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Design Rules for Maximally Flat
Wavelength-Insensitive Optical Power
Dividers Using Mach—Zehnder Structures

Brent E. Little, Member, IEEE,and Tom Murphy,Student Member, IEEE

Abstract—A cascade of two directional couplers with a relative  p.
phase shift between them, serves as an optical power divider. Sim- . -
ple analytic universal design rules for selecting the appropriate DC, AL DC,
net coupling strength in each device, and for the phase shift, yield @) (26=ALP) @y =2
maximally flat response in terms of deviations in wavelength, in
polarization, or uniform fabrication errors, and are applicable .
to any power division ratio. P,

Index Terms— Directional coupler, optical power splitter/ ()
divider.

. INTRODUCTION \& O TR
GUIDED-WAVE structure that divides an input signal W oo

into two output ports with a specified excitation ratio
is a useful element in integrated optics. Performance which
is insensitive to changes in parameters such as wavelength,
polarization or uniform fabrication errors are the desired traits
in such power dividers. Examples of 50% (3 dB) dividers ()
requiring high tolerances are the Sagnac loop mirror [1], af@}. 1. (a) The balanced optical power divider, comprised of two directional

; ; : At uplers DG and DG, separated by an uncoupled section in which a phase
the grating circulator filter [2] The realization of paramete&zlay 26 is introduced. (b) The Sagnac loop mirror utilizing the balanced

insensitive optical power dividers is possible using adiabagwer divider in order to reduce fabrication, wavelength, and environmental
couplers [3]. Wavelength-flattened devices have also bewmsitivities.
proposed by attempting to balance the coupling and material

dispersions [4], or by finding dispersionless coupling coef“f'DC and DG) of different coupli
) : : pling lengths, separated by
cients [5], [6]. The foregoing methods depend on the details llmcoupled region in which a relative phase-shiff)(

the actual structures and indexes, and thus, lack universal@"introduced The phase shift in Fig. 1(a) is produced by

AIternatlve_Iy, one m_ay_try to b_alance_dewatlons n parameteﬂﬁequal path lengths, but can also be realized by unequal
by cascading two similar devices with an appropriate pha

hift bot the t In thi i i h ‘opagation constants. The power transfer within each of
shiit between he two. In this configuration, the€ purpose ¢l 4 couplers, along with the relative phase shift, gives
the second device is to undo deviations introduced in t

f C ded directional lers h b q ree design parameters. One might expect that the output
ormer. L.ascade Irectiona couplers have been proposed 8y then pe accordingly adjusted to give a specific splitting
this purpose [7], [8]. Such configurations have simple analytll

. . ) ) X Stio at three different wavelengths. Although the response
universal solutions governing the appropriate selection of N& hot polynomic, this expectation turns out to be justified,

coupling coeff.icients and phase shift yiglding me}ximally f_l nd indeed, the response can be made to appear cubic about
response, which are applicable to arbitrary splitting ratiogy|ected operating points. The response can, thus, be designed

These universal design rules are the subject of this I‘ett%’be maximally flat over a certain wavelength range, or this

and are now highlighted. b tended by f . imallv flat
The balanced optical power divider is shown in Fig. 1(a) [dﬁr}gsorrni)fl eguz)l(-?igplee y foregoing maximaty Tiat response

[8]. It is comprised of two synchronous directional couplers The response of the power splitter at the output of one
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Fig. 2. Typical maximally flat response of the balanced power dividers, f@ig. 3. The response of the loop mirror, Fig. 1(b), using a balanced 50%
splitting ratiosS, of 0.5, 0.25, and 0.1, solid curvesis the fractional change power divider, solid curves. The responses are defined as the power in the
in coupling strength arising from deviations in wavelength, polarization, ¢eakage port Bicakage Fig. 1(b). Transmitted powers that are not zero here
fabrication. The response of a quarter-beat length coupler used to achiesjeresent unwanted leakage or crosstalk. The phase éésaysed to control
50% power division is also shown. the insensitivity bandwidth, and degree of insensitivity. The response of the
guarter-beat length couplers commonly used in these devices is also shown.

where S is the ratio of coupled power at the output port . L . Y
to the input power. It is also the dividing ratigy is the rahtfsg OdetI:\e edIrree(;tl%T:?ilvglw?;e:elfrrz]gtgfihznda?a}naer;grthe
accumulated or net coupling over the lendthof directional P Tvpical n%rr’naliz?ad S Iiti/ér (ESPONSES arepshown i Fig. 2
coupleri, and K (), z) is the z and wavelength dependentfor )t/r?e cases of. — Op5 W = g) S, =025 (N = 5) 9.
C(r)]upling sltrer_lgth (ijn eitggr oLthese coulpl(;ﬁé.is Fhe rbelatri]ve ds, — 01 (v o g4). : evglua:cedo b; (1.a) So”d_cur\,/es
phase delay introduced in the uncoupled section by the p o o . ’ . -
length differenceAL and /3 is the propagation constant oft eacr(l)yl; tﬂﬁ resap;r;;sgtseisre drza);gatl)ly f;t ronngrig)rl?e ?hghmh
the waveguide mode. Deviations that are due to a change ol ons% o? a?sin le quarter-beat Iizn th coupﬂ:@r:éon /4)
wavelength, polarization, or due to uniform fabrication erroré’onﬁmonly used tg ac(;neve 50% split?ing ‘s also plgtted for
Sviisrid);hies Qggqg?gepgr\%ljg tghsg%itsgﬁined g)él(gw+é(5n3sl comparispr;, dashed curve. [The response of this coupler goes
the fractional change in this value. The normalized respon%?—.ﬁ] - ?]m Wc/j4|(1 + .6)']| bi deviati

f the spiers s ere dfne as e crango i he cu[Te P16 S 860 Sl deton, oo
due to the fractional chang& In particular, for the case of thF;n halfya wavelenath. and &ds a weak functionyof
wavelength dependent changes, one may use the usual fJ\ﬁrf{\?/elen th and olarizat?on, The roll of changesfimbout

for the coupling coeffici_ents [9], ;o _sho_vv that in first orderthe opergating poFi)nt in (3) i‘s to change the ?esponse from
6 = —A\/A,, whereA is the deviation in wavelength abOUtmaximally flat to equal-ripple. Hence, a degree of insensitivity

the central wavelength,,. i also built into this choi 0
Let us choose the ideal accumulated coupling factors, [a|’?’dz‘l Ssoo/u' Into d'sg oice ov. tant ial It
hence, the device lengths in accordance with (1b)] in the V70 POWer divider Is an important special case. s
: ) operation is considered a little more closely. Here, the net
following manner: . .
coupling values are to be selected accordingpfo= = /4,
40 = 3 14 1 r 3 1 1 2) ¢$ = w/2. Maximally flat response is achieved whe= 7 /3,
1= g NJ 2T 8 N while other (smaller) values of give equal-ripple response.
. . Specifically, precisely equal power division occurs at three
where N is a real number greater than 3, to be determin ;
i . X ; lues ofé§, given by
below. It may be shown that with this choice, near maximally

flat response is achieved when the phase differefics 83 ap = {0, £2m cos™H[(2 cos 6) 7] }. 5)
selected to be The balanced optical power dividers may serve as building
5 . (37 RN blocks in other devices which require a reduced sensitivity
cos” § = sin <_> <N +sin {Q_ND (3)  to wavelength, fabrication, and polarization. One such device

is the Sagnac loop mirror shown in Fig. 1(b). This device
The power division ratio in such an |dea”y constructed deViq@quireS a 50% power divider. The response of the Sagnac
is then loop is taken at the transmission poffidxage in Fig. 1(b)]
1 37 3r\]7t 37 when the loop is stationary. An output that is not zero
Se=~sin| — ) |N+sin| —— +sin® (=) (4) represents unwanted leakage or crosstalk. The response of the
4 N 2N 4N . S 2 .
loop mirror is highlighted in Fig. 3. The three solid curves
at the center wavelength,= 0. Equations (2)—(4), character-represent the response for three value®:.08 = 7/3, 1.0,
ize the balanced optical power divider by defining the splittingnd 0.95. As 6 decreases from its maximally flat value of
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7 /3, the insensitivity-bandwidth increases at the expense @) shows that a8’ increases (the splitting ratio decreases), the
larger inband ripple. For comparison, the response of theuplers do become more identical. Thus, the insensitivities of
loop incorporating the commonly used quarter-beat lengthese solutions should be superior to other choices.
directional coupler is also shown, dashed curve. (The loop

response in this case i$ = cos?[r/2(1 + §)].) Because of REFERENCES
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