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Abstract: We propose, design and analyze a novel mode converter in 
silicon waveguide based on a graded index co-directional grating coupler. 
The device has a periodic variation in its refractive index along the 
propagation direction and a graded index profile along the transverse 
direction. The graded index profile is realized by the implementation of 
nanoscale dielectric metamaterial consisting of silicon features that are 
etched into the waveguide based on the concept of effective medium. 
Design considerations are discussed and analyzed in details in the 
framework of the coupled mode theory (CMT) and the effective medium 
theory (EMT). Using 3D finite difference time domain (FDTD) simulations 
we show that the mode converter can couple between different symmetric 
and asymmetric modes which are propagating along a single bus multimode 
waveguide. Mode purity on the order of 96%, crosstalk with the input mode 
of better than −23dB, and transmission of more than 96% can be obtained, 
with device length as short as 20µm, and over ~25nm spectral bandwidth 
around the design wavelength of 1550nm. 
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1. Introduction 

Photonic integrated circuits (PICs) employing nano-photonic devices hold a great potential in 
the field of optical communication in general, and in particular in data communication for 
moderate ranges (~one to tens of meters, e.g. rack to rack communication) and short ranges 
(~one to tens of centimeters, e.g. board to board and chip to chip communication). Nowadays 
the communication at these ranges is mainly based on copper wires and interconnects, 
supporting limited bandwidth only. In the quest for continuous performance improvements in 
computing systems [1], communication rates between computers and between computer's 
components on/off chip, continue to increase [2,3] with copper technology reaching its 
physical limits [3]. In that manner, PICs can provide a proper solution for the growing need of 
high data rates by utilizing advanced photonic multiplexing technologies such as wavelength-
division multiplexing (WDM) [4], polarization-division multiplexing (PDM) [5], spatial-
division multiplexing (SDM) [6], and mode-division multiplexing (MDM) [7-10] which have 
been developed in the field of optical fiber communication. 

MDM method exploits the orthogonality of the different spatial eigenmodes of a 
waveguide in order to encode separate data over each channel and multiplex the information 
over a multimode waveguide. A key component needed to realize a mode (de)multiplexer is a 
mode converter which ideally can couple any given spatial mode to any other desired mode. 
In the last few years intensive efforts were invested towards the realization of mode 
converters, and mode selectors [11,12] for the purpose of implementing MDM functionality 
in PICs [13-32]. The different methods can be divided to: 

• Phase matching techniques based on adiabatic tapers [13-15], asymmetrical directional 
couplers [16-18], contra-directional grating assisted couplers [19-20] and directional 
grating couplers [21-23]. 

• Beam shaping techniques based on Mach-Zehnder interferometers [24], Multichannel 
branching waveguides [25], and asymmetric graded index structures [26]. 

• Constructive interference of coherent scattering based on Multimode interference 
(MMI) couplers [27,28] and programmed defects in waveguides [29-32]. 

All these methods have their advantages and deficiencies. For example, some methods, 
e.g. tapers [13] and contra-directional grating assisted couplers [19], usually require relatively 
large devices, while others, such as Mach-Zehnder interferometers [20] enable conversion of 
the first two modes only. Other methods such as those based on constructive interference of 
programmed defects [30] usually require ultra-fine features which may be difficult to 
fabricate. In this context, using the concept of directional grating couplers suggested in [21] 
can be very attractive. The approach is based on the implementation of a periodic structure 
along the propagation direction and a graded profile of refractive index in the transverse 
direction [Fig. 1(a)]. The periodic perturbation incorporated over the waveguide enables to 
perform mode conversion along the same waveguide, in contradiction to methods such as 
asymmetrical directional couplers, contra-directional grating assisted couplers or MMI 
couplers, which require two waveguides for the conversion. In addition, it can be designed to 
couple any desired pair of modes. Furthermore, its length can be controlled by the amplitude 
of the index variation. Yet, the physical approach for achieving the desired index profile 
remains a great challenge, in particular with high index materials such as silicon. 

Here we take advantage of the effective medium concept for the purpose of achieving a 
mode converter in a high index platform such as silicon waveguide. The proposed device is 
based on a graded index co-directional grating coupler, which has a periodic variation in its 
refractive index along the propagation direction and a graded index profile along the 
transverse direction [Figs. 1(a)-1(b)]. The graded index profile is realized by using the 
effective medium concept in which a subwavelength grating consisting of alternating layers of 
n1 and n2 refractive indices with variable duty cycle [Figs. 1(b)-1(c)] is etched into the silicon 
waveguide. The period Λ of these layers is constant but the structure itself is not periodic, 
inasmuch as the width of the layers varies in a non-periodic fashion over the waveguide's 
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transverse direction. The desired refractive index profile is related to the grating features by 
the effective medium theory (EMT) approximation [33] which has numerous applications in 
controlling artificially the refractive index of structures, e.g. metamaterials and transformation 
optics [34-38]. For example, focusing lenses of different engineered index profiles were 
demonstrated in GaAs slab waveguide [34], silicon slab waveguide [35], plasmonics [36], and 
other metallic and dielectric structures [37]. The periodic structure along the propagation 
direction enables phase matching to the output mode due to the additional momentum 
provided by the grating, while the graded index profile accounts for maximizing the coupling 
strength by increasing the field overlap. With only few microns of length, our devices offer 
high mode purity, and low crosstalk when converting between any desired pair of modes. The 
approach is supported by analytic modeling and validated using full 3D finite difference time 
domain calculations. Schematic representation of the index profile of the device, and 
conceptual 3D model of the actual structure are shown in Figs. 1(a)-1(b). 

 

Fig. 1. (a) Schematic representation of the refractive index in the proposed device. Input and 
output waveguides have a constant refractive index of Si (3.46), while the converter section 
consists of a periodic variation in the propagation direction (z-axis) and has a graded index 
profile in the transverse direction (x-axis). The simulated modes are super imposed on the 
physical structure. (b) 3D conceptual model of the proposed mode converter. Si fraction 
relative to air varies across the x-axis and creates the required graded index profile along that 
direction. (c) Schematic representation of a waveguide with a graded index profile. Light 
propagates along the z axis while being confined in the core layer n1. The duty cycle of the 
alternating layers n1 and n2 varies along the x axis in order to spatially control the effective 
index in that direction. 

This paper is organized as follows: In Section 2 we describe the CMT and EMT which 
constitute the basic theories needed for the design and the analysis of the proposed device. In 
Section 3 we present some basic principles regarding our design method and the refractive 
index profile of the device. Design parameters and considerations for realizing the mode 
converter in addition to 3D FDTD simulation results and comprehensive comparison between 
different structures are presented in Section 4. Discussion and conclusions and are provided in 
Section 5. More details regarding the CMT approach are provided in the Appendix. 

2. Theory 

2.1 Coupled mode theory (CMT) 

Propagation of electromagnetic field in a perturbed dielectric structure can be approximated 
by the CMT [39,40]. In our case we assume the perturbation in the dielectric media, 
Δε_(x,y,z), to be periodic along the propagation direction z with a period δ. According to the 
CMT the perturbation can result in energy coupling from one mode to another, and the 
amplitudes of each mode along the propagation are determined by a set of differential 
equations (see Appendix). If we designate βm as the propagation constant in the z direction 
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corresponding to the mth guided mode, coupling occurs near the “phase matching” condition, 
i.e. (βm - βj - 2π_q/δ) = 0 where q = 0, ± 1, ± 2... . For this to happen the grating period should 
be chosen as to compensate for the β mismatch of the two modes. In addition, the coupling 
length (i.e. the position along the z axis in which 100% of the mode power couples to another 
mode) is inversely proportional to the coupling coefficient between the modes. The coupling 
coefficient is proportional to the spatial integration of the term 

( ) ( ) ( ) ( )* , , ,q
m jE x y x y E x yε⋅ Δ ⋅ , where Em(x,y) and Ej(x,y) are the transverse cross sections of 

electric field of the mth and jth eigenmodes, and ( ) ( ),q x yεΔ   is the q'th coefficient in the 

Fourier series of Δε_(x,y,z) (see Appendix). We refer to this expression as the “field overlap” 
integral. Thus, proper choice of Δε_(x,y,z) will maximize the coupling coefficient and 
minimize the coupling length. 

To summarize this section, it turns out that in order to couple between modes “phase 
matching” should be satisfied by choosing the appropriate period of the perturbation along 
propagation direction. Once “phase matching” had been established, proper choice of the 
refractive index profile along the transverse direction is essential in order to achieve short 
coupling length. 

2.2 Effective medium theory (EMT) 

As will be explained later in the text, our goal is to construct a rectangular waveguide with a 
graded index profile in its transverse direction. This goal can be achieved by the effective 
medium concept [33]. By taking a periodic grating consisting of alternating layers of n1 and n2 
refractive indices, with subwavelength period Λ and duty cycle f [Fig. 1(c)], the approximate 
solution for the effective index of the structure for TE (i.e. E = Eŷ) polarization is 

 ( ) ( )0 2 2
1 21TEn fn f n= + −  (1) 

 ( ) ( ) ( )( )
2

22 0 2 2
1 2

1
1

3TE TEn n f f n nπ
λ
Λ  = + − −    

 (2) 

and for TM polarization (i.e. H = Hŷ) 

 ( )

( )
2 2

0 1 2
2 2
2 11TM

n n
n

fn f n

⋅
=

+ −
 (3) 

 ( ) ( ) ( ) ( ) ( )
2

2 32 0 0 0

2 2
1 2

1 1 1
1

3TM TM TE TMn n f f n n
n n

π
λ
  Λ     = + − − ⋅ ⋅          

 (4) 

where λ is the optical wavelength in vacuum and ( )0
TEn , ( )2

TEn  (and ( )0
TMn , ( )2

TMn ) are the first two 
terms of the Taylor expansion of the effective index. The approximation is of reasonable 
accuracy when Λ << λ_/max(n1,n2) . 

According to the above equations one can construct a subwavelength structure with a 
constant period and locally varying duty cycle in order to provide a spatial control over the 
effective index. We will use this method for generating a graded index profile in our mode 
converter. Recently, the effective medium concept has been used for the optimization of fiber 
to waveguide coupler [41,42]. 

3. Device principles 

In this section the general principles for designing the index profile of the device are 
presented. In order to do so we first refer to the example of an 'ideal' device based on a 
continuous sinusoidal grating (i.e. a desired refractive index profile is assumed rather than 
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using the effective medium concept). Next, we discuss a more realistic case of a rectangular 
grating (again, without using the effective medium concept). After establishing the 
understanding of these devices and describing the general profile of the refractive index in 
both the longitudinal and the transverse dimensions we turn into discussing the practical 
implementation of an actual device in which the graded index profile along the transverse 
direction is realized by a subwavelength grating using the effective index concept. 
Comparison of the performances of all devices will be presented in section 4. 

As mentioned before, the proposed device is a co-directional coupler which couples two 
eigenmodes propagating along the same direction in a single multimode waveguide. We 
assume an SOI platform, with 2µm width and 340nm height of Si waveguide (nSi = 3.46), 
having air as its upper cladding and SiO2 (nSiO2 = 1.44) as its bottom cladding (see Fig. 2). As 
an example, we aim at converting the TM0 to TM3 mode (which have dominant electric 
fields in ŷ direction). 

 

Fig. 2. (a) Waveguide cross section, (b-c) normalized Eŷ field amplitude of the modes to be 
coupled. 

We let the refractive index of the mode converter to vary in a sinusoidal fashion 
represented by 

 ( ) ( ) ( ) ( )0 0, , , , , exp . .m jn x y z n n x y z n n x y i z c cβ β = + Δ = + Δ ⋅ − +   (5) 

where n0 is the unperturbed part of the refractive index and Δn(x,y,z) represents the periodic 
perturbation along the propagation direction (z axis). Both are design parameters of our 
device. Expanding Δn(x,y,z) as a Fourier series we can define the q = 0, 1 Fourier components 
of the sinusoidal grating, i.e. 

 ( ) ( ) ( )0 1
sin sin0 ; ,q qn n n x y= =Δ = Δ = Δ   (6) 

Similarly to [21], here and in the following sections we calculate Δn(x,y) using the 
relation, 

 ( ) ( ) ( )*0 3
max, , 0 , 0TM TM

y yn x y n E x y E x y Δ = Δ ⋅ = ⋅ =   (7) 

where Δnmax is the maximal index modulation, and ( )0 , 0TM
yE x y = and ( )3 , 0TM

yE x y =  are the 

unperturbed normalized electric field amplitude of the dominate component ŷ, at the middle 
of the waveguide (in the vertical direction i.e. y = 0), for TM0 and TM3 modes, respectively. 
Since the ŷ components of the electric fields are identical in the vertical direction (the 
waveguide has a single vertical mode) for both TM0 and TM3 (see Fig. 2), Δn(x,y) is uniform 
along the y axis and index variation is only applied along along the horizontal x axis in order 
to control the overlap between the field of the two modes. This feature makes the fabrication 
of our proposed device much simpler. It should be noted that choosing Δn(x,y) as in Eq. (7) is 
not necessarily the best choice for maximizing the “field overlap” [Eq. (12)] and minimizing 
the coupling length, but according to the analytic calculations presented in the following 
design examples it is sufficient to achieve coupling length in the order of few microns. 
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To further simplify the implementation of our proposed device, we do not use materials 
other than silicon for the core waveguide. Thus, the maximal value of n(x,y,z) cannot exceed 
the refractive index nSi and hence n0 should be smaller than nSi. Note that one should perform 
calculation of Eq. (7) with respect to the modes of the unperturbed mode converter (i.e. a 
waveguide with refractive index of n0) rather than the original waveguide (i.e. a waveguide 
with refractive index of nSi). Otherwise, Eq. (5) shall contain an additional term nSi -n0 which 

is considered as a constant perturbation. In that case ( )0
sin 0

q
Sin n n=Δ = −  which generates self-

coupling of the mode, because ( )0
00 0κ ≠  [Eq. (13)]. It is true however that this index mismatch 

will cause some loss due to Fresnel reflection. Yet, the small mismatch dictates a negligible 
reflection loss which is roughly estimated to be of ~0.15% at each facet. 

In order to quantify the device performances we first need to define some figures of merit. 
In all examples throughout this paper we have lunched the TM0 mode to the input waveguide 
and used 3D FDTD simulation to compute the electric field at the output. Decomposition of 
the computed field in the basis of the waveguide eigenmodes enables us to determine the 
power transmission of each mode through the device. We make use of these transmission 
results in order to compute three basic parameters: 1. Mode purity - defined as the ratio 
between output mode power (e.g. TM3) and the total transmitted power; 2. Crosstalk - defined 
as 10 times the 'log' of the ratio between the input mode power (i.e. TM0) and the output 
mode power (e.g. TM3); 3. Transmission - defined as the total transmitted power. Mode 
purity is of central importance as it reflects the ability of the device to couple the input mode 
to a specific desired mode rather than to other modes which can be part of the total 
transmitted power. In that manner, the crosstalk parameter is less important and was introduce 
in order to provide a comparison to other papers in the field. The transmission parameter is 
also important as it reflects the transmission efficiency of the device. 

In Fig. 3 we present a numerical 3D FDTD calculation of light propagating through a 
mode converter based on a graded index sinusoidal grating, alongside a graph derived from 
the analytical calculation of the power exchange between the modes [Eqs. (15)-(16)]. The 
parameters used for this simulation are: n0 = 3.2, Δnmax = 0.1, and δ = 2π_/Δβ = 3.59µm. As 
expected, the FDTD simulation shows clear behavior of periodic power exchange, and the 
results are is good agreement with the analytic calculation. If we choose for example (see Fig. 
4), the length of the mode converter to be 6µm (i.e. at the first full power exchange location), 
we obtain high mode purity of 90%. Also, the crosstalk with the TM0 is −15.4dB, and the 
total transmission is 98%. For a longer mode converter of 18µm (i.e. at the second complete 
power exchange location), we obtain a mode purity of 89.2%, crosstalk with TM0 of 
−17.5dB, and transmission of 98.5%. 

 

Fig. 3. TM0 to TM3 mode conversion with a graded index sinusoidal grating - (a) Refractive 
index profile of the device. The right and left uniform sections represent the input and output 
waveguides, and the intermediate segment between them is the converter section; (b) Analytic 
calculation of the power exchange between the two modes; (c) 3D FDTD simulation showing 
the Ey field (out of plane) propagation in the device. 
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Fig. 4. TM0 to TM3 mode conversion with graded index sinusoidal grating - (a) Refractive 
index profile of the device. The right and left uniform sections represent the input and output 
waveguides, and the intermediate segment between them is the converter section; (b) 3D 
FDTD simulation showing the Ey field propagation in the device. Simulation parameters are 
the same as in Fig. 3 except for the converter length which is now restricted to 6μm 
(corresponding to the first complete power exchange location in Fig. 3). Dashed lines mark the 
converter section. 

Realistically, changing the refractive index in a sinusoidal fashion over a very large index 
span is highly challenging. Thus, it is important to explore a simpler case of a rectangular 
grating. For such a case one obtains: 

 ( ) ( ) ( ) ( ) ( ) ( )0 12 1 , ; 2 , sinq q
rect rectn DC n x y n n x y DC c DCπ= =Δ = ⋅ − ⋅ Δ Δ = Δ ⋅ ⋅ ⋅   (8) 

where DC is the duty cycle of the grating. For a duty cycle of 50% ( )0 0q
rectn = =  and ( )1q

rectn =  is 

maximal and equals to ( )1
sin0.63 qn =⋅ Δ  . Similarly to the previous case, phase matching is still 

obtained, and thus one would still expect a complete power exchange to take place. 
Nevertheless, as the coupling coefficient is only 63% relative to the case of a sinusoidal 
grating, the conversion length, which is inversely proportional to the coupling coefficient, will 
increase by a factor of 1.58. 

Another issue to be addressed in the case of a rectangular grating is whether there is 
coupling to radiating modes. In a sinusoidal grating coupling occurs only to a single mode, 
due to the fact that phase matching is satisfied at βj ± 2π_/δ. As we choose δ such that βj - 
2π_/δ = βm (βm represents an eigenmode of the device), βj + 2π_/δ = 2βj - βm which is most 
likely does not represent a waveguide mode (and even in the unlikely event that it is 
representing an eigenmode, the coupling coefficient to this mode is expected to be small 
because the graded index profile in x axis is not optimized for this mode). Also, in the case of 
coupling a lower mode to a higher mode (i.e. βj > βm) one obtains 2βj - βm > βj and thus the 
term 2βj - βm cannot represent a radiating mode which is above the “light line”. On the other 
hand, in rectangular grating phase matching is satisfied at βj ± q·2π_/δ = βj(1 ± q)   q·βm, and 
βj(1-q) + q·βm can contain modes which are above the “light line”. Fortunately, the Fourier 
coefficients of a rectangular grating decay as a 'sinc' function and even more importantly the 
coupling coefficients are quickly vanishing due to poor overlap between the TM0 mode and 
the plane waves radiating modes. Therefore coupling to radiating modes is expected to be 
negligible. This conclusion is in good agreement with simulation results provided in the 
following section. 

In Fig. 5 we present a 3D FDTD simulation of light propagation through a rectangular 
grating based mode converter with n0 = 3.2, Δnmax = 0.1, DC = 50%, δ = 3.59µm and 9µm 
long mode converter. This length was chosen in order to coincide with the first complete 
power exchange. In that case, we obtain mode purity of 92%, crosstalk with TM0 of −17.5dB 
and transmission of 96.5%. As discussed in the previous section, some of the transmission 
losses may be caused by coupling to radiating modes. Additionally it can be caused by 
Fresnel reflections at the interface of the mode converter having n0 = 3.2 which is slightly 
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lower than the bulk Si materials used for the construction of the input and output waveguides. 
Although both loss mechanisms were not computed directly from the presented results, the 
high transmission relative to the sinusoidal grating (additional losses of only 1.5%) supports 
the claim that coupling to radiating modes is indeed small, especially when considering the 
additional loss mechanism of Fresnel reflections. Comparing the mode purity result to the 
case of a sinusoidal grating shows that it is ~2% higher. We believe that further optimization 
of grating's period in the sinusoidal case, in order to fine tune the 'phase matching' condition 
will cancel this difference. Later on, when we perform a precise comparison between the 
different structures we will get back to this point. We also notice (not presented in the Figure) 
that there is still a periodic power exchange, as expected. 

Next, we discuss the practical implementation of the proposed device. As mentioned 
before the obtained index profile should be achieved by the effective index medium and thus 
is discrete along the transverse direction. This is in contradiction to the previous examples, in 
which a continuous refractive index profile was assumed along the transverse axis. The 
discrete profile is approximated according to the EMT by varying the portion (i.e. the duty 
cycle) of Si and air in each period of the rectangular grating. Figure 6(a) shows the ideal 
continuous refractive index profile with rectangular grating (identical to Fig. 5(a)). Figure 
6(b) shows the physical structure to be implemented in silicon. Figure 6(c) shows the obtained 
discrete refractive index profile according to the EMT. 

 

Fig. 5. TM0 to TM3 mode conversion with graded index rectangular grating - (a) Refractive 
index profile of the device. The right and left uniform sections are the input and output 
waveguides, and the intermediate segment between them is the converter section; (b) Analytic 
calculation of the power exchange between the two modes; (c) 3D FDTD simulation of the Ey 
field (out of plane) propagation in the device. 
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Fig. 6. Mapping between the EMT based graded index profile and the physical structure. (a) 
the desired refractive index profile (identical to Fig. 5(a); (b) the physical binary grating 
structure; (c) the obtained discrete refractive index profile. 

4. Numerical simulations 

4.1 Design guidelines and considerations of a real device 

After presenting the basic concept of the proposed device we can now turn to discuss the 
practical considerations and guidelines for determining the parameters of a real device in 
which the transverse refractive index profile is achieved by using a subwavelength grating 
following the effective medium concept. We devote this section to the design of an actual 
structure for the purpose of TM0 to TM3 mode conversion. It should be noted that while the 
polarization is TM from a waveguide perspective, it is TE from grating point of view. This 
observation becomes important when calculating the effective index according to Eqs.(1)-(4). 

The basic structure, in which we incorporate the mode converter, is a standard SOI 
waveguide having cross sectional dimensions of 340nm height and 2µm width. We chose this 
width in order to obtain a reasonable difference in β between TM0 and TM3 modes. A wider 
waveguide results in a nearly undistinguishable wavevectors (βm ≈ βj) and it will be nearly 
impossible to couple energy from one mode to another. 

First we need to determine the values of n0, Δnmax, n1 and n2. As already mentioned, n0 and 
Δnmax should be smaller than nSi in order not to exceed Si refractive index. Still, there are 
additional considerations which one needs to take into account. On the one hand, higher 
values of n0 and Δnmax will maximize the coupling coefficient, which is proportional to 

( ) ( ) ( ) ( )0 0, 2 ,q qx y n n x yεΔ = ∈ ⋅ Δ   ( 0∈ is the vacuum permittivity). This is desired, as it 

provides a shorter coupling length and makes the device less sensitive to β mismatch (see Eqs. 
(15)-(16)). On the other hand the combination of n0, Δnmax, n1 and n2 affects the minimal 
feature size of Si and air, and one should choose their combination taking into account 
fabrication constraints. In our design, we restricted the minimal period to be Λ = 200nm and 
the minimal feature size (of either Si or air gap) to be 50nm. These are typical values that can 
be fabricated with modern technology. Moreover, lower values of n0 will increase Fresnel 
reflections and losses in the mode converter facets due to the index mismatch to nSi. Taking 
the above mentioned considerations into account, we find the values of n0 = 3.35, Δnmax = 
0.055, n1 = 3.46 and n2 = 3.22 to be reasonable. This set of parameters was chosen as it 
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provides the shortest coupling length (< 20μm) among many sets of parameters that were 
considered. With these values we can implement 10 periods over the waveguide's width with 
Λ = 200nm and the minimum features size of air gap and Si are ~50nm and ~62nm 
respectively. 

Next, we need to determine the grating's period along the propagation direction. A 
commercial-grade simulator eigenmode solver and propagator [43] was used to perform the 
calculations of the field profiles and the effective indices of the modes. As explained before, 
in order to avoid self coupling, all calculations were performed on a waveguide with n0 as the 
bulk core index. The effective indices of the modes at the target wavelength of 1550nm are 
2.591 and 2.186 for TM0 and TM3 respectively. Those values were used to calculate the 
grating period δ = 2π/ (βTM0-βTM3) = 3.84μm. As explained before, in order to maximize the 
first Fourier component of the dielectric perturbation we chose a grating duty cycle of 50%. 
Because n0 is an approximation of the 'dc' term of the refractive index of the structure using 
the EMT, further optimization of the grating period is needed in order to fine tune the 'phase 
matching' condition. After some iterative simulations, with 'mode purity' as the basic criterion 
for optimization, the exact period was determined to be 3.64µm. The same optimization 
procedure will be performed also for the continuous sinusoidal and rectangular gratings 
presented later as a bench-mark comparison, as the effective 'dc' term of the refractive index 
for each structure is not exactly the same. 

The last parameter to be defined is the required etching depth. As previously mentioned, 
our goal is to construct a device with effective index profile which is varying around an 
average value of n0 = 3.35 with a maximal variation of Δnmax = 0.055, using alternating layers 
which have bulk indices of n1 = 3.46 and n2 = 3.22. While the refractivew index of 3.46 is the 
bulk index of silicon, the other refractive index of 3.22 has to be artificially generated via 
etching, knowing that it is possible to obtain similar mode index for two waveguides with 
different core materials simply by controlling their geometry. Accordingly, we have 
calculated the TM0 mode index of a 2µm x 340nm waveguide with 3.22 core index and 
obtained 0 2.444TM

effn = . The same mode index was achieved by considering a silicon 

waveguide (bulk index of 3.46) with a cross section of 2µm x 290nm. Thus, etching depth of 
50nm relative to the original height should be sufficient in order to achieve 3.22 effective bulk 
index. 

Figure 7 shows 3D conceptual model of the device designed according to the above 
parameters. In Fig. 8(a) we present the actual refractive index profile of the device. 

 

Fig. 7. 3D conceptual model of the proposed device. 

4.2 Results 

A commercial-grade simulator based on the finite-difference time-domain method [44] was 
used to perform 3D beam propagation through the EMT based graded index rectangular 
grating mode converter. In Fig. 8(b) we present the Eŷ field profile along the device, together 
with the analytic calculation of the power exchange between the modes [Fig. 8(c)]. The length 
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of the mode converter is 18.5µm. We obtained mode purity of 96.8%, crosstalk with TM0 of 
−23.9dB, and the total transmission of 96%. In the next section we will compare these results 
to those obtained with the continuous sinusoidal and rectangular structures. 

We also tested the TM0 to TM3 mode converter spectral sensitivity around the design 
wavelength of 1550nm. The results are plotted in Fig. 9 where it can be seen that the device 
maintains mode purity above 90% and crosstalk of less than −12.5dB for about 25nm spectral 
range. We believe that the bandwidth can be further optimized by changing the design 
parameters of the device (e.g. n0, n2 and etching depth). 

 

Fig. 8. TM0 to TM3 mode conversion with EMT based graded index rectangular grating - (a) 
Refractive index profile of the device. The right and left uniform sections represent the input 
and output waveguides, and the intermediate segment between them is the converter section; 
(b) 3D FDTD simulation of the Ey field (out of plane) propagation in the device; (c) Analytic 
calculation of the power exchange between the two modes. 

 

Fig. 9. Mode purity, transmission and crosstalk vs. wavelength for the TM0 to TM3 mode 
converter. 

4.3 Comparison to continuous sinusoidal and rectangular structures 

In this section we compare the performance of our device presented in section 4.2 to the cases 
of ideal structures (i.e. not based on the effective index concept) varying in a sinusoidal or 
rectangular fashion. All the parameters are the same as for the aforementioned device, except 
for the grating's period which, as mentioned before, was optimized separately for each case to 
maximize the mode purity. In both cases we obtained highest mode purity with grating period 
of 4.02µm. The comparison summary is presented in Table 1. 
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Table 1. Comparison between the ‘ideal’ structures and the real device 

Parameter 'Ideal' 
Sinusoidal

'Ideal' 
Rectangular

Real Device 

Mode Purity 96.1% 96.1% 96.8%
Transmission 98.3% 96.7% 96%
Crosstalk −25.7dB −23.3dB −23.9dB 
Coupling Length 11µm 18.5µm 18.5µm

As can be observed, the ideal sinusoidal structure shows better performances in its 
transmission and crosstalk, although the differences are minor. The ideal rectangular structure 
is similar to the real device in all three figures of merit. Comparing the performances of both 
the ideal rectangular structure and the real device to the ideal sinusoidal structure, it is again 
evident that losses caused by coupling to radiating modes and Fresnel reflections at the 
interface between the waveguides and the mode converter are very small, in the order of ~2%. 
Coupling length for the rectangular structures is longer than achieved by the sinusoidal 
structure by a factor of 1.68 which is in fair agreement with the expected factor of 1.58. 

4.4 Mode conversion between symmetric and anti-symmetric modes 

To demonstrate the capability of the effective medium approach to perform mode conversion 
to both symmetric and anti-symmetric modes we show two additional examples of mode 
converters designed for coupling TM0 to TM2 and TM0 to TM1 modes, following the design 
guidelines mentioned before. In Fig. 10 we present the calculated Eŷ field profile along the 
device. Efficient conversion of TM0 to TM1 for a 2µm wide waveguide is challenging, 
because their wavevectors are very close, preventing from coupling to occur, as explained 
before. Therefore, TM0 to TM1 mode conversion was demonstrated for a 1µm wide 
waveguide, where their wavevectors are distinguishable. For TM0 to TM1 coupling and 
device length of 20µm we obtained mode purity of 96.4%, crosstalk with TM0 of −27.9dB, 
and total transmission of 97%. For TM0 to TM2 coupling and device length of 19µm we 
obtained mode purity of 93.9%, crosstalk with TM0 of −45.1dB, and total transmission of 
97%. 

 

Fig. 10. TM0 to TM1 and TM2 mode conversion with EMT based graded index rectangular 
grating - (a) 3D FDTD simulation of the Ey field (out of plane) propogation in a TM0 to TM1 
mode converter. Simulation parameters are: n0 = 3.35, Δnmax = 0.055, Λ = 100nm, etching 
depth of 50nm, δ = 5.3μm, DC = 50%, and converter length of 20μm. (b) 3D FDTD simulation 
showing the Ey field (out of plane) propogation in a TM0 to TM2 mode converter. Simulation 
parameters are: n0 = 3.35, Δnmax = 0.055, Λ = 200nm, etching depth of 50nm, δ = 7μm, DC = 
50%, and converter length of 19μm. 

5. Discussion and summary 

A mode converter based on graded index co-directional grating coupler in SOI is proposed, 
designed and analyzed. Design considerations are discussed in details. The proposed concept 
is attractive mainly for realizing mode division multiplexers and de-multiplexers. This can be 
achieved e.g. by fabricating few single mode waveguides on a single chip, converting the 
fundamental mode in each of these waveguides to a different higher mode and finally 
combine the outputs of these waveguides into a single multimode bus waveguide or fiber. The 
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proposed approach can also be useful for coupling between various waveguides (e.g. photonic 
crystal or slot waveguides). We showed that the mode converter can couple between different 
symmetric and asymmetric modes which are propagating in a single multimode waveguide. 
Mode purity of ~96%, crosstalk with the input mode better than −23dB, and transmission 
better than 96% can be obtained, with device length of ~20µm, over ~25nm spectral 
bandwidth around the design wavelength of 1550nm. Device length can be further reduced, 
e.g. by choosing a transverse index profile different than the one in Eq. (7), to maximize the 
coupling efficiency (i.e. field overlap). Alternatively, the device length can be reduced by 
using higher refractive index modulation, albeit at the expense of increased fabrication 
complexity. 

Mode converters can be designed to perform optimal coupling between two specific 
desired modes, while barely affecting other modes. Accordingly, one can think of 
superimposing several such devices within the bus waveguide. As an example, with proper 
design such that several mode converters will all have the same coupling length (e.g. by 
wisely choosing transverse index profile or Δnmax), one may use this concept to implement a 
multi-mode to a single mode converter. 

As a final comment, for all the examples provided in the paper we have assumed an SOI 
platform with silicon as a core, and air as an upper cladding. However, for many practical 
applications, silica upper cladding may be preferred e.g. as a passivation layer. It should be 
noted that our approach can easily support such geometry. While the same principles and 
guidelines mentioned in the text should still be valid, the optimized values of the parameters 
will obviously be different in order to account for the effect of replacing the upper air 
cladding with silica upper cladding. 

6. Appendix - Coupled mode theory 

The basic equations and principles of the CMT used in the paper were introduced in [39,40]. 
Here we only present briefly the final equations needed for understanding the concept of 
'phase matching’, ‘coupling coefficient’, 'field overlap' and the analytic calculation of the 
power exchange in a co-directional coupler. 

In the proposed device we assume the perturbation to be periodic in the propagation 
direction z. The dielectric function of the structure is written as 

 ( ) ( ) ( )0x,y,z x,y,z x,y,zε ε ε= + Δ  (9) 

where ε0(x,y,z) is the unperturbed dielectric media and Δε(x,y,z) represents the periodic 
perturbation of a period δ. It is assumed that the perturbation is weak relative to ε0(x,y,z). 

According to the CMT the perturbation results in energy coupling between one mode and 
another. The electric field propagated in a perturbed waveguide which supports M modes, is 
represented by a superposition of all the possible Em(x,y) eigenmodes 

 ( ) ( ) ( ) ( )

1

, , , , m

M
i t z

m mE x y z t A z E x y e ω β−=  (10) 

where m is the mode subscript, Am(z) is the amplitude, βm is the propagation constant in the z 
direction corresponding to the mth guided mode and ω is the angular frequency. Am is z 
depended so it reflects the energy coupling between guided modes due to the perturbation. 

Given the fact that the dielectric perturbation is periodic in z we can expand it as a Fourier 
series and retrieve Am(z), which represents the amplitude evolution along the propagation axis, 
by the following set of differential equations 

 ( )
2

m j
q

i z
q

m mj j
j q

d
A i A e

dz

πβ β
δκ

 − − 
 = −   (11) 
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( )q
mjκ  is the coupling coefficient which reflects the coupling strength of the jth mode to the mth 

mode due to the qth Fourier coefficient of the perturbation's Fourier expansion. It is defined as 

 ( ) ( ) ( ) ( ) ( )* , , ,
4

q q
mj m jE x y x y E x y dxdy

ωκ ε
∞ ∞

−∞ −∞

= ⋅ Δ ⋅    (12) 

where ( )qεΔ   is the qth Fourier coefficient of Δε(x,y,z). The coupling length is inversely 

proportional to ( )q
mjκ . 

As stated before, according to Eq. (11), assuming the amplitude Am(z) is varying slowly in 
space, coupling will occurs near the “phase matching” condition, i.e. (βm - βj - 2π_q/δ) =0. For 
this to happen the grating period should be chosen as to compensate for the β mismatch of the 

two modes. In addition, according to Eq. (12), for a constant perturbation, ( )qεΔ   will also be a 
constant and the coupling coefficient will vanish due to the orthogonality of the modes. 

Therefore, ( )qεΔ   must vary along (x,y) in order to maximize the overlap integral in Eq. (12) 
by as much as needed so as to achieve a desired coupling length. An example for choosing 
Δε(x,y,z) is presented in the main text where we assumed refractive index perturbation as in 

Eq. (7). Substituting ( ) ( ) ( ) ( )0 0, 2 ,q qx y n n x yεΔ = ∈ ⋅ Δ   into Eq. (12) we obtain: 

 ( ) ( ) ( ) ( ) ( )*0 0 , , ,
2

q q
mj m j

n
E x y n x y E x y dxdy

ωκ
∞ ∞

−∞ −∞

∈
= ⋅ Δ ⋅    (13) 

By combining this term, e.g. with ( )qnΔ   from Eq. (6)-(7) we get 

 ( ) ( ) ( ) 221 0 0
max , ,

2
q

mj m j

n
n E x y E x y dxdy

ωκ
∞ ∞

=

−∞ −∞

∈
= Δ ⋅ ⋅   (14) 

which enables coupling length of only few microns in the case of TM0 to TM3 coupling using 
the sinusoidal grating presented in section 3. 

The proposed device is actually a co-directional coupler which couples two eigenmodes 
propagating along the same direction in a single multimode waveguide. Solving the coupled 
mode equation [Eq. (11)] in a case of co-directional coupler, would reveal a periodic 
exchange of power between the modes along the propagation [39]. The solution of the 
coupled mode equations in a case of phase matching is 

 ( ) ( ) ( )
( )

( ) ( )12
1 1 2cos 0 sin 0

q

A z sz A i sz A
s

κ
= ⋅ − ⋅  (15) 

 ( )
( )

( ) ( ) ( ) ( )
*

12
2 1 2sin 0 cos 0

q

A z i sz A sz A
s

κ
= − ⋅ + ⋅  (16) 

where ( ) ( )
2

*2
12 12 2

q qs
βκ κ Δ = +  

 
 and 

2
m j

qπβ β β
δ

Δ = − − . 
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