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Ultrabroadband beam splitting in a dissipative system of three waveguides
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We show that a system of three parallel waveguides, among which the central one is dissipative, leads to an
ultrabroadband power splitting associated with an overall 50% power loss. The present approach is reminiscent
of non-Hermitian systems in quantum mechanics and does not require a perfect effective index matching between
the external and the central waveguides. The present concept does not need any slow adiabatic evolution of the
waveguide parameters and may therefore be realized over very short device lengths, especially in the case where
the central waveguide is of the plasmonic type.
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I. INTRODUCTION

Integrated optics relies on beam splitters as a crucial tool.
Such an element splits the input optical signal into two or
more outputs, each carrying ideally equal power. While in
some cases such devices are required to work at a specific
light wavelength, in general disposing of achromatic struc-
tures with a flat spectral response is very important. Today,
the most commonly used integrated 1-to-2 power splitters are
Y junction and directional couplers. The former can be in
principle optimized over an extended wavelength range but
require very careful design and fabrication [1,2]. Directional
couplers [3] rely on evanescent coupling and are easier to
fabricate, but their response is highly dispersive so that a
target operation wavelength must be exactly specified. The
demand for integrated broadband beam splitters is particularly
required in silicon-on-insulator platforms for power splitters,
microring resonators, Mach-Zehnder interferometers, and po-
larization filters, especially those operating in a wide range of
wavelengths. Wavelength-insensitive beam splitters have been
demonstrated in recent years using multimode interference
couplers, subwavelength gratings directional couplers, curved
directional couplers, and adiabatic couplers [4,5].

Indeed, approaches based on spatially and adiabatically
evolving configurations have emerged as alternative robust
solutions for waveguide-based broadband and design-tolerant
functionalities, such as light transfer and wave splitting.
Specifically, optical analogous to quantum mechanical adia-
batic processes, such as stimulated Raman adiabatic passage
(STIRAP) [6–8] have attracted much attention in this con-
text. These quantum-like implementations for achromatic
guided-wave beam splitting include the use of the so-called
fractional STIRAP process [9], multiple beam splitting in a
nonplanar configuration reminiscent of tripod STIRAP [10],
1-to-n multiple beam splitting exploiting the robust evolu-
tion of the adiabatic transfer state in specifically evolving
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planar arrangement of multiple waveguides [11], polariz-
ing beam splitters in adiabatic systems of three anisotropic
waveguides [12], analogs to the two-state STIRAP process
in gradually detuned waveguide pairs [13], and other in-
teresting light redistribution functionalities involving various
detuned three-waveguide configurations [14]. The above adi-
abatic beam-splitting solutions require a slow evolution and
therefore the total propagation distance cannot be shorter than
a certain minimum value. Recently accelerated approaches
based on shortcuts to adiabacity [15,16] or dressed-state
methods [17] have been proposed in order to reduce the re-
quired footprints, at the expense of weaker robustness and
tolerances.

In this paper, we describe leading extremely robust ultra-
broadband beam splitting without the need for any adiabatic or
superadiabatic evolution of the waveguide’s parameters. The
present approach is related to non-Hermitian quantum me-
chanics [18,19] and may be directly associated to a quantum
population transfer through a decaying intermediate state [20].
Its key feature is the introduction of a dissipative loss in a
central straight waveguide sandwiched between two parallel
lossless outer waveguides in a planar configuration. The input
light into one of the external waveguides can be split into
symmetric and antisymmetric modes, both involving only the
two outer waveguides. Since only the even mode can couple
to the lossy central waveguide, the light left over in the odd
mode leads to a power splitting in the two outer channels. With
the even mode being lost, the price to pay is a 3-dB overall
power loss for the case where an equal power splitting in the
output ports is desired. It is shown that the above mechanism
is extremely achromatic. It works at any wavelength provided
that the losses are big enough. Therefore, since the attenuation
is related to the length of the component, very short device
lengths are possible in the case where the central channel
is highly lossy, as is, for instance, the case for plasmonic
waveguides [21,22].

Section II presents the theoretical concept, identifies the
required parameters, and illustrates the light splitting behavior
with the help of coupled mode theory expressed in normalized
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FIG. 1. (a) Schematic of the three-waveguide structure based on
lossy central waveguide 2 leading to beam splitting toward waveg-
uides 1 and 3. (b) Sketches of a possible shape of the refractive index
contrast �n as a function of the lateral dimension x and (c) an ab-
sorption constant shape for the central waveguide. Waveguides 1 and
3 are identical while waveguide 2 may differ in terms of dimensions
and/or refractive index contrast (here a different �n is shown). The
quantities w and s are the core width and the core-to-core separation
s and are used for defining the structure for beam propagation method
simulations in Sec. III.

dimensionless units. In Sec. III, we give examples calculated
with the beam propagation method and discuss the expected
spectral bandwidth. Finally, in Sec. IV, we discuss implemen-
tation paths and conclude.

II. THEORETICAL BACKGROUND

The key elements of the ultrabroadband beam splitter stud-
ied here are three parallel waveguides (WG) as shown in
Fig. 1(a). The two outer waveguides (WG1 and WG3) are
supposed to be identical and lossless, while the central one
(WG2) is dissipative; the related loss is expressed by the
amplitude absorption constant α. Waveguide WG2 may also
differ from WG1 and WG3 in terms of geometrical dimen-
sions and/or refractive index contrast, leading to a difference
of the fundamental mode propagation constant by an amount
�β with respect to the one for the outer WGs. We suppose
that evanescent coupling can occur only between neighboring
waveguides. The exact geometrical form of the WGs is irrele-
vant for the present treatment and the expressions given below
hold generally independently of this form. Nevertheless, in
the beam propagation calculation examples of Sec. III slab-
type waveguides will be used for simplicity. Under the above
assumptions, in the framework of the coupled mode theory
(CMT) [23], the propagation of the electric-field amplitudes
A1(z), A2(z), and A3(z) of the waves traveling in the three
evanescently coupled WGs is described by a system of three
coupled differential equations. The latter can be brought in
the following symmetrized matrix form (see, for instance, the

transition from Eq. (2) to Eq. (3) in Ref. [24]),

i
d

dz

⎡
⎣

A1

A2

A3

⎤
⎦ =

⎡
⎣

0 CP 0
CP �β − iα CS

0 CS 0

⎤
⎦

⎡
⎣

A1

A2

A3

⎤
⎦, (1)

where CP ≡ √
C12C21 and CS ≡ √

C23C32 are the effective
coupling coefficients between WG1 and WG2 and between
WG2 and WG3, respectively. Here Ci j is the coupling constant
of WG i to WG j and the subscripts P and S mean “pump” and
“Stokes,” in analogy with the pump and Stokes pulses used
in the conventional quantum STIRAP process [6]. For the
symmetric situation depicted in Fig. 1, one has CP = CS but
the above expression is valid in general also if this symmetry
is broken.

For our purposes, it is convenient to transform the state vec-
tor �A = (A1, A2, A3) into a new state vector �B = (Bb, B2, Bd )
by means of following transformation:

⎡
⎣

Bb

B2

Bd

⎤
⎦ =

⎡
⎣

sin θ 0 cos θ

0 1 0
cos θ 0 − sin θ

⎤
⎦

⎡
⎣

A1

A2

A3

⎤
⎦, (2)

where Bb and Bd take the role of the so-called bright and dark
states of quantum population dynamics [20], respectively, and
B2 ≡ A2. The angle θ is defined as tan θ = CP/CS . In the new
coordinates, Eq. (1) takes an interesting form

i
d

dz

⎡
⎣

Bb

B2

Bd

⎤
⎦ =

⎡
⎣

0 C0 0
C0 �β − iα 0
0 0 0

⎤
⎦

⎡
⎣

Bb

B2

Bd

⎤
⎦, (3)

where C0 ≡
√

C2
P + C2

S . The above equation clearly shows
that the dark state Bd is completely decoupled from the
other two and will conserve its initial amplitude. In contrast,
the bright state Bb and the state B2 keep exchanging their
power. Since the state B2 and the bright state Bb are tied,
for sufficiently long propagation distances (as compared to
1/α, strong decay regime), the dissipation of state B2 will
ultimately kill both of them.

The bright and dark states and the above relation (3) can
find an easy interpretation also in a waveguide mode picture.
The bright and dark modes can be interpreted as the lowest
order even and odd combined modes of a system composed
of only WG1 and WG3. In this context, Eq. (3) simply states
that only the symmetric even combined mode (bright mode)
associated to Bb can couple to the central WG. Obviously, a
coupling between the antisymmetric dark mode and WG2 is
prevented due to the mutual destructive interference of the
contributions coming from WG1 and WG3 to the wave in
WG2.

Now consider the case where the input light is injected into
WG1 only and thus �A(z = 0) = (1, 0, 0). For the symmetric
case where CP = CS (θ = π/4), one has in the bright-dark
basis �B(z = 0) = (1/

√
2, 0, 1/

√
2), which is an equal super-

position of the bright and the dark state. As discussed above,
the component in the bright state will be lost and for large
distances one is left with �B(z → ∞) = (0, 0, 1/

√
2). Back in

the basis of the three WGs, this corresponds to a final state
�A(z → ∞) = (1/2, 0,−1/2), meaning that WG1 and WG3
will carry each 1/4 of the initial power in WG1 and the re-
maining 50% of power is lost. The above splitting behavior is
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FIG. 2. (a) Contour-color plot of the output power P1 = |A1(L)|2
in WG1 as obtained from an integration of Eq. (1) as a function of the
products CL and αL, with L being the device length. Panels (b) and
(c) give the corresponding output powers P2 = |A2(L)|2 in WG2 and
P3 = |A3(L)|2 in WG3, respectively. The light is input into WG1,
A1(0) = 1. In the big top-right violet areas in panels (a) and (c), one
has P1 ≈ P3 ≈ 0.25. Here the waveguides are resonant (�β = 0) and
CP = CS = C. In order to highlight better the region where P1 and P3

are near 1/4, the contour lines are chosen to be not equidistant.

expected to occur universally provided that the decay is strong
enough and that the waveguides are effectively coupled. In
the following, we analyze the required range of parameters by
means of an integration of the CMT equations (1) in general-
ized units.

Figure 2 shows the landscape of the output power in each
of the three WGs upon injection of the light into WG1. The
diagrams are calculated with Eq. (1) under variation of the
coupling constant C ≡ CS = CP and of the amplitude absop-
tion constant α. For weak values of the absorption, the light
essentially oscillates between WG1 and WG3, as seen on

the bottom parts of Figs. 2(a) and 2(c). These are Rabi-like
oscillations equivalent to those occurring in a conventional
two-waveguides directional coupler. In this regime, the system
is not robust as the output depends strongly on the value of
the coupling constant, which depends on the waveguide geo-
metrical and optical parameters, as well as on the propagating
wavelength. In contrast, for sufficiently large values of the
products αL and CL [violet upper right regions in Figs. 2(a)
and 2(c)], there is a vast flat land where the output power
in both external WGs is close to 1/4 of the input power, as
predicted by our argument above. In this region, the output
distribution is virtually independent on variation of the cou-
pling constant and the absorption constant. Figure 2 allows
us to identify the boundaries of this robust region, which are
roughly found for α > 5/L and C > 5/L. This sets the limits
for the dissipative beam splitter to work.

The longitudinal spatial evolution of the power in the three
waveguides is depicted in Figs. 3(a) and 3(b) for the case
where the three waveguides are resonant and their fundamen-
tal modes possess the same propagation constant (�β = 0).
As seen in Fig. 3(a) for an amplitude absorption constant
α = 10/L, the behavior is characterized by damped oscil-
lations of the power between the two external waveguides
before reaching the stationary output state with P1 = P3 =
1/4. If the absorption constant is doubled [Fig. 3(b)], the
oscillations are more strongly damped and the stationary state
is reached earlier. Indeed, this stationary state is reached in
both cases after a distance of about 10 times the ampli-
tude absorption length 1/α. We have verified that for further
increase of α the above transient oscillations disappear com-
pletely and the spatial dynamics becomes overdamped, as
is the case for equivalent systems in classical or quantum
physics [25].

We have already mentioned the remarkable feature that a
matching of the propagation constant β of all waveguides is
not required for the beam splitting to occur. This is shown
in Fig. 3(c), where the central waveguide is detuned by an
amount �β = 20/L with respect to the two outer ones. It can
be clearly recognized that the final state �A(z → ∞) does not
change despite the fact that the waveguides are no longer res-
onant. Nevertheless, the transient spatial oscillations become
slower. Indeed, for a given value of the coupling constant C
and of α, we have observed that an increase of �β leads to
a stronger oscillatory character. Therefore, for very large �β

(as compared to C and α), a longer distance is required before
reaching the stationary final state.

III. EXAMPLES, SPECTRAL BEHAVIOR

The behavior discussed above can be applied to a large
number of different waveguide structures of different total
length L as it is sufficient to fulfill the conditions for the
coupling constant C and the absorption constant α as re-
ferred to the reciprocal length 1/L. In the following, we give
concrete examples in the case of some slab waveguide struc-
tures as calculated by a split-step Fourier beam propagation
method (BPM) [26,27] without further assumptions. Refer-
ring to Fig. 1, we choose a structure with s = w = 2 μm and
�n = 0.051, as well as a total propagation distance of 3 mm.
The absorption is assumed to be limited to the core region of
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FIG. 3. [(a)–(c)] Spatial evolution of the powers P1 (solid red lines), P2 (dashed green lines), and P3 (dotted blue lines) in the three
waveguides upon injection in WG1 as calculated using CMT [Eq. (1)] and C = CP = CS = 10/L. In panels (a) and (b), the three waveguides
are resonant (no detuning, �β = 0), while in (c) WG2 is detuned by �β = 20/L. The absorption constants associated to WG2 are given
in the inset. [(e), (f)] Light wave evolution calculated using the BPM method for equivalent structures to the cases (a)–(c), respectively.
Here L= 3 mm, s = w = 2 μm, and λ = 1550 nm. In panels (d) and (e), �n1 = �n2 = �n3 = 0.051 in all waveguides. In panel (f), the
refractive index contrast of the central waveguide is detuned with respect to the outer ones, �n1 = �n3 = 0.051 − δ and �n2 = 0.051 + δ,
with δ = 9.66 × 10−4. The absorption is limited to the core region of WG2 and equals α = 4.17 mm−1 in panel (d) and α = 8.33 mm−1 in
panels (e) and (f).

WG2 only. The above parameters fulfill well the conditions
used to draw the first line in Fig. 3 by the CMT calculations
if one chooses a wavelength of 1550 nm and the background
(cladding) refractive index n = 1.444 of fused silica at this
wavelength [28]. Figure 3(d) gives the wave propagation in
such a structure for α = 4.17 mm−1 and shows clearly that
the behavior expected from Fig. 3(a) is well reproduced. The
same is true for a comparison of Fig. 3(e) with Fig. 3(b),
where the absorption constant has been doubled. We note here
that the values of α used for the BPM simulations are slightly
higher than those used for the CMT calculations (αL = 12.5,
respectively 25, instead of αL = 10, respectively 20) in order
to take into account the fact that the part of the wave in WG2
in the cladding is not absorbed. On the same line, even though
this cannot be recognized directly in Figs. 3(d) and 3(e), we
would like to mention that the BPM simulations show a weak
dissipation of the power in WG1 and WG3 in the stationary
state toward the end of the propagation so that the output
power in each of the outer WGs is slightly less than 23% in
Fig. 3(d) rather than the theoretically expected 25%. This is
related to the fact that the waveguide modes of WG1 and WG3
still touch the core region of WG2 and are weakly absorbed
by this effect. The associated effective absorption constant is
less than 0.3% as compared to the value of α in the core of
WG2. Nevertheless, to avoid an excessive influence of this
effect, it is important to limit the length of the device to about
10 absorption lengths, as discussed already above. Finally,
Fig. 3(f) shows the expected propagation in the nonresonant
case, where the central waveguide differs from the outer ones.
This BPM simulation confirms that the final wave splitting is

reached despite for the waveguide detuning, as discussed in
Sec. II.

Next we discuss the wavelength dependence of the output
power distribution among the parallel waveguides. As dis-
cussed above, it is expected that the outer waveguides carry
both 1/4 of the input power provided that the products CL
and αL are large enough. Nevertheless, for a given waveguide
structure, a decrease of the wavelength leads to a decrease
of the coupling constant C because the modes are better
confined. The consequence is that for a given waveguide
structure there is a minimum wavelength for which the beam
splitting still works. Indeed, for too short wavelengths, the
light remains essentially confined in the input waveguide. This
behavior is depicted in Fig. 4 for the same resonant structure
used to simulate Fig. 3(d) for fused silica waveguides. Here
the onset wavelength is at about 1.25 μm both for the CMT
and the BPM calculations. This value can be easily shifted
to shorter or longer wavelengths by modifying the waveguide
structure in terms of the waveguide widths, distances, and
refractive index contrast. Note also that the slight decrease of
the powers P1 and P3 at the output of WG1 and WG3 seen
in the BPM calculation for the longer wavelengths is due to
the same reasons discussed above. At longer wavelengths,
the modes in WG1 and WG3 are less tightly confined and
overlap more with the core of WG2, where part of the light
is being absorbed. This effect is not included in the CMT
calculation.

In the case where the absorption is limited to a region of
the spectrum, the dissipative beam splitter will act essentially
over the spectral width of this absorption region. This is
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FIG. 4. Output power in each waveguide as a function of wave-
length as calculated by (a) CMT and (b) BPM. The waveguide
structure is the same as the one used for Fig. 3(d) with a dispersion of
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The coupling constant C depends on wavelength according to the
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over the whole spectrum with αL = 10 for CMT and α = 4.17 mm−1

in the core of WG2 for BPM.

illustrated in Fig. 5 where the typical absorption spectrum
of Er3+ ions [29–31] with maximum near λ = 1.53 μm is
assumed with a peak value at αL = 20. The output powers are
calculated here by the CMT method for the same structure as
in Figs. 3(d) and 4 but for the case of a wavelength-dependent
loss in WG2. It can be seen that in this specific case the broad-
band spectral region where the structure leads to achromatic
beam splitting into output ports 1 and 3 extends roughly from
1.47 to 1.56 μm, corresponding to the region for which the
product αL � 5. A further increase of the operation spectral
width using the same dopant requires an increase of the peak
value of αL.

IV. DISCUSSION AND CONCLUSION

One possibility to realize the required dissipative waveg-
uide is by intentionally doping with an absorbing ion for
the desired wavelength range. In the case of Er3+, illustrated
above, doped waveguides can be realized, for instance, in
LiNbO3 [32,33], glasses [34,35], or polymers [36,37]. In
all these cases, achievable doping levels lead to absorption
constants in the order of few cm−1 so that the required de-
vice length will be on the order of centimeters. The same
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FIG. 5. CMT prediction for the output power in WG1 (solid red
line), WG2 (green dashed line), and WG3 (dotted blue line) in the
case where the absorption constant in WG2 corresponds to the Er3+

spectrum extracted from Ref. [29] given in the inset.

order of magnitude can be expected for the doping with other
rare earth ions such as Ho3+, Tm3+, or Nd3+, or for the
doping with metal impurities such as Fe, Cu, Ni or others.
A certain increase of the dissipation losses and thus shorter
devices may be expected by involving scattering processes
in addition to absorption, for instance, by the incorpora-
tion of nanometer-size particles or crystals [35,38] into the
waveguides. Moreover, as an alternative one may also rely
exclusively on scattering losses by controlling waveguide
imperfections. This was used for instance in a recent funda-
mental study on PT-symmetric systems by inducing controlled
dwelling scattering centers in laser-written fused silica waveg-
uides [39]. The achieved intensity dissipation constant of the
order of 1 cm−1 would require device lengths of several cen-
timeters for this specific approach.

A better alternative to impurity doping and/or controlled
scattering consists in combining the two outer dielectric
waveguides with a central plasmonic waveguide. This ap-
proach takes advantage of the strong metallic losses and of
their weak wavelength specificity to allow for shorter devices
with an ultrabroad spectral operation range. The efficient
evanescent coupling between dielectric and plasmonic waveg-
uides can be realized in a standard way with today’s silicon
photonics [40–44]. Typically, coupling lengths of the order
of few micrometers are being realized, so that achieving a
product CL ≈ 5 for a length L of roughly 10 μm is feasi-
ble. The intensity losses for plasmonic waveguides can vary
strongly according to the specific geometry. Unlike for other
plasmonic applications, since our concept relies on these
losses, here an optimization of the propagation distance of
the plasmon-polariton is not required and is even detrimental
if a short device footprint is wished. Plasmon propagation
distances Lp ≡ 1/(2α) of the order of few micrometers are
quite usual in different types of plasmonic waveguides. If we
assume Lp = 5 μm, the required product αL > 5 is reached
for a device length of 50 μm, which is by far shorter than
what can be achieved for broadband solutions based on adi-
abatically evolving waveguide systems, such as STIPAP-like
configurations.
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Finally, we would like to mention that the present approach
is not limited to the case where the two output ports (WG1 and
WG3) carry the same power. The power ratio between WG1
and WG3 can be varied by modifying the relative strengths
of the coupling constants CP and CS , for instance, by having
asymmetric distances for WG1 and WG3 from the central
WG. A modification of the ratio CP/CS leads to a different
contribution of the individual WG states A1 and A3 to the
surviving dark state Bd . Note that for an asymmetric system
it is advantageous to choose CS > CP and thus a smaller
value of the angle θ so that the contribution of the dark
state to the initial input state A1 is maximized. For instance,
for CS = 2CP at the output WG1 will carry four times more
power than WG3 and only 1/5 of the total input power
will have been dissipated in the process. In the reverse case
(CP = 2CS), the output power in WG3 will be four times the
one of WG1 but 4/5 of the total input power will have been
lost.

In conclusion, we have presented a concept for an ultra-
broadband integrated power divider where losses within the

system are turned to an advantage. The system consists of
a strongly lossy waveguide sandwiched between two other
(lossless) waveguides all aligned in the same plane. The pro-
posed device does not require perfect phase matching between
the outer and the central waveguides and works properly as
long as the products CL and αL both exceed roughly the
value of 5 over the wavelength range of interest. It may be
implemented by different approaches including the selective
doping of the central waveguide, the controlled inclusion of
scattering centers into it, or the use of a plasmonic-type central
waveguide. In the latter case, device lengths of few tens of
micrometers can be envisaged. For an equal power division
into the two output ports, a fundamental overall total power
loss of 3 dB must be paid, which can be reduced in the case of
asymmetric power division.
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