2t h mode t o t he f un2

da me ntal one wit h p rop agation consta nts ofβv ( z)

a ndβ0 ( z) ca n be exp ressed as

β0 ( z) - βv ( z) ≈ v ( v + 2)πλ0

4 nW ( z) 2 (4)

w here t he ef f ective widt h W ( z) dep e nds on t he

tap e red MM I p osition .

The rela tive p hase dif f e re nce Δ<v af te r p rop2
agation f rom p osition z1 t o z2 i n t he tap e re d sec2
t ion is give by [ 14 ]

Δ<v ( z1 , z2 ) =∫
z2

z1

(β0 ( z) - βv ( z) ) d z

=
v ( v + 2)πλ0

4 n ∫
z2

z1

d z
W ( z) 2 (5)

　　Equation ( 5 ) s hows t hat t he relative p hase

dif f e re nce p e r unit le ngt h Δ<v ( z1 , z2 ) / ( z2 - z1 )

dep e nds on t he p rop agation p osition , w hich is

quite dif f e re nt f rom a conve ntional recta ngula r

MMI waveguide . So t he question is w het he r t he re

exist p ositions i n t he tap e red MMI w here t he rela2
t ive p hase dif f e re nces of all t he modes t o t he f un2
da me ntal mode a re t he sa me , f or exa mple 2 lπ ( l

is a n intege r) . If suc h p ositions do not exist ,st a ble

a nd clea r i nte rf e re nce i mages ca n not exist i n t he

tap e red MM I .

The ratiosαν
1

of relative p hase differences of the

v2th and 1st modes to the f undamental mode p ropa2
gated f rom the p osition z1 to z2 can be written as

αν
1

=
Δ<v ( z1 , z2 )
Δ<1 ( z1 , z2 )

=
v ( v + 2)

3
(6)

　　Equation (6) desc ribes a n i mp orta nt cha rac2
te ristic of mode p rop agation i n a tap e red MMI

waveguide . Alt hough eve ry mode has a dif f e re nt

p hase dif f e re nce f rom t he f unda me ntal mode i n

dif f e re nt p rop agation sections , t he p hase dif f e r2
e nces of all modes p rop ortionally cha nge i n a

p rop agation section . We supp ose t he re a re m ef2
f ective modes wit h resp ective p hases of

<0 (0) , <1 (0) , ⋯, <m - 1 (0) (7)

at a n initial p osition . We ca n slice t he tap e r i nt o

ma ny s mall segme nts . By Eq. ( 6 ) , t he p hases of

t he ef f ective modes p ast t he f i rst slice ca n be w rit2
te n as

<0 (1) , <1 (1) , ⋯, <ν(1) = αv1
( <1 (1) - <0 (1) ) + <0 (1)

(8)

w hereν= 2 ,3 , ⋯, m - 1 . Past slice k , t he p hases of

t hese ef f ective modes ca n be w rit te n as

Mode 0 :ψ0 = <0 (0) + <0 (1) + ⋯+ <0 ( k)

Mode 1 :ψ1 = <1 (0) + <1 (1) + ⋯+ <1 ( k)

Modeν: :ψν =αν
1

(ψ1 - ψ0 ) +ψ0

(9)

　　Si nce we a re only i nte rested i n t he p hases of
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highe r modes rela tive t o t he f unda me ntal one , we

ca n rew rite Eq. (9) as

0 , (ψ1 - ψ0 ) ,8 (ψ1 - ψ0 ) / 3 , ⋯,ν(ν+ 2) (ψ1 - ψ0 ) / 3

(10)

f or mode 0 , mode 1 , mode 2 , ⋯, modeν. Thus , t he

self2i mages app ea r at t he p ositions w here ψ1 - ψ0

= 6 lπ , l is a n i ntege r . Thus , t he p ositions t hat give

sp ecif ic p hase dif f e re nces exist eve n i n t he tap e r2
ed MMI . If t he borde r s hap e W ( z) is know n , t he

p ositions L of self2i mages ca n be obtai ne d by

∫
L

0

d z
W ( z) 2 =

8 nl
λ0

(11)

　　Equation ( 11 ) s hows t hat t he self2i mage

sp aci ng dep e ndi ng on t he borde r s hap e is a

chi rp ed p e riod , w hic h is dif f e re nt f rom t hat of

conve ntional recta ngula r MMI waveguides .

2. 2 　Free of end2facet reflection

In Fig. 1 , there is a severe end2f acet reflection

f or the rectangular MMI with out2of2p hase inputs.

U nder the same conditions , we simulated the charac2
teristics of the tapered MMI with arc borders , as

shown by the bold lines in Fig. 3. In the case of in2
p hase inputs , only even2modes are excited because of

the symmetric inputs. The clear single2mode image

generated is coupled into the output waveguide , and

the loss is small ,as shown in Fig. 3 (a) .

Fig. 3 　Power dist ributions of a tap ered MMI combi2
ner in t he cases of in2p hase inp uts ( a ) and out2of2
p hase inp uts (b)

In t he case of out2of2p hase i np uts , by w hich

we mea n asym met ric i np uts , only odd2modes a re

excite d . So t he re is no p ower dist ribution on t he

ce nte rli ne as s how n i n Fig. 3 ( b) . N o outp ut is ex2
t racted f rom a ce nte red si ngle2mode waveguide .

High2orde r odd2modes lea k out of t he tap e red

st ruct ure . The ref ore , t he device is f ree of t he e nd2
f acet ref lection p roble m me ntione d a bove .

2. 3 　Extinction ratios in various structures

The outp ut exti nction ratio of a cohe re nt

lightwave com bi ne r is a basic cha racte ristic of its

p e rf or ma nce . The exti nction ratio of t he tap e red

combine r is af f ecte d by its st ruct ural p rop e rties

suc h as t he ra dius of curvat ure R of t he borde rs ,

t he access waveguide sp aci ng ws , a nd t he device

le ngt h L , as s how n i n Fig. 4 , w hich a re si mula ted

by FD2B PM . The borde r s hap e of t he 2 ×1 tap e red

combine r used he re is a n a rc wit h ra dius R.

For a tapered MMI with a given initial width

and length , R st rongly affects the extinction ratio.

The mechanisms are as f ollows. In the case of in2
p hase inputs , all the excited modes are even2modes ,

and the interference images tend to concentrate along

the taper centerline , as shown in Fig. 3 ( a ) , so the

high2order modes have low loss. That is why the ex2
cess loss of a 2 ×1 MMI coupler with in2p hase inputs

is less than that of the same 2 ×1 MMI coupler with

one2p ort inp ut . On the other hand ,in the case of out2
of2p hase inp uts , only odd2modes are excited , and the

generated MMI images are concentrated on the sides ,

as shown in Fig. 3 (b) , and almost all of the high2or2
der modes leak out of the combiner due to the taper

st ructure. These p henomena lead to a larger extinction

ratio. These mechanisms explain that smaller R tends

to lead to larger loss f or high2order modes and a large

extinction ratio ,as shown in Fig. 4 (a) . The diamonds ,

squares ,and triangles a re t he outp ut p owers of ta2
p e re d combi ne rs f or R = 221 5 , 40m m , a nd inf ini2
t y , wit h st ruct ure p a ra mete rs of W = 6μm , ws =

2μm ,a nd L = 300μm . The excess losses def ined as

t he outp ut i n t he case of i n2p hase i np uts a re nea rly

t he sa me f or dif f e re nt R ,so a s malle r R is bet te r .

Howeve r , a ve ry s mall R is i mp ractical because of

seve re sca t te ri ng loss or no p assage t h rough t he

MMI section . So R must be not less t ha n t he mini2
mum ra dius Rmin def ined as

Rmin =
( W - ww) 2 + 4L 2

4 ( W - ww)
(12)
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Fig. 4 　Relative outp ut p ower as a f unction of relative p hase diff e rence of two inp uts under various p arame2
ters 　(a) Border curvature radii ; ( b) Access waveguide sp acing ; (c) Device lengt h

w here W ,ww ,a nd L a re t he i nitial widt h , t he ac2
cess waveguide widt h ,a nd t he le ngt h of t he tap e r2
ed M MI . For Rmin , t he a rc is t a nge ntial t o t he out2
p ut waveguide , so t he re is no joi nt loss betwee n

t he MM I section a nd t he outp ut waveguide . I n t his

se nse , Rmin is a n op timal curvat ure ra dius , w hich

our si mulate d results conf i rm [ 13 ] .

The access waveguide sp aci ng ws af f ects t he

device p e rf or ma nce la rgely as s how n i n Fig. 4 (b) .

The curves wit h dia monds , squa res , a nd t ria ngles

a re t he outp ut p owers of t he tap e re d com bi ne rs

wit h L = 300μm a nd R = Rmin . W = 5 , 6 , a nd 7μm

a re a dop ted cor resp ondi ng t o ws values of 1 , 2 ,

a nd 3μm , resp ectively . The smalle r access

waveguide sp aci ng yields a la rge r exti nction ratio

a nd a small excess loss . The la rge excess loss f or

t he la rge r access waveguide sp aci ng is cause d by

two f act ors : O ne is t he sp urious mode conversion

f rom t he tap e red st ruct ure ; t he ot he r is t hat t he

excite d modes a re dif f e re nt dep e ndi ng on t he ac2
cess waveguide sp aci ng. Howeve r , t he s mall ness of

t he access waveguide sp aci ng is limited by f a brica2
t ion tec h niques a nd coup li ng betwee n access

waveguides .

Figure 4 (c) s hows t he si mulated outp ut p ow2
e rs of tap e re d combi ne rs f or t he device le ngt hs L

of 200 ,300 , a nd 400μm , wit h t he st ruct ure p a ra m2
ete rs W = 6μm , ws = 2μm , a nd R = Rmin . A longe r

device lea ds t o a la rge r exti nction ratio due t o

grea te r losses of high2orde r modes . Theref ore a

long tap e re d MMI combi ne r is necessa ry f or a de2
si red exti nction ratio , alt hough comp act ness is one

of t he a dva ntages of t he tap e re d st ruct ure [ 15 ] . Fig2
ure 5 s hows t he dep e nde nce of exti nction ra tios on

t he device le ngt h a nd t he excess loss of a 2 ×1 ta2
p e re d MMI com bi ne r wit h t he st ruct ure p a ra me2
te rs R = Rmin ,ww = 2μm ,ws = 1μm , a nd W = 5μm .

Theref ore , t he device le ngt h is act ually dete r2

mined by bala nci ng t he desi red exti nction ra tio ,

excess loss , a nd comp act ness . For exa mp le , w he n

t he desi re d extinction ratio is la rge r t ha n 15dB ,

t he device le ngt h should not be less t ha n 140μm .

Fig. 5 　Dependence of extinction ratios and excess

loss on tap ered MMI lengt h

The i nse rtion loss comes mai nly f rom t he

sca t te ri ng loss by t he two MMI curve d borde rs i n

t he case of i n2p hase i np uts . The scat te ri ng loss de2
p e nds on t he borde r shap e a nd t he dist ribution of

t he excited modes i n t he tap e r . So we ca n i mp rove

t he excess loss by f ormi ng t he i mages of t he excit2
ed modes as close t o t he ce nte rli ne of t he tap e red

MMI as p ossible , w hich ca n be realize d by re duc2
i ng t he i np ut access waveguide sp aci ng , as show n

i n Fig. 4 ( b) .

3 　Fabrication and assessment

3. 1 　Performance of tapered MMI combiners

The 2 ×1 tap e red MMI combi ne rs a re f a bri2
cated on a silicon2on2insulat or ( SO I ) subst rate

wit h a t op silicon laye r of 11 6μm a nd SiO2 laye r of

1μm . Fi rst , a Cr2laye r wit h a t hickness of 01 15μm

was dep osite d on t he waf e r . Next , a p hot o2mask
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p at te rn was t ra nsf e r red t o t he Cr2laye r by sta nd2
a rd p hot olit hograp hy a nd wet etchi ng. The Cr

p at te rn will se rve as a mas k f or etchi ng t he

waveguide laye r . The rib waveguides wit h a widt h

of 2μm we re etche d t o 01 6μm by reactive ion2
bea m etching utilizi ng a C3 F82O 2 gas mixture . Af2
te r t he etc hi ng p rocess , a 01 14μm SiO2 laye r was

dep osited on t he waf e r . Fi nally t he waf e r was

cleaved f or measure me nt af te r che mical mec ha ni2
cal p olishing ( CM P) .

I n orde r t o assess a 2 ×1 tap e re d MMI combi2
ne r , t he AS E source was i np ut i nt o t he access

waveguides by a 3dB f ibe r coup le r wit h TE p ola ri2
za tion . The f ibe r coup le r a nd t he com bi ne r

f ormed a n asym met ric M ZI . The exti nction ratio

a nd t he i nse rtion loss of t he com bi ne r a re a bout

10 a nd - 14dB , as s how n i n Fig. 6 . The t ra nsmis2
sion loss of t he st raight waveguides i n our exp e ri2
me nts is a bout 01 7dB/ m m , obtai ne d by cut back

measure me nts , w hic h was mainly f rom t he side2
wall rough ness of t he etche d waveguides . The ex2
cess loss of t he tap e red MM I combi ne r is exp e ri2
me ntally evalua ted t o be a bout 2dB ,w hich is a lit2
t le la rge r t ha n t he result of 11 6dB si mula ted by

FD2B PM . A n evaluation of t he ref lection cha rac2
te ristics of t he com bi ne r is rep orted elsew he re [ 20 ] .

Fig. 6 　Exp erimental assessment of a tapered MMI

combiner

3. 2 　MZI modulators with a 2 ×1 tapered MMI
combiner

　　As a n app lica tion , we f a brica ted sym met ric

M ZI modulat ors wit h t he tap e re d MMI com bi ne r

on a SO I subst ra te . U nli ke t he M ZI modula t or

wit h a recta ngula r MMI com bi ne r , t he new M ZI

modula t or has no backed i nne r ref lection . So it is

bet te r used as a cross2p hase modulation ( X PM ) 2

based high2sp ee d M ZI modula t or by i nse rti ng a

SO A int o one a r m . The SO I subst rate a nd f a brica2
t ion p rocesses a re t he sa me as t ha t me ntioned a2
bove . Af te r t he f a brication of t he M ZI , a 01 5μm

Cr metal heate r ,w hic h se rved as a p hase shif te r , is

f or med on one a rm of t he M ZI , as show n i n Fig.

7 . The p owe r sp lit te r in t he M ZI is a 3dB recta n2
gula r MMI coup le r . The i nitial widt h a nd le ngt h

of t he tap e re d MMI combi ne r a re 51 2 a nd 500μm ,

resp ectively , as show n i n t he S EM p ict ure i n t he

f igure . The size of t he M ZI modula t or is 5m m ×
01 6m m .

Fig. 7 　(a) Schematic of a M ZI ; (b) S EM p hot ograp h

of t he tapered MMI combiner

The measure d results a re s how n i n Fig. 8 . The

dot te d li ne a nd t he solid t ria ngles a re f or t he si m2
ula ted a nd measured results of t he TE mode , re2
sp ectively. The i nse rtion loss is a bout - 281 2dB .

The s malle r modula tion dep t h as comp a red wit h

t he result i n Fig. 6 results mai nly f rom t he unbal2
a nce d outp ut of t he 3dB sp lit te r i n t he M ZI . The

measure d results agree wit h t he si mula te d results ,

alt hough t he re is a lit tle s hif t w he n t he heate r

p owe r is high . We believe t he s hif t occurs because

t he w hole waf e r is heate d , but it ca n be re moved

by bondi ng t he waf e r or f or mi ng a t re nc h be2
twee n t he tw o M ZI a rms [ 21 ] .

Fig. 8 Simulated and experimental results
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4 　Conclusion

We a nalyzed t he cha racte ristics of tap e red

MMI2base d cohere nt lightwave combi ne rs a nd

t heoretically conf i r me d t hat st a ble a nd clea r M MI

i mages exist i n t he tap e red MMI section . The ge n2
e rate d MMI i mages in t he tap e red M MI com bi ne r

s how a chi rp ed p e riodicit y. We si mulated t he out2
p ut c ha racte ristics of 2 ×1 tap e re d MMI cohere nt

lightwave combi ne rs wit h va rious st ruct ures t o

f ind t he op timal design . We exp eri me ntally de m2
onst rate d t he tap e re d MM I com bi ne rs on a SO I

subst rate . D ue t o its a dva ntages of having no e nd2
f acet ref lection a nd a high t ole ra nce f or f a brica2
t ion e r rors , t he tap e red MMI com bi ne r is p romis2
i ng as a cohe re nt lightwave combi ne r i n p hot onic

i ntegrated ci rcuits .
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第 2 期 Wu Zhigang et al . : 　Tap ered Multimode Interf e rence Combiners f or Coherent Receivers

用于相干接收的锥形多模干涉合波器 3

武志刚1 ,2 　张伟刚1 　王 　志1 　开桂云1 　袁树中1 　董孝义1 ,­

宇高胜之2 　和田恭雄2

(1 南开大学现代光学研究所 , 天津　300071)

(2 早稻田大学理工学部 , 东京　16928555 , 日本)

摘要 : 报道了一个新的基于锥形多模干涉的相干光波合波器. 对锥形多模波导中的模式行为给出了完整的理论分
析 ,并给出了该锥形合波器在不同结构下的输出特性. 在一个绝缘体上硅的基板上实现了该器件. 鉴于无后向反
射 ,容易扩展为多口配置 ,对实验误差有大的允许度和尺寸紧凑等优点 ,这种锥形多模干涉的合波器是大型光子集
成中所用的相干光波合波器的理想选择.
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