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Abstract—Multimode interference (MMI) devices operating at
high data rates are important in optical interconnects and optical
networks. Their 1 × N splitting provides a fundamental functionality in these and other applications. To determine the speed
limitations of MMI devices, the ultrashort pulse response of these
devices is modeled. For example, for 50-fs Gaussian input pulses
into a 1 × 16 splitter, the output pulses are severely degraded
in coupling efficiency (48%) and completely broken up in time
primarily due to intermodal and intramodal (waveguide) dispersion. Material dispersion is found to play only a minor role in the
pulse response of MMI devices. However, for 1-ps input pulses into
the same 1 × 16 splitter, the output pulses are only moderately
degraded in coupling efficiency (86%) and only slightly degraded
in shape.
Index Terms—Integrated optics, multimode interference
(MMI), optical splitter, optical waveguide, ultrashort-pulse
response.

I. I NTRODUCTION

I

NITIALLY demonstrated by Ulrich and Ankele [1] based
on the self-imaging techniques [2] and subsequently further investigated [3], [4], multimode interference (MMI)-based
devices in the past decade have become important in optical
interconnects and optical networks. These devices exhibit simple structure, insensitivity to polarization, insensitivity to operating wavelength, compact size, and tolerance to fabrication
errors [5], [6]. Applications include splitters/couplers [6]–[9],
wavelength division multiplexers (WDMs) [10], spatial mode
filters [11], add-drop demultiplexers [12], [13], optical digitalto-analog converters [14], arrayed-waveguide-grating demultiplexers [15], optical switches [16]–[19], polarization splitters
[20], [21], wavelength tunable fiber lens [22], wavelength
monitors [23], and all-optical logic gates [24] for integrated
optical circuits, optical interconnects, and modern optical fiber
networks.
Euliss [25], Wei et al. [26], and Schreieck et al. [16], [18]
have addressed important temporal characteristics and related
issues. In [25], the mode propagation model incorporated was
combined with intermodal dispersion to analyze the temporal characteristics of a 1 × N MMI coupler. The bandwidth
efficiency, peak power efficiency, and energy efficiency were
investigated as a function of the initial bandwidth with an
emphasis on the effects of the branching ratio N on those
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characteristics. Wei et al. [26] calculated the signal bandwidth
of straight and tapered N × N MMI couplers by using the
conventional 3-dB bandwidth definition. This was based on the
approximate analytical expression derived from the normalized
baseband transfer function [27], where the root-mean-square
(rms) pulsewidth of the output pulse was computed in a statistical sense. Recently, Schreieck et al. [16], [18] have successfully demonstrated a 1.5-ps switching window with maximum
transmission on a semiconductor optical amplifier (SOA)-based
Mach–Zehnder interferometer (MZI) switch comprised of two
SOAs and four 1 × 2 MMI couplers. The 3-dB bandwidth
calculated in [26] is, in reality, the device bandwidth at which
the highest sinusoidal frequency component of an input signal could be transmitted through the N × N MMI couplers
without significant power degradation. In contrast, only modal
dispersion was considered in [25], and further explanations
of the energy loss during coupling to the output channels at
higher initial bandwidth are still wanting. In the SOA-based
MZI switch [16], [18], the MMI couplers were assumed to be
ideal in the switching dynamics simulations and the ON-OFF
ratio was found to be limited by the combined cross-gain/crossphase modulation-induced pulse distortions in SOAs. However,
in spite of the unabated trend toward the application of MMIbased devices, little attention has been paid to their ultrashortpulse transmission characteristics.
In this paper, we quantify the ultrashort-pulse response
of MMI devices from the time-dependent, pulse-modulated
field propagation perspective. Combinations of intermodal, intramodal (waveguide), and material dispersion are included.
In the present work, expressions for the pulse-modulated instantaneous fields in the MMI region naturally describe the
pulse spreading phenomenon. The treatment presented is an
appropriate approach to visualize the fields in MMI-based
devices, predict their operating limitations, and investigate why
and how such devices become nonfunctional in the ultrashortpulse limit.
II. A NALYSIS
A. Pulse-Modulated Instantaneous Fields in MMI Section
To investigate the pulse response of MMI devices, a formalism of the pulse-modulated instantaneous modal fields in
the MMI device must be developed. Since the time-harmonic
analysis of MMI couplers has previously been presented in
[3] and [4], only the basic principles are included here.
For simplicity, a general 1 × N MMI splitter with a highcontrast step-index profile and single-mode input/output
waveguides is investigated, as shown in Fig. 1. Moreover, only
discrete guided modes are considered. The MMI section is
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sizes (few millimeters long at most). Therefore, (3) can be well
approximated as
E(x, z; t) =
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Fig. 1.

Diagram of the 1 × N MMI device under investigation.

excited with a Gaussian pulse in the fundamental mode of the
input waveguide. This occurs at z = 0, which is the input facet
of the MMI region. The instantaneous electric field for TE
polarization at z = 0 can be written as
E(x, z; t)|z=0 = a0 (t)Ψin (x)ejω0 t

(1)

where a0 (t) = exp(−αt2 ) is the Gaussian temporal envelope
with a rms deviation of σ0 = (2α)−1/2 , Ψin (x) is the transverse
modal profile of the fundamental mode in the input waveguide,
and ω0 is the optical carrier frequency. Expressing the temporal
envelope in terms of its inverse Fourier transform yields
E(x, z; t)|z=0 = Ψin (x)

1
2π

∞

A0 (Ω)ej(Ω+ω0 )t dΩ

B. Dispersion Characterization
With the presence of the group velocity and group velocity
dispersion terms introduced in (5), the effect of various dispersion mechanisms can be investigated. The propagation constant
is given by
βν =

−∞


 cν
Ψν (x) A0 (Ω)ej(ω0 +Ω)t−jβν (ω0 +Ω)z dΩ.
E(x, z; t) =
2π
ν
∞

−∞

with Fν ≡ (1/2)(d2 βν /dω 2 )z and vgν = dω/dβν being the
group velocity associated with the νth mode.
√ In (5), additional
phase variations are contributed by the ( 1 + j4αFν )−1 term
and the last exponential term. A similar expression can be
obtained for Hy for TM polarization.

(2)

where A0 (Ω) is the Fourier transform of a0 (t). The instantaneous electric field in the MMI region can be written as
the superposition of guided-mode amplitudes with Gaussian
temporal envelopes

(3)

The excitation coefficients of individual modes in the MMI
region are thus also time-dependent. The quantities cν are
determined by the mode-matching method. The propagation
constant βν (ω0 + Ω) is expanded in a Taylor series as


dβν 
1 d2 βν 
βν (ω0 + Ω) = βν (ω0 ) +
Ω+
Ω2
dω ω0
2 dω 2 ω0

1 d3 βν 
+
Ω3 + · · · . (4)
6 dω 3 ω0
An analytical solution involving the Airy function (Ai) can be
obtained from (3) if the third-order term in (4) is incorporated.
However, the calculation of the Airy function diverges due
to the extremely small third-order term in the Taylor-series
expansion of βν . Accordingly, expanding βν in a second-order
Taylor-series appears to be appropriate for the present device

(5)

2πnν (ν, λ)
λ

(6)

2
where nν (ν, λ) = [n(λ)2 − ρλ2 ]1/2 with ρ ≡ (ν + 1)2 /4We,ν
is the modal index, and n(λ) is the effective index of the core.
The We,ν term is the effective width along the transverse direction of the MMI region and can be rigorously determined from
the penetration depth associated with each mode in a symmetric
slab waveguide, rather than the widely used approximation
[3]–[6], [25], [26]. To accomplish this, the z-directed Poynting
vectors associated with each region were formulated first and
then integrated along the transverse direction.
Following (6), the group velocity vgν can then be expressed
in terms of the wavelength

1
λ2 dβν
=−
vgν
2πc dλ

(7)

with
dβν
2π ∂nν (ν, λ) ∂nco (λ) ∂nν (ν, λ)
2π
=
+
− 2 nν (ν, λ)
dλ
λ
∂nco (λ)
∂λ
∂λ
λ
(8)
where c is the free-space light speed, and nco (λ) is the refractive index of the core. The first term in the parentheses results
from the material dispersion of the core, while the second term
accounts for the waveguide dispersion. The material dispersion
of the cladding layer is temporarily neglected in this analysis.
For various dispersion combinations, the group velocity vgν
and the parameter Fν can readily be determined from the
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nonvanishing term(s) in the parentheses in (8). For intermodal
and waveguide dispersion

1
1
= ρλ2 n−1
ν (ν, λ) + nν (ν, λ)
vgν
c

d2 βν
ρλ3  2 −3
−λ nν (ν, λ) − n−1
=
ν (ν, λ) .
dω 2
2πc2

(9)
(10)

For intermodal, waveguide, and material dispersion
1
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Expressions (11) and (12) reduce to (9) and (10) in the limit of
no material dispersion.
III. R ESULTS AND D ISCUSSIONS
A. Pulse-Modulated Instantaneous Field Plots
The above method of analysis was used to describe the
pulse-modulated field propagation within the MMI region. The
analysis includes the asymptotic expression for the transverse
wavenumber kxν [3], [4] and the second-order Taylor-series
expansion of the propagation constant βν . The results presented
correspond to a symmetric, silicon on insulator (SOI), 1 × N
MMI splitter with a rib structure operating at a free-space wavelength of λ0 = 1.55 µm (nco = 3.4777 and ncl = 1.4677). The
heights of the rib and the lateral sections are 5 and 2.5 µm,
respectively. The rib width of each access waveguide is 4 µm.
These structure parameters ensure that the input/output SOI
rib waveguides under investigation fall within the singlemode regime in the vertical direction [28]–[30]. A distance of
d = 10 µm was chosen for the center-to-center output
waveguide spacing. From the conventional expressions, the
width (W ) and the length (L) of a symmetric 1 × N configuration are taken to be W = N d and L ∼
= 3Lπ /4N , where
Lπ = π/(β0 − β1 ) is the beat length between the lowest twoorder modes [3]–[5]. It should be noted that these widely used
expressions are derived for time-harmonic operation. The pulse
response of such devices designed for continuous wave (CW)
operation are investigated in the present work.
The pulsewidth (∆τ1/2 ) throughout this work is defined as
the full width at half maximum (FWHM) of the Gaussian
temporal envelope. The rms time deviation (σ0 ) of the Gaussian

pulse is σ0 = 0.4247∆τ1/2 . The pulse-modulated input field
launched into the MMI region at z = 0 is decomposed into
the eigenmodes of the MMI region, each of which has a
temporal envelope associated with it. These pulse envelopes
then propagate at the differing group velocities corresponding
to the eigenmodes. Higher order modes have smaller group
velocities, provided higher order modes are well above cutoff.
As a result, the temporal envelopes associated with higher order
modes arrive at the output end of the MMI section later than
those of the lower order modes. An input pulse is broaden at the
output as a result of differences in the group velocities of all the
constituent subpulses arriving at the MMI output. For a suitably
short input pulse, the output pulse breaks up into individual
pulses. Waveguide and/or material dispersion contribute to the
pulse broadening of individual eigenmode pulses.
To quantify the pulse response, simulations of N -way
splitters with N = {4, 8, 16, 32} at various input pulsewidths
∆τ1/2 = {1 ns, 1 ps, 50 fs, 20 fs} were performed. For both
TE and TM polarizations, symmetric 1 × N MMI splitters
have excellent functionality even for pulses as short as 1 ps.
Performance is only slightly degraded when the pulsewidth is
reduced from 1 ns to 1 ps. Results for TE polarization for
1 × 4 and 1 × 16 splitters with input pulsewidths of ∆τ1/2 =
{1 ps, 50 fs, 20 fs} are given in Figs. 2–7. Figs. 2–7 each
consist of
1) isometric plot of the instantaneous field;
2) contour plot with output waveguide outlines and a dashed
line signifying where the slice through the field plot is
taken;
3) plot of the field along x = 5 µm dashed line. The MMI
structure is symmetric and x = 0 µm represents the center line of the device.
All of the fields shown are normalized to the input field
amplitude and were calculated at time t0 , which is the time of
arrival of the fundamental mode at the output surface (z = L)
of the MMI section. Reflections at z = 0 and z = L were
neglected. For the 1-ps case, the isometric drawings and the
associated contour plots were calculated for the range of x =
[0, 20] µm and z = [L − 20, L + 20] µm, whereas those for
50-fs case were done in the range of x = [0, 20] µm and z =
[L − 10, L + 10] µm. A global isometric drawing is presented
for the 1 × 16 in the 20-fs case, while the range of its related
contour plot remains the same as that for the 50-fs case. Differing computational windows were used to show the variations
that are present. Regions near the MMI center line were chosen
since the greatest variations were found to occur in this area.
The isometric and the contour plots [Fig. 2(a) and (b) and
Fig. 5(a) and (b)] predict that the MMI splitters function well
even at a 1-ps pulsewidth, except for a 2.00-µm backward shift
of the output pulse peak for the 1 × 4 and a 12.64-µm shift
for the 1 × 16 from the MMI output end (L = 902.26 µm for
the 1 × 4 and 3589.19 µm for the 1 × 16). This phenomenon
is attributed to appreciable amount of propagation delays of
the second-order and higher order modes relative to the fundamental mode. Since all the constituent envelopes arrive at the
output end nearly together, the coherent summation leads to a
small backward-shifted peak. Furthermore, the longer the MMI
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Fig. 2. Normalized electric field plots for 1 × 4 configuration at a 1-ps
FWHM pulsewidth. (a) Isometric plot of the instantaneous E field. (b) Contour
plot with output waveguide outlines. (c) Plot of the field at x = 5 µm. The MMI
structure is symmetric, and x = 0 µm represents the center line of the device.
Fields were calculated at the time when the fundamental TE0 mode arrives at
the output facet of the MMI section. For comparison, the dashed line shows
the fundamental TE0 mode alone arriving at the output facet for the case of no
dispersion present.

Fig. 3. Normalized electric field plots for 1 × 4 configuration at a 50-fs
FWHM pulsewidth. (a) Isometric plot of the instantaneous E field. (b) Contour
plot with output waveguide outlines. (c) Plot of the field at x = 5 µm. The MMI
structure is symmetric, and x = 0 µm represents the center line of the device.
Fields were calculated at the time when the fundamental TE0 mode arrives at
the output facet of the MMI section. For comparison, the dashed line shows
the fundamental TE0 mode alone arriving at the output facet for the case of no
dispersion present.

section, the larger the delays, leading to a larger backward shift
for the 1 × 16 than for the 1 × 4 device.
For the 1 × 4 splitter, the fields start spreading significantly
for 50-fs pulses. There is significant spreading in the transverse
direction. Most of the energy is retained within the backwardtrailing main lobes. The small constructive interference areas
are due to the additional phase variations induced by the pulse-

envelope propagation as described by (5). Since the phase at
the optical frequency dominates, the device could still be functional. Also, as the pulsewidth becomes shorter, the coherent
sum of all the subpulses does not considerably alter the peak
position of the output pulse but extends the tail of the zerothorder envelope, hence forming a pulse of backward-tailing
shape, as shown in Fig. 3(c). Similar observations are made
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Fig. 4. Normalized electric field plots for 1 × 4 configuration at a 20-fs
FWHM pulsewidth. (a) Isometric plot of the instantaneous E field. (b) Contour
plot with output waveguide outlines. (c) Plot of the field at x = 5 µm. The MMI
structure is symmetric, and x = 0 µm represents the center line of the device.
Fields were calculated at the time when the fundamental TE0 mode arrives at
the output facet of the MMI section. For comparison, the dashed line shows
the fundamental TE0 mode alone arriving at the output facet for the case of no
dispersion present.

Fig. 5. Normalized electric field plots for 1 × 16 configuration at a 1-ps
FWHM pulsewidth. (a) Isometric plot of the instantaneous E field. (b) Contour
plot with output waveguide outlines. (c) Plot of the field at x = 5 µm. The MMI
structure is symmetric, and x = 0 µm represents the center line of the device.
Fields were calculated at the time when the fundamental TE0 mode arrives at
the output facet of the MMI section. For comparison, the dashed line shows
the fundamental TE0 mode alone arriving at the output facet for the case of no
dispersion present.

for the 1 × 4 at 20 fs case, where the fields spread apart both
in the transverse and in the propagation directions, resulting in
many small side lobes away from the desired output waveguide
positions, as shown in Fig. 4(c).
Unlike the 1 × 4 case, the 1 × 16 device with a 50-fs
pulse exhibits comparable constructive interference between
the desired output ports. Simultaneously, the 1 × 16 device

starts losing the appropriate field interference along the output
waveguides, giving poor mode matching with the fundamental
modes in the output channels. Although those comparable side
lobes seem to arrive at the MMI output end simultaneously,
the variations in the centroids of the main lobes from port to
port represent a minute skew, as depicted in Fig. 6(b). Fig. 6(c)
illustrates the total field broken up into several peaks along the
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Fig. 6. Normalized electric field plots for 1 × 16 configuration at a 50-fs
FWHM pulsewidth. (a) Isometric plot of the instantaneous E field. (b) Contour
plot with output waveguide outlines. (c) Plot of the field at x = 5 µm. The MMI
structure is symmetric, and x = 0 µm represents the center line of the device.
Fields were calculated at the time when the fundamental TE0 mode arrives at
the output facet of the MMI section. For comparison, the dashed line shows
the fundamental TE0 mode alone arriving at the output facet for the case of no
dispersion present.

Fig. 7. Normalized electric field plots for 1 × 16 configuration at a 20-fs
FWHM pulsewidth. (a) Isometric plot of the instantaneous E field. (b) Contour
plot with output waveguide outlines. (c) Plot of the field at x = 5 µm. The MMI
structure is symmetric, and x = 0 µm represents the center line of the device.
Fields were calculated at the time when the fundamental TE0 mode arrives at
the output facet of the MMI section. For comparison, the dashed line shows
the fundamental TE0 mode alone arriving at the output facet for the case of no
dispersion present.

propagation direction. A similar situation is also found for the
1 × 16 at 20 fs case [Fig. 7(c)]. For the device size presented
in this paper, the phenomenon of broken-up fields is due to the
long propagation distances and the ultrashort pulses.
The global view of the instantaneous fields depicted in
Fig. 7(a) shows that the output ports away from the center line
have better performance than those closer to the center. While
the instantaneous fields around the MMI center line become

unfavorable for energy coupling to the output waveguides,
constructive interference can still be maintained near the two
outermost ports. The skew from port to port is also worse.
B. Performance Evaluation
Two performance evaluation parameters are as follows:
1) The power (Pi,aperture ) passing through the input aperture

1468

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 24, NO. 3, MARCH 2006

TABLE I
POWER (Pi,aperture ) PASSING THROUGH THE APERTURE OF CHANNEL i AND THE POWER (Pi,guided ) GUIDED INTO CHANNEL i
AS A F RACTION OF THE P OWER (Pi,total ) A RRIVING O VER C ENTER - TO -C ENTER G AP S PACING

of the output channel i as a fraction of the power (Pi,total )
arriving over the center-to-center gap spacing; and 2) the power
(Pi,guided ) guided into the output channel i as a fraction of the
power arriving over the gap spacing. All of these were calculated as a function of time over the time range during which the
pulse-modulated fields pass the output end of the MMI section.
These were then numerically integrated over this time range.
This performance evaluation was conducted for the channel
adjacent to the MMI center line (channel 1) and for the outermost channel (channel N/2). The results for N = {4, 8, 16, 32}
at various pulsewidths ∆τ1/2 = {1 ps, 50 fs, 20 fs} are
tabulated in Table I. For each N -way configuration for a
1 ps pulsewidth, both the fraction of the aperture and guided
power for channel 1 are larger than those for channel N/2.
However, this is not the case for the 1 × 16 and 1 × 32 as the
pulsewidth is shrunk down to 50 and 20 fs. Under ultrashortpulsewidth transmission, the outermost channel for N ≥ 16
always has larger guided power than that of the innermost
one. This is consistent with the field surface plot given in
Fig. 7(a). In addition, the aperture power and the guided power
to the output channels are decreasing with the decreasing
input pulsewidth. The additional phase terms in (5) produce
constructive interference in unwanted areas with comparable
intensities to those at the output ports [refer to Fig. 3(a) and (b),
Fig. 4(a) and (b), Fig. 6(a) and (b), and Fig. 7(a) and (b)].
Hence, less power exists in front of the input apertures to output
channels.
IV. C ONCLUSION
The pulse response of general 1 × N MMI devices has been
quantified as a function of the splitting ratio and the initial
pulsewidth launched into the MMI section. The model for the
Gaussian pulse-modulated field propagation within the MMI
section has been developed for both TE and TM polarizations
with intermodal and intramodal (waveguide) dispersions or
with intermodal, intramodal, and material dispersions. The

model can also be applied to N × N MMI couplers in a
straightforward manner.
No major difference was found in the pulse-response behaviors of TE and TM polarizations. This further confirms that
MMI devices are polarization insensitive even under pulsedamplitude operation. Results also reveals that intermodal and
intramodal dispersions dominate the pulse-response behaviors.
Isometric and associated contour plots have been presented
for understanding and predicting the MMI pulsed-amplitude
operations and limitations. For the SOI rib waveguide structures
that were investigated, the MMI splitter can still be functional
well up to 32 branch outputs at an FWHM pulsewidth of
1 ps, in spite of a backward-shifted peak position from the
designed output end of the MMI region. As the input pulsewidth
decreases, additional phase variations introduced by the pulsedamplitude modulation become dominant. The effect of this is
to produce constructive interference areas between the desired
output ports with comparable intensities, reducing the power
that is supposed to guided into the output channels.
Further, the ultrashort-pulse-response performance has also
been quantitatively evaluated based on the power arriving at
the waveguide aperture and the power guided into the output
channel as a fraction of the power arriving over the centerto-center gap spacing. Results show that no major differences
could be found for the innermost and outermost ports for 1-ps
pulses. However, with decreasing pulsewidths down to 50 or
20 fs, the aperture and guided power to the output channels have
at most a loss of 37.6% for the 1 × 4 and 54.4% for the 1 × 32.
Nevertheless, it is clear that MMI-based devices can operate at
speeds beyond most present-day high-speed optical systems.
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