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ABSTRACT

Finite difference beam propagation modelling (FD-BPM) calculates the effect of thermal gradients in an
optical backplane on the optical field propagation in a polymer multimode linearly tapered waveguide.
Compared to straight waveguides, tapered entrances offer improved power coupling for a wide range of
optical source lateral offsets. Surface temperature gradients of 0.5 °C/um across the taper were found to
degrade this benefit due to the thermo-optic effect of the polymer. However, higher surface temperature

gradients improve power coupling in two discrete ranges of lateral source offset.
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L INTRODUCTION

Large clecronic sywoom are genevally comstructed m
racis of many damoustable printed corcuit board (FCH)
cards These boards. afien known = deughter carda, wre
plugged into » much larger PCT at the back of the rack,
known as the motherboard o backplane, The backplane
supplees power 1o the doughter cards and has data buses
v interconnect the daughier cards ol high dets rles
whng mublilayer copper wachs Dsta rstes on the
bachplane are now reaching 10 Oba [I] A1 this data
e Copper trachy can galy be ubid over thon distances
wnd this FEQUIFEY comples gl whapong 10 oveTLome
atenustion snd dimortion due 0 high frequency
parasitics and fimited bandwidihs 1] Optical polymer
woveguides integrated with s copper layer onto the FR4
PCB offer a low cost and compacl approach 1o
awvarcome the |imitatsons of copper track |nterconnecis
slose |1, 1] Resistive powss Wacks genersie hest and
weThone COMpORERtl Mcenicd W0 e beckpleer ae
penerae best and wasifer 4 vis Choir leads b9 fhe
backplane (4, 5] The wamsferred hest and e existing
it cocling system [6. 7] create thermal gradients across
the polymer waveguide layers periwbing their
refractive indicen due 10 the thermao-optic (T0) effect
[§). Polymers with & low inermal conductivity, K snd
lwge tempersture cosfficient of refractive inden, dnidT
exhibt gresier tempermtare  dependence  [9]  and
comsequently have 8 groster effect on the propagetng
optical field. The backpiane o 2ifficult o remove in e
event of fallure, w to improve the speed of servicing
wime of the active compondnts are removed from the
backplane and located om the dasghter card that can
wmily be replaced. This includes the mounting of the
laser el the pltodesecion (PLY) on the daughter cardy.
it may not be practical 10 remove all of the active
components from the backplane and those remaining

i
will generate thermal gradients Optical soorces wnd
dutectors may be misaligned relslive 10 the waveguide
when the daughter boardy are inserted into the rack. To
svoid the cost of precisely aligring opixal conmecton
the waveguide should be designed 1o provide high
source coupling efMicuncy ewen when offset [10] Thia
can be achicved wsing lmerally tapered  inpw
waveguides [11]. In this paper we use FD-BPM [12]
imvestigate the efMectn of thermal gradeents in the optical
backplane on the oplical feld propagation o podymer
mulimode pered wavegusde and on the culputl power
when the source ia aterally affan [11]

. WAVEGUIDE STRUCTURE AND

CEOMETRY

In this paper we model a polymer mullimode
waveguide, Fig | wilh o core refractive index, n -
1525, u 0.5% step bnadax proflle between core anid
cindding snd & core thickeen of 15 um. The thickness
of exch of e lower d apper cladding layers & 20
pm. The maserasl lom m 00) SBiow = the aporating
wavelengsh, 1 = 830 rm For core and both cladding
layers the thermal conductivity, K i 0.18 Wiim*C)
sd the temperature coelficient of refractive index,
dn/dT b <0.0000 %' [11] The waveguide conalsis of
8 wide multimode inpul section that tapers down
lincarly i width over | mm from a wickh of 112 0
25 pm with & half iaper-angle, ¢ = 1 5°. This section s
followed by & sregin mulsnode wrveguade pecton,
Fig. | (a). of 23 jum width and | mm longth. Since e
computstional overhesd can be prohibitive for
simulatng actual waveguide lengths of up to 50 cm we
use o shorter total waveguide length of 2 mm in owr
simelstion, which is will waflicient tw ilustrale the
behaviour under investigation The particular geomsetry
chosen for simulation provides pood wicrance for both
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VESEL eed PO 4] The thermal gradnt o ssrmslated
by the inclevon of consanl tomporatare. riathereal,
chemerts o the 1op of the upper Claddmg layrr and &
conlinsdw consiant lermperatare, wspthermal, ceferenor
tnyer ot the botom of the lowes cladding lnyer. The
elements are in the form of very Ihin siripes esch of
width W, and relstive jemperature AT with respeci (o
ihe bonom of the lower claddimg layer. The constant
iemperature  clemsents rum  shong  the  wavegeeds
bpaguuding] ;aim from the wavezuble pna aperiere
wiwie 5 = 0 for o bemgth of Ly Fig | (a) ey ihe bop
view of the wivegmde with 5 Constae iemporsters
clementy each of W, = 1% pm and Ly = | me and Fig |
{b) vhows 3 schemmic cross section  of thid
configurstion with the axes of the coordinase sysiem
wied For clanty a convendional right handed sel of axes
has nol been wed in gur deseription. By changlng W,
L4, the mumber of constant lemperature elomants and
the ywooidingie of each constant lemperslure clemen
el therma! gradiemts can be rea’ned

in W8 CGbh opical eckplanes 10 Gbs VISELs of
bl 10 m apeiwe may b oaeed B oopixal oeon
(1) In cexr mpdel wr chost &8 VCSEL emiitng o W3
fndamental mods i ihe input sowrce. The neglect of
ihe highar order modes thal cause largir divergence
menns el our amalyvis i only vald for ymall signal
pperstion when ihe lowest onfer mode s likely w
predominals. The mput oplical feld used n ihe
simulaion, shown schematically in Fig. | (c). m a TE
polarised optcal fieid with 3 Gawssian miemily profil
of 10 g width 3t ¢ In this simulation we lsenched
e impret figld bnto e wavegwde struchare slong The 1
apical s Perfert sowce abgnmend correaponds 10
(0,12.3,0) benching position al the cenire of Ihe
wavaguide lnput speriure. In this paper we himil the
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Fig | {3) Top view of tapered waveguade with constan
temperaiuse elements, hesten
{b) Schematic cross section of waveguide
{c) Schematic of the input piical fiekd
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investigations of the offects of the thermal gradients o
ihe cases where the VESEL s aligned or taterally offsel
with nonzero s-coordnate, y = |12.5 and sssuming no
angubsr misalignment

3. NUMERICAL SIMULATION

The mathematical model used in the simulalion
based on three-dimensionsl semi-veciorial FD-BPM
(30 5V FD-BPM). This method employs the semi-
vectorial wave equaltion for the feld o [15]:

[i[::rii-‘-.]]«;-";-. o(v -i'].,l (1.9

";f %[;Ir%{"":ﬂ%'r +{t' -i'].,l (1.}

where &z, y and @ are the coordinales corresponding 1o
the lateral, wansversz and propagation direclioms,
respoctively. | i the reforence wavenwnber and & =
2a8) nix, y, 2) s the spatially dependent wavenumber.
Sinca (he waveguide struchie supporis  mullimode
propagation (he wide-angle form of 5V FD-BPM
incorporsding the Padé spproximation |s employed 1o
overcome ihe paraxial mature of the wave equation |16,
IT]. The Paid (I, 0) spprowimant has been wsed s
trangparend  boundary conditioms (TBC) (i8] were
implemented in the calculasons o climinse spuricus
refections al the edpes of the computation domzin | 19].
The wmpersture distribution (nside the waveguide
layers due (o the constant lcrperabsie clements is
determined by selving Polsacn’s equatson [20]:

¥
L]
-

| B

VK y e FTieyel=Qers) @

where Tixy.z) is the temperaivre nnd Ofr,y.2) b5 the hent
gemerated per unit volums within the waveguide layer.
For mimplicity, w¢ asumed constant thermal
conductivity, & mnd weed boundary conditions of
isothermal surface hesting chementy and an isothermal
ieferonce Iempergiee plang & y ~ <70 [0 The
calcutated temperature ditributon is used 10 determime
the cpatial perturbation of the reimctive index in he
sirecture  through the temperature  coefficient ol
refraction, T of the material. This perturbation is
then incorporsted Into Ex. 1, which is solved by using
FD-BPM. A mesh with siep sizes of v = dy = 0.3 pm
and 4z = 5 pm i crested winhin the waveguide structure
s0d the wave equation i then integrated forwand in 2 by
replacing the parial derivatives with ther fEnite
dilference approkimadions [2§]. The oplical Neld B
weenlvely calculated m each longimdinal siep, Ar
uniil reaching the end of the waveguide siructure. The
Todal power within the waveginde o the oulpul gpernire
is then determined by computing the integral of the
power i ithe calculaled fickd & the oorreiponding -
positsn over the wavezuide cross setlional ses.

4. RESULTS
Fig 7 (o) shows an example of the dissribution of

propagating optical power in the waveguide a8 a series
of commes with péro toorce lgigral offest nd mo Beat

applied, obisined by sobving the wave equation. Fig. 2
b i the same as Fig 2 {a) but with source tcrally
olTeet 1o & = +30 pm, Fig. 2 {c) is the same 83 Fig. I (b)
bul with heal applied 1o 5 constand lemperature
elements each with ¥, = 15 pm and £y = | mm. The
constant lemperature elements are centred sty = 40, -
20, 0, 20 and 40 pm with AT = 80, 80, 30, 20 and 10
*C. respectively. This emperature range lies within The
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possible range of operating lemperature of many optical

backplane applications [22].
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"
"
s
> 8y
[
-"
<10 -
1w L] AT
i~
(a)

000 - i
] .2
L
L % I ¢
1 % | o
LI ¢
8 RN Fig. 3 (a) Temperature distribution across waveguide
(€} layers a1 7 = 0 duc to five 15 um wide, 1| mm
Fig. 2. Propagation of input field long constant temperature elements centred
(a) Source with zero offset and no heat applied ot x = —40,-20, 0, 20 and 40 pn with AT =
(L) Source with +50 m offset and no heat applied 80, 80, 50, 20 and 20 °C, respectively
(c) Source with +50 pm ofTsel and (ive constant (b) Corresponding temperaiure rise al y=+12.5
temperature elements with W), =15 pm, L,=1 mm Jmand 2= 0 pm
centred atx = 40, -20, 0, 20 and 40 pm with AT = {¢) Corresponding thermal gradient a1y = +12.5

80, 30, 50, 20 and 20 °C, respectively pmand z =0 pm
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Indeed, this paper highlight the consequences of such
heat pattern on fhe abovementioned waveguide = @
guiding ool |n the design process of the optical
backplane, Fig. 1 (&) shows the coprour lines of

temperiure digieibution in o waveguide cross section al
7 =0 due 1o § constanl Empembere clements cach with

Wy = 15 pmoand Ly = | men and centred ot x = <40, -
20, 0, 10 pm and 40 with AT = 30, 80, 50, 20 and 20
*C. respectively. Fig. ) (b) shows the corsponding
relulive temperaiure rise AT scross the wavepuide
cedre @t ¢ = 123 pm. Fig. 3 {c) shows the
- eorrespond ing (hermal gradien: obizined by calculntng
the Tiest dedivitive of fhe thermal distrfmsion with
respect 1o the laberal s-direction af the waveguede
cenire, b= 113 um and 7 = 0. To investigate the ¢lTec
of ihermal gradwats on source lateral musalignment
seversl simulationy were carvied out with and withoutl
spplicd heal, esch with the sowce o o dilferent laboral
offset akong the r-avis. The sulput power sormalned o
the gt power s plofed werss (he source baieral
offsel with no heat applied m Fig 4 (a), Fig. 4 () is the
corfesponding cate with 5 constani  lemiperalee
elemignts ench with Wy = 15 pm and Ly = | mm and
centred al v = <40, -20, 0, 20 and 40 pm with 47 = 80,
B0, 30, 20 and 30 *C, respectively. [n bolh Mgwes the
oulpul power is calculsted st sach towce position
wiere Zer0 Sl power b expécied when ihe source s
al 460 pm, comploiely off ihe inpul aperiure which
cxtends [rom -56 1o 56 pm. Fig. 3 shows the comtour
lines of the normalised outpul power woris ihe somce
tntcral offsct and differeni comsiand wemperature ¢lement
lengths ranging from O where: there is no heat applicd o
2 mm covering (he enlire waveguide lemgth. The
number of constant tenperature elements used is 5 each
with W, = |5 pm and centred af x = 40, -20, 0, 20 and
40 pm with 4T = 80, §0. 30, 20 and 20 *C, respecuvely.

These consant tempertare clements created § thermal
gradient of 1.5 *Cipm at the top of the upper cladding
layer, ¥ = +45 pm. A range of differeni thermal
gradients &l p = +45 pm was credbed by ospplyag
different tempersture patierns 1o the swme condan
lemperature elements at the same el pasitions with
Ls = | mm, The AT poerns (*C}) applied from left 1o
right  ore  [80.80,70,60.60),  [RO.80.60.40.40],
130.80,50,20, 2] and [30,80,40,0,0).

- = ®» ¢ = = o
g b i st
(b)
Fig 4 Ouwipul power versu source knteral position
(8) No heat applied
(b) Heated with five 1§ pm wude, | mm long
conslanl lemperalure clements centred o v
= -4, -20, 0, 20 and 40 pm with 47 = 80,

B0, 30, 20 and 20 *C, respectively
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These temperature patlerns provide thermal gradiems
ranging from 0 10 2 *Cum ot y = 45 Zero thermal
gradient i the case where is no heal applied. Fig. 6
shows the contour lings of the normalised owtput power

versus the source bsteral offset and different thermal
gradients at y = +45 pm with L, = | mm and the same
paramelers mentioned above.

To funther investigate the heating effects higher surface
thermal gradients nced 10 be created without exceeding
the operating temperature range. Therefore, 4 constant
temperature clements cach with W, = S ymand L, = |
mm and centred at © =« -20. -10, 10 and 20 pm are used.

The AT patterns (°C) aspplied from lefi to right are
[80.80,70,70), [80.80.60.60], 180,80,50,50],
[80.80,40,40), [80,80,30,30), [80.80,20,20],
|80,80,10,10) end [R0,80,0,0] These (umperalure
patierns provide thermal gradents from 0 o 4 *Cl/pm at
= +45 pm. Zero thermal gradient is the case where is
no heat applied

=

Fig. 5. Normalised cutput power versus source ofTsel
and ratic of constant temperature element
Iength 1o waveguide length at surface TV of
1.5 *C/um

L1
e mn k. [} x a0

Source laternl poslilon (um)

8
*Ee8S8-
L, fwaveguide length

Fig. 7 shows the contour lines of the normalised output
power versus source lateral offset for different thermai
gradients a1 y = +45 um with 4 constant temperaiure
elements each with #, =35 um ond £, = | mm.

Fig. 6. Normalised outpui power versus source offsel
andd surface |d7/ax| with 5 constant temperatury

clements, W, = 15 pm and L, = | mm

g
a
@00 ;
m e N L X L

o0
Sewrce lateral positien (um)

dTidx (*Cam)

Fig. 7. Normalised oulput power versus source offset
and surface kfT7dx| for 4 constan! iemperature
clemems, Wy =5 pm and Ly = | mm

5. BEHAVIOURAL ANALYSIS

A lincar temperalure gradienl gives rise 1o a linear
refractive index region. Il a plane wavclrom is incident
normally on a region in which the refractive index is
linearly graded from side to side of the region the plane
wavefront will be tilled when it emerges from Ihe
region. |f the temperalure across a widih, r, of the
region is AT, with refractive indices #, and n; at the
eiges of the region, the refractive index change from
side fo side of the region iy given by:

An==0.00034T (3)
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The amount of tilting of the wavelront depends on how
far the beam propagates theowgh the region having the
lincar temperature gradient. I the distance propajmied
o the cenire of the wavefrond is, 4, by considering &
right angle trangle consisting af the wavelronl, (e
propagation dicection and the width normal o the
prapagation direction we find that the till angle is given
by

o
& = tan [W] {4}

Substituting from (1) in (4) yields:

"“q{im-immmk }']

Let us pow calculae the til in the case when the inpul
soirce m offsel by +50 pm, Fig 5 cstrmaling the
temperndure  gradient in this region o0 be 0.3 and
assuming that the beam propagsies Imm through the
lincar temperature region. The choice of surface
boundery condilions for lemperaiee means thal:

mﬂ,m-m-(ﬂ- =20 (3]
i 3 o -
(T, ¢ Ty} 2 w80 =1 Sx20 = 50 % b

Sulutineting in (5) 10 obain the beam steering 1l angle,
yeckds &= 3307,

For comparison | we calculaie the angle of the taper
half-angle, g, 10 the propagatice direction we obiain:

{112-25)/2

00 ]*:.19* {n

e un"[

Fig, 2(b) shows thel without the lempersture gradient
the incidem beam trovels along the & direction wntil i

meets the lineas taper wall where it reflects so that it
makes ar angle of 2p=4.98" with the 7 direction. In this
armangemeni the beam tends o pas: io the lofl of the
ﬁ_mmhm“m
the effect of the tlempersture gradient is to till this
tawseds the right by @ so that it finally makes an angle
of 2p-6~1.594* with the 7 direction 50 the reflected
beam ravels slong the wall of the taper 1o the exi

weveguitc resulting in good power coupling.

6. DISCUSSION AND CONCLUSIONS

A thesmal gradient of 1.5 *Clum s the wp of the upper
cladding layer. ¥ = +45 pm, is crested by applying o
temperansre pattern relstive 1o the bonom of the lower
claddmg tayer at y = -20 pm, AT = 0, §0, 30, 20 and 20
"C at five very thin constant icmpersture siTipes cenired
o x = <40, <20, 0, 20 and 40 pm, respectively. This
thermal gradient at the surface gemeramies a varying
thermal gradient scross the cenire of the waveguide at y
= #1295 pm due to thermal diffusion and the thermal
conductivity of the materiais of the waveguide layers.
The thermal gradient scross the cenire of the waveguide
and within the limits of the inpot sperture (-56 pm < x <
56 pm) vanes from 0,35 al the lefl edge 10 0,16 *Cipm
al the right edge, as shovwn in Fig. 3 (c). This thermal
gradien reaches its minimam of -037 *Clfpm at x = +4
pm and reaches i1a pero value at r = -29.5 pm. Iis
maximum value is reached at the lell edge of the input
apertare, the tero value is reached between the two lefl
conatant iempersture alements and the minimum value
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is reached under the middle constant temperature
element, The thermal gradient decreases continuously
from the left edge of the input aperture until just before
the right edge of the middle constant temperature
element where it starts to increase underneath the two
right constant temperature elements until reaching the
right edge of the waveguide input aperture. Since the
refractive index perturbation is given by, dn =
AT.(dn/dT) the negative sign of dw/dT for the
waveguide materials causes the temperature rise profile
10 have the form of an inverted copy of the refractive
index perturbation, dn across the centre of the

waveguide as shown in Fig. 8.

1 ) I
M Waveg uide »

core

0,005 -

X (um)

Fig. 8. Refractive index perturbation at y = +12.5 uym
and z = 0 due to five 15 ym wide, ! mm long
constant temperalure elements centredat x = —
40, -20, 0, 20 and 40 pm with AT = 80, 80, 50,
20 and 20 °C, respectively

The refractive index across the centre of the waveguide
decreases from the lelt edge of the input aperture until
about the lef edge of the sccond left constant
temperature element where it starts to increase until the
right edge of the input aperture of the waveguide. This

explains the optical field propagation shown in Fig. 2

E. 33

(b) and (¢). When the source is offset 1o x = +50 pm
with no heat applied the input field does not couple
sirongly to bound modes [23] since it is very close to
the end of the guiding struclure giving a normalised
output power of 0.22, Fig. 2 (b). When heat is applied
the optical power tends to move towards the higher
refractive index region at x ~ +50 um near the right
edge of the input aperture, shown in Fig. § causing the
input field to couple into guided modes {23], which
leads 10 an increase in the normalised output power by
2.4 times to 0.52 as shown in Fig. 2 (c). Fig. 5 shows
for surface thermal gradients of 1.5 °C/um the best
coupling to guided modes occurs in two regions. The
first region is when the ratio of the heater length to the
waveguide length is less than 0.45 and source offset is -
23 < x <20 pm. The second region is when the ratio of
the heater length to the waveguide length is beiween
0.35 and | and source offset is 42 < x < 52 um. Fig. 6
shows that increasing the gradient to 2 °C/pum doubles
the coupled power compared to the unheated case in the
second offset region, and shifts left the coupled power
in the first offset region to an offset of x = =35 um. Fig,
7 shows that at low surface thermal gradients of smaller
than 0.5 °C/um stronger coupling to the guided modes
occurs in the region —18 < x < 18 um. Surface thermal
gradients between 1 and 2.2 °C/um shift this region 10 —
15 < x <0 pm, Gradients higher than 2.1 °C/um create
another region for good coupling at 35 <x < 52 pum. In
conclusion surface temperature gradients of 0.5 °C/um
cause the taper to lose much of its good lateral offset
tolerance. However, as the temperature gradient
increases further power coupling is found to improve in

two discrele ranges of lateral source ofTsel.
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List of Symbols:

i refractive index

T- iemperature

K: thermal conductivity

dn/dT: temperature coefTicient of refractive index
# half aper angle

Wy heater wadth

AT relstive lemperature

La: heater length

w; optical field

&= wavenwinber

{* heat gencrated per unit volume

& tih anple

o distance propagated al the centre of wavelront
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