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Abstract: Subwavelength grating (SWG) waveguides are integrated photonic structures with 
a pitch substantially smaller than wavelength for which they are designed, so that diffraction 
effects are suppressed. SWG operates as an artificial metamaterial with an equivalent 
refractive index which depends on the geometry of the structure and the polarization of the 
propagating wave. SWG waveguides have been advantageously used in silicon photonics, 
resulting in significant performance improvements for many practical devices, including 
highly efficient fiber-chip couplers, waveguide crossings, broadband multimode interference 
(MMI) couplers, evanescent field sensors and polarization beam splitters, to name a few. Here 
we present a theoretical and experimental study of the influence of disorder effects in SWG 
waveguides. We demonstrate via electromagnetic simulations and experimental 
measurements that even a comparatively small jitter (~5 nm) in the position and size of the 
SWG segments may cause a dramatic reduction in the transmittance for wide (multimode) 
SWG waveguides, while for narrow (single mode) waveguides this effect is negligible. Our 
study shows that the impact of the jitter on SWG waveguide performance is directly related to 
the modal confinement. 
© 2017 Optical Society of America 
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1. Introduction 

An optical waveguide core comprising a grating with a period (pitch) smaller than one half of 
the wavelength for which it is designed to operate, behaves as an artificial metamaterial with 
an equivalent refractive index which depends on the geometry of the structure and the 
polarization of the incident wave [1–3]. Since the first experimental demonstration of an 
optical waveguide with a subwavelength periodic core [4], these structures, also called 
subwavelength gratings (SWGs), have found many applications in integrated optics, for 
example as highly efficient fiber-chip couplers [3–9], low-loss waveguide crossings, 
evanescent field sensors [10,11], broadband directional couplers [12] and multimode 
interference (MMI) [13] couplers, polarization beam splitters [14–16], wavelength division 
[4] and mode division [17] multiplexers, delay lines [18], Fourier-transform spectrometers 
[19] and suspended (membrane) waveguides for mid-infrared applications [20]. Exhaustive 
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reviews of SWG fundamentals and applications can be found in [21, 22]. SWG waveguide 
devices are typically fabricated on the silicon-on-insulator (SOI) platform, where the main 
materials are silicon (nSi ~3.47, waveguide core) and silicon dioxide (nSiO2 ~1.44, cladding). 
The SWG waveguides often comprise a z-periodic segmented core, as first demonstrated in 
[4]. The structure is schematically shown in Fig. 1(a). The grating pitch is sufficiently small 
to support the propagation of guided waves while diffraction and Bragg effects are 
suppressed. A judicious design of the geometrical parameters of the SWG core, i.e. width 
(W), pitch (Λ), and duty cycle (lSi/Λ) allows engineering of the waveguide properties, 
including the mode field confinement, the effective index and the dispersion. 

 

Fig. 1. (a) Geometry of an ideal z-periodic subwavelength grating waveguide (light propagates 
along the z direction), as first demonstrated in ref [4]. (b) A subwavelength grating waveguide 
with random variations (jitter) in the positions and dimensions of the silicon segments due to 
fabrication imperfections. 

In this work, we report a detailed study of the effects of fluctuations in waveguide 
geometry [see Fig. 1(b)], also called jitter, inherent to any fabrication process, on the 
performance of SWG waveguide structures. While the effects of fabrication imperfections in 
conventional channel waveguides and photonic crystal slab waveguides have been 
extensively studied in the past (see e.g [23]. for a comprehensive review on this topic), the 
effect of the jitter on the performance of periodic SWG waveguides has not yet been reported. 
In agreement with previous experimental results demonstrating high performance single mode 
SWG structures, we find that the effect of a moderate jitter on narrow waveguides (single 
mode, W ∼0.5 µm) can be negligible. However, we show that for wider waveguides 
(multimode, W > 1 µm) even a small jitter can produce strong random variations in 
waveguide transmittance, substantially degrading device performance. Specifically, by using 
electromagnetic simulations and experimental measurements, we find that a jitter as small as 
5 nm (2.5% of a typical SWG pitch Λ = 200 nm) in a 3 µm wide SWG waveguide can induce 
a propagation loss penalty of ∼3 dB per 100 µm as well as significant back-reflections. It is 
found that both propagation loss and reflectance vary strongly with wavelength and the 
specific geometry of the jitter. 

This paper is organized as follows. In the next section we define the test structures and 
parameters which will be used to analyze the effects of the jitter. In sections 3 and 4 we report 
on simulation studies and experimental measurements, and evaluate the statistical 
significance of the results. In section 5, we outline an intuitive explanation of the underlying 
physical phenomena and their implications for jitter influence in different waveguide 
geometries. Finally, the conclusions are drawn. 

2. Definitions of the test structures and parameters 

Figure 2 shows the schematics of the basic test structure used throughout in this work. The 
structure comprises a wide SWG waveguide and two adiabatic tapers to convert the mode of 
the interconnecting Si-wire waveguide to the SWG waveguide mode [24]. The nominal width 
of the SWG waveguide (W = 3 µm) is chosen large enough to assure a strong lateral 
confinement of the fundamental Floquet-Bloch mode. The grating pitch Λ = 200 nm was 
selected safely below the Bragg period (ΛB ~280 nm at Ȝ = 1.47 µm), to minimize losses due 
to the Bragg effect. The SWG waveguide comprises N = 200 periods, with the total grating 
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length of L = 200·Λ = 40 µm. The nominal duty cycle was chosen as DC = lSi / Λ = 50%, as it 
provides sufficient vertical confinement to mitigate power leakage to the silicon substrate 
[25]. Another important consideration when choosing this initial set of geometrical 
parameters was our interest in the jitter influence on a realistic structure related to a practical 
application, namely an ultra-broadband 2 × 2 MMI coupler, which we recently reported using 
the same technological platform [13]. 

 

Fig. 2. Schematics of the nominal test structure. Light from an input silicon wire waveguide is 
coupled via an adiabatic taper into a wide SWG waveguide with a specifically engineered jitter 
distribution, and subsequently coupled via the second adiabatic taper to a silicon wire output 
waveguide. Segments with red contours represent jittered silicon strips. I, T and R denote the 
input, the transmitted and the reflected light, respectively. (a) Top view and (b) side view. 
Dimensions are not to scale. 

In the following we will focus on jitter in the longitudinal (z-constant) interfaces of the 
silicon segments. The effect of the jitter in the lateral interfaces can be considered negligible 
compared to the longitudinal jitter, because of the large mode size in lateral direction, hence a 
substantially reduced mode overlap with the lateral interfaces. The nominal period of the 
structure is shown in Fig. 3(a), with a silicon stripe nominal length lSi = 100 nm placed at the 
center of the grating period of Λ = 200 nm. For a displacement δ of both longitudinal 
interfaces in opposite directions, which we refer to as even jitter, the structure remains 
symmetric within the period while the duty cycle changes, as illustrated in Fig. 3(b). On the 
other hand, for a displacement of both interfaces in the same direction [Fig. 3(c)], which we 
refer to as odd jitter, the duty cycle remains constant, but the structure is no longer symmetric 
within the period. These two respective jitter definitions are chosen with a practical 
consideration in mind: an ideal z-periodic waveguide can be represented as a concatenation of 
symmetric periods with a specific duty cycle, so the natural way of studying the effect of 
fabrication imperfections is to analyze the influence of fluctuations in the waveguide 
symmetry (odd jitter) and the duty cycle (even jitter). 

To design the test structures we first generate a vector of displacements δ, which is a 
sequence of 200 random numbers (one for each period of the test structure) following a 
normal distribution with zero mean and standard deviation (jitter strength) σ. Then we obtain 
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a specific realization, which is a test structure built from the generated jitter sequence δ where 
one of the two types of jitters (even or odd) is applied. In the case of even jitter, the i-th 
element of δ is subtracted from the start position of the i-th segment and added to the end 
position of the i-th segment [Fig. 3(b)]; in the case of odd jitter, the i-th element of δ is added 
to both the start and end position of the i-th segment [Fig. 3(c)]. Note that two test structures 
with the same jitter strength (σ) and the same type of jitter (even or odd), but defined from 
two different jitter sequences δ1 and δ2, are actually two different realizations of the same 
experiment. Figure 3(d) shows a scanning electron microscope (SEM) image of one of the 
fabricated test structures, which was defined using odd jitter with σ = 20 nm. The periodicity 
fluctuations in this jittered SWG waveguide can be clearly observed. 

 

Fig. 3. (a)-(c) Jitter geometrical definition. (a) No jitter. The nominal period is symmetric with 
a duty cycle DC = 50%. (b) Even jitter. The period remains symmetric but the duty cycle 
fluctuates around 50%. For δ > 0 the Si stripe is longer than nominal, i.e. DC > 50%. (c) Odd 
jitter. The DC remains constant (50%) but the period is no longer symmetric. For δ > 0 the Si 
stripe shifts to the right. (d) Scanning electron microscope (SEM) image of a fabricated SWG 
waveguide structure (top view). The image shows the end of the wire-to-SWG taper (left) and 
the first 22 periods of the SWG waveguide, where the effect of the jitter (σ = 20 nm, 
intentionally generated) is clearly visible. 

A comprehensive set of experiments was carried out to ensure the statistical significance 
of the results. We focused on the analysis of the power transmittance (T), the reflectance (R) 
and the radiation losses (L = 1 – T – R) for different realizations of the test structure, using 
the jitter type (even or odd) and strength (σ) as parameters, for a wavelength range 1470 nm – 
1580 nm. In Table 1, we summarize the different jitter realizations used in this work, for both 
the simulations and experimental studies. 

Table 1. Summary of specific jitter realizations utilized in the simulations and 

experimental studies 

 
 RN  Nλ  σ (nm) Jitter type 

Section 3: Simulation results

2D 11 111 2, 5, 10, 20 Odd 
2D 200 1 0, 2, 5, 10, 20 Odd & Even 
3D 1 61 0, 2, 5, 10, 20 Odd & Even 

Section 4: Experimental results 4-11 11001 
0, 2, 5, 10, 20 Odd 

0, 1, 2.5, 5, 
10 

Even 

RN  is the number of different realizations for each jitter strength (σ) and type. Nλ

is the number of points in the wavelength sweep for each jitter strength (σ) and type. 

3. Simulation results 

While most of the simulations were carried out using our 2D simulation tool based on the 
Fourier Eigenmode Expansion Method (F-EEM) [26], the accuracy of these results was 
examined using rigorous 3D full-vectorial simulations [27]. We have also employed the 3D 
simulation tool to design the adiabatic tapers that connect the Si-wire to the SWG waveguide 
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at both sides of the test structure. Figure 4 shows the xz cut of the electric field distribution 
propagating through two of these tapers arranged in a back-to-back configuration (Ltaper = 20 
ȝm). The calculated insertion losses are well below 0.1dB. 

 

Fig. 4. Calculated electric field distribution (xz plane) propagating through two adiabatic tapers 
arranged in a back-to-back configuration. Simulation was performed with a 3D full-vectorial 
analysis tool [27]. 

Figure 5(a) shows the transmittance spectrum of the structure for three jitter strengths (σ = 
2 nm, 10 nm, 20 nm) and odd jitter, as calculated by 2D F-EEM. Although we simulated 11 
different realizations for each σ, for the sake of clarity only two are shown in Fig. 5(a). It is 
observed that the jitter can dramatically affects the transmittance of a wide SWG waveguide. 
For σ = 20 nm (10% of the grating pitch), the transmittance is reduced to near zero for the 
simulated spectral range. For σ = 10 nm (5% of the pitch), the transmittance shows a 
pronounced wavelength dependence. The influence of the jitter is noticeable even for a jitter 
strength as small as σ = 2 nm (1% of the pitch), although the effect on the transmittance is 
much smaller in this case. It can also be observed that two different realizations of the same 
jitter parameters, i.e. two different structures with the same jitter strength (σ) and type (odd 
and even) result in substantially different transmittance spectra. 

To address this issue of transmittance variations with different jitter realizations and to 
obtain a quantitative description of the jitter effect, we have defined two types of averages. 
First, for a specific realization, we define the Wavelength Averaged Transmittance Tλ  as: 

 
1

1
(realization ) · ( , realization ),

N

m n m

n

T T
N

λ

λ
λ

λ
=

=   (1) 

where Nλ  is the number of wavelength points in the spectral sweep. 

Second, we define the Realization Averaged Transmittance RT  as the mean value of the 

transmittances for RN  different realizations with the same jitter type and strength, for a given 

wavelength: 

 
R

R
1R

1
( ) · ( , realization ).

N

n n m

m

T T
N

λ λ
=

=   (2) 

Corresponding definitions have also been used to calculate the reflectance and the radiation 
loss averages. 
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Fig. 5. Calculated transmittance for SWG waveguide structures with odd jitter. (a) 
Transmittance (T) as directly calculated using 2D F-EEM, for jitter strengths σ = 2 nm, σ = 10 
nm and σ = 20 nm. Two different realizations are shown for each value of σ (solid and double 
line with the same color). Results for σ = 5 nm are not shown here to simplify the 

visualization. (b) Wavelength averaged transmittance T
λ

 for different realizations, with the 

jitter strength σ as a parameter. (c) Realization averaged transmittance 
R

T  wavelength 

dependence and (d) corresponding histogram for jitters strengths σ = 2 nm, 5 nm, 10 nm and 
20 nm. 

Figure 5(b) shows the wavelength averaged transmittance T
λ

 for each of the 11 

calculated realizations, with the jitter strength σ as a parameter. Interestingly, the curves in 
Fig. 5(b) resemble those for the averaged transmittance RT  dependence on wavelength shown 

in Fig. 5(c). This similarity between the two sets of curves is a strong indication that 
wavelength and realization averaging results converge to each other if the number of samples 
is large enough. This hypothesis will be validated further in this paper via comprehensive 
simulations. Finally, in Fig. 5(d) we plot the histograms obtained from the results shown in 
Fig. 5(c). It is observed that for σ = 5 nm and 10 nm, the averaged transmittance distributions 
are comparatively broad, which is a consequence of the significant wavelength dependence of 
the realization averaged transmittance, while when the jitter is substantially reduced (σ = 2 
nm) or increased (σ = 20 nm), the distributions are narrow and concentrated near 1 and 0, 
respectively. 

The results presented in Fig. 5 are based on approximately 5000 single-wavelength 
simulations, which only is practically computationally possible if the problem is solved in 2D, 
with the structure schematically shown in Fig. 2(b). Although the 2D approximation is 
expected to be accurate since the width of the segments (W = 3 µm, in lateral dimension, x) is 
much larger compared to segment thickness (0.22 µm, in transverse direction, y), we also 
examined the accuracy of our results using a rigorous 3D full-vectorial analysis tool [27]. A 
comparison between 2D and 3D simulation results is presented in Fig. 6, showing a good 
agreement between the two, especially for the transmittance curves. This agreement is quite 
remarkable considering that each point of the 2D curves was obtained as the average of 200 
different realizations for a single wavelength, whereas each point of the 3D curves was 
calculated, for a single realization, as the wavelength average of 61 simulation points within 
the wavelength range 1.4 µm - 1.7 µm. Therefore, the curves shown in Fig. 6 not only 
validate the accuracy of our 2D simulations, but they also confirm that wavelength and 
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realization averages lead to the same results, as previously pointed out. This also means that 
we can expect statistically significant experimental results by measuring the wavelength 
response of a comparatively small set of fabricated realizations. 

 

Fig. 6. SWG waveguide transmittance, reflectance and radiation losses, as calculated by 2D 
and 3D simulations. (a)-(c) Odd jitter, (d)-(f) Even jitter. Each point of the 2D curves is 
calculated as the average of 200 different realizations for a single wavelength (realization 
averaged). Each point of the 3D curves is calculated as the average of 61 wavelengths for a 
single realization (wavelength averaged). 

We also studied the influence of the jitter strength and type on the averaged transmittance, 
reflectance and radiation losses. It was found that even a comparably small jitter produces a 
significant reduction of the transmittance, as can be seen in Figs. 6(a) and 6(d). This effect is 
slightly stronger for even jitter than for odd jitter, but in both cases the jitter should be limited 
to about 2.5 nm or less, for the transmittance T > 0.9. The averaged reflectance grows rapidly 
for small values of σ, but the curves flatten for large jitter strengths, as shown in Figs. 6(b) 
and 6(e), while the reflectance is higher for odd jitter compared to even jitter. The input 
power which is neither transmitted nor reflected is lost by radiation. Our simulations also 
predict a substantially higher radiation losses for the even jitter compared to the odd jitter, as 
shown in Figs. 6(c) and 6(f). 

4. Experimental results 

The jitter effects studied by simulations have been corroborated through comprehensive 
experimental studies. More than 70 different test structures were fabricated on a silicon-on-
insulator wafer with 220 nm Si layer using electron beam lithography and reactive ion 
etching. A 3-ȝm-thick SiO2 upper cladding layer was deposited using plasma-enhanced 
chemical vapor deposition. Broadband and efficient fiber-chip light coupling was achieved 
with subwavelength engineered mode transformers [3–5]. Since these mode transformers are 
narrow waveguides with a reduced modal confinement for optimum matching with the fiber 
mode, they are not substantially affected by jitter, as it will be discussed later in this paper. 
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Transmittance and reflectance were measured for the nominal design polarization (transverse 
electric, TE) as a function of wavelength and then normalized using a reference waveguide. 
Finally, the measurements were averaged to allow for a direct comparison with the simulation 
results shown in previous section. 

 

Fig. 7. Measured transmittance for different jitter strengths (odd jitter). (a) Raw measurements 
for: σ = 0 nm, σ = 10 nm, σ = 20 nm. Curves for σ = 2 nm and σ = 5 nm have not been drawn 

for the sake of clarity. (b) Wavelength averaged transmittance T
λ

 for different realizations. 

(c) Realization averaged transmittance 
R

T  as a function of wavelength. (d) Histograms of 

the realization averaged transmittance 
R

T . 

For the odd jitter, we fabricated and characterized test structures with jitter strengths σ of 
0 nm (4 realizations), 2 nm (4 realizations), 5 nm (6 realizations), 10 nm (11 realizations) and 
20 nm (11 realizations). For the even jitter, the following jitter strengths were included: σ = 0 
nm (4 realizations), 1 nm (4 realizations), 2.5 nm (6 realizations), 5 nm (11 realizations) and 
10 nm (11 realizations). See Data File 1 to find the jitter induced to each period for all the 
fabricated structures. 

The measured transmittance for the fabricated structures with odd jitter is shown in Fig. 7. 
A comparison with Fig. 5 reveals a good qualitative agreement, confirming that the jitter 
influence is critical for wide SWG waveguides. Indeed, in our experiments a small amount of 
‘uncontrolled’ jitter inherent to the fabrication process is combined with the intentional jitter, 
so the actual jitter strength is slightly larger. We have found that the measurements for σ = 0 
nm and σ = 2 nm [Fig. 7(c), black and cyan lines] closely resemble the simulations for σ = 2 
nm and σ = 5 nm [Fig. 5(c), cyan and green lines], so the uncontrolled jitter floor of our 
fabrication process can be estimated as σF ~2.5 nm. For our patterning process, consisting of 
e-beam lithography with hydrogen silsequioxane (HSQ) resist and reactive ion etching, a 
root-mean-square line edge roughness of σ∼2.2 nm is expected [28], consistent in magnitude 
with the considered jitter floor of 2.5 nm. 

Simulation and experimental results for both types of jitter (odd and even) are shown in 
Fig. 8. It is observed that, if we assume the aforementioned jitter floor of 2.5 nm, the 
agreement is very good, so experimental results validate the main conclusions obtained from 
simulations: i) even a small jitter noticeably affects the transmittance for both jitter types, ii) 
the odd jitter exhibits higher reflectance and lower radiation losses compared to the even 
jitter. 
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Fig. 8. Jitter influence comparison of simulations and measurements. (a)-(c) Odd jitter. (d)-(f) 
Even jitter. 

 

Fig. 9. Analysis of the convergence for calculation of averaged values (odd jitter). (a) 
Averaged measured transmittance, for a single realization, as a function of the wavelength 
discretization used in the averages. (b) Averaged measured transmittance as a function of the 
number of realizations used in the averages. 

Finally, we have analyzed the convergence rates for the calculation of averaged values as 
a function of the wavelength discretization [Fig. 9(a)] and the number of realizations [Fig. 
9(b)]. From these figures it is clear that, as expected, convergence is slower for stronger 
jitters. A wavelength discretization ΔȜ = 1 nm (that is, 111 wavelengths within the range 
[1470 - 1580] nm), assures the convergence to the mean value of the realization under study 
for all jitter strengths, although a reasonable approximation can be also obtained using coarser 
discretizations (ΔȜ ~5 nm). On the other hand, for strong jitters different realizations can lead 
to slightly different wavelength averaged values, [see Fig. 7(b)], so realization average is 
convenient. If we combine both the wavelength and the realization averages, convergence is 
achieved using only 3 - 6 realizations even in the case of strong jitters. 

5. Discussion 

In the previous sections we have studied the effects of the jitter in wide z-periodic SWG 
waveguides through rigorous electromagnetic simulations and experimental measurements of 
different (70) fabricated realizations of test structures. Although the development of a 
comprehensive theoretical framework for the jitter effects is out of the scope of this work, we 
will suggest some plausible arguments providing physical insight into the problem. 
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Specifically, we will discuss differences in jitter influence for wide and narrow SWG 
waveguides, the source of the wavelength dependence in jittered structures, and the rational 
for the close similarity observed between realization and wavelength averages. 

A z-periodic SWG waveguide with jitter can be considered as a superposition of a 
perfectly periodic SWG waveguide and a perturbed structure, as shown schematically in Fig. 
10. Although the exact position and the length of each perturbation depend on the specific 
realization, its statistics are basically determined by the jitter strength σ. These perturbations 
produce a coupling between the forward and the backward propagating Floquet-Bloch modes 
of the unperturbed SWG waveguide. The radiation modes will also be increasingly excited for 
larger perturbations, resulting in radiation losses. 

The amplitude of the backward coupling coefficient ț  at an interface positioned at z = zp 
can be approximated as [29]: 
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where δp is the perturbation length at the interface z = zp, 
2

2 2 2Δ  Si SiOn n n= −  and E(x,y,zp) is the 

transverse electric field distribution of the Floquet-Bloch mode at z = zp. Given that both 
forward and backward modes have the same transverse electric field distribution, we use Ef = 

Eb = E. 

 

Fig. 10. (a) SWG waveguide with jitter is considered as a superposition of an ideal z-periodic 
SWG waveguide and a perturbation structure. (b) Detail schematic of one of the silicon 
segments of the structure with a perturbation sheet of length δp located at one of the segment 
sidewalls. The coupling strength of the field with the perturbation sheet increases with the 
waveguide width (W). 

As it follows from Eq. (3), the amplitude of the coupling coefficient depends on the 
perturbation strength and on the overlap of the two interacting modes at the position of the 
perturbation sheet [Fig. 10(b), red strip]. For a given pitch and duty cycle, the mode 
confinement monotonically increases with the waveguide width W, as does the interaction of 
the field with the perturbation, therefore the jitter influence increases with the waveguide 
width. This means that the jitter influence is more prominent in wide SWG waveguides 
compared to narrow Si-wire waveguides. This finding has been validated by numerical 
simulations, as shown in Fig. 11. For these calculations we have used our 3D full-vectorial 
analysis tool [27], since for narrow Si-wire waveguides the 2D approximation is not adequate. 
Two different regions can be identified in Fig. 11. For W < 1 µm the transmittance degrades 
rapidly with increasing W, as for comparatively narrow waveguides the mode confinement 
substantially depends on the waveguide width. For W > 1 µm, the transmittance changes only 
slightly with the waveguide width since for wider waveguides the mode confinement being 
already high does not change substantially with the waveguide width. These findings also 
support the following argument why jitter effects have not been discussed in previous works 
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on SWG waveguides. Most of previously studied SWG structures in silicon waveguides were 
implemented in narrow (single mode) waveguides, with practically negligible jitter effects. 
For example, considering an SWG structure with W ~450 nm and 200 grating periods and 
assuming a jitter strength σ = 2.5 nm, the calculated transmittance is ~0.95. 

 

Fig. 11. Simulated transmittance as a function of waveguide width W. Jitter strengths σ = 2.5 
nm and 5 nm. The waveguide length is L = 40 µm (200 periods). Simulations were carried out 
with a 3D full-vectorial analysis tool [27]. 

Regarding the wavelength dependent effects observed in wide SWG waveguides, the 
spectral features in Figs. 5(a) and 7(a) are resulting from destructive and constructive 
interferences at specific wavelengths, which in turn depends on the sequence of relative phase 
shifts φ between the perturbations 

 ( )FB FB
2· ·n ,λ

π= β = ⋅d dφ  (4) 

where λ is the wavelength, FBβ  and nFB are the Floquet-Bloch mode propagation constant and 

effective index, respectively, and d is the sequence of distances between the perturbations. 
The sequence of distances d has a random component determined by the sequence of 

random jitter values δ. Since φ is a wavelength dependent scaling of d, the relative phases 
also have a random component. Given the relative phase shifts φ also depends on the 
wavelength, the same realization at different wavelengths can result in very different 
transmittance and reflectance values. As an example, in Figs. 12(a) and 12(c) are shown 
simulated electric field distributions at two different wavelengths, yielding high transmittance 
T ~0.91 for Ȝ = 1.485 µm and reflectance R ~0.8 for Ȝ = 1.510 µm, for a waveguide width W 
= 3 µm and a jitter σ = 10 nm. The electric field distributions corresponding to an ideal SWG 
waveguide (without jitter) are shown for comparison in Figs. 12(b) and 12(d), for both 
wavelengths. 

Regarding the similarity observed between the realization and wavelength averages, an 
argument can be made that the wavelength average of a single realization can be construed as 
an average of Nλ “virtual structures” defined through different phase vectors φ, one for each 
wavelength. This is similar to the realization average of NR structures at a single wavelength, 
each one defined by a different phase vector φ through a specific jitter sequence δ. This can 
plausibly explain the close similarity observed between our realization averaged and 
wavelength averaged results. 
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Fig. 12. Calculated electric field intensity distributions in an SWG waveguide with jitter. 3-
ȝm-wide waveguide with odd jitter σ = 10 nm for (a) 1.485 µm wavelength yielding high 
transmittance and (c) 1.510 µm wavelength yielding high reflectance. (b), (d) Ideal SWG 
waveguide (without jitter) for the same wavelengths. 

6. Conclusion 

The subwavelength grating structures have been used to significantly improve of many state-
of-the-art photonic integrated devices, including fiber-chip couplers, evanescent field sensors, 
multimode interference couplers, wavelength division and mode division multiplexers and 
Fourier-transform spectrometers, to name a few. In this work we studied for the first time the 
effects of jitter in z-periodic SWG waveguides by carrying out rigorous electromagnetic 
simulations and experimental studies. We have found that narrow (single mode) SWG 
waveguides are barely affected by the presence of jitter while the effect of jitter can be critical 
in wide (multimode) SWG waveguides. For example, a jitter of 5 nm (2.5% of the pitch) in an 
SWG waveguide of width W = 3 µm and length L = 40 µm (200 periods), reduces the mean 
transmittance to ~75% (i.e., about 3 dB loss penalty per 100 µm) while the reflectance is 
increased to ~25%. Minimizing jitter is therefore critical when working with multimode SWG 
waveguides. From comparison between simulations and experimental results we have 
estimated that the uncontrolled jitter floor of our fabrication process is around 2.5 nm, which 
is sufficiently low to achieve high performance multimode SWG devices (e.g., ultra-
broadband MMI couplers [13]). Our study paves the way for successful implementations of 
multimode SWG-engineered structures in advanced silicon photonic waveguide circuits. 

7. Appendix 

In the main body of the paper, we have focused on the influence of jitter on the transmission, 
reflection and radiation behavior of the fundamental Floquet-Bloch mode supported by a wide 
multimode SWG waveguide with fixed pitch and duty cycle (Λ = 200 nm and DC = 50% 
respectively), and for a specific number of periods of the test structure (N = 200). In this 
section, we include a set of additional simulation results that confirm that the obtained 
conclusions remain valid even if we vary these values. In the following we will keep the 
waveguide width fixed at W = 3 ȝm, because the impact of waveguide width has already been 
addressed in Section 5. 
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Number of periods 

Figure 13 summarizes the simulation results obtained when the number of periods varies from 
N = 50 to N = 300. We have considered here for simplicity only three jitter strengths (σ = 2 
nm, 5 nm and 10 nm) and the odd jitter type, although conclusions for even jitter will be 
similar. As expected, SWG performance degrades with the number of periods. Although this 
degradation is highly noticeable for strong jitters (e.g. σ = 10 nm), for σ = 2 nm the SWG 
response is barely affected even if the number of periods grows up to N = 300. 

 

Fig. 13. Analysis of the influence of the number of periods (odd jitter). (a) Simulated 
wavelength responses for different number of periods (N = 50, 100, 150, 200, 250, 300). (b) 
Averaged transmittance versus the number of periods. (c) Averaged reflectance versus the 
number of periods. 

Duty Cycle 

The effect of the duty cycle (DC) on the transmittance has been also analyzed. We have 
considered DCs within the range 37.5% - 62.5%, which correspond to a minimum feature size 
of 75 nm for a pitch Λ = 200 nm. As shown in Fig. 14(a), the averaged transmittance 
degrades with the duty cycle. This is expected, because increasing the duty-cycle also 
increases modal confinement and thus the interaction with the perturbation is stronger. This 
effect is only relevant for strong jitters, whereas for small jitters (e.g. σ = 2 nm) the reduction 
of the averaged transmittance is much smaller. 
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Pitch 

The simulated averaged transmittance and reflectance curves as a function of the pitch of the 
SWG waveguide are shown in Figs. 14(b) and 14(c) respectively. The minimum pitch is 
chosen to yield a minimum feature size of the unperturbed SWG waveguide of 75 nm (Λmin = 
2 x 75 nm = 150 nm), whereas the maximum is selected to be just below the Bragg period 
(Λmax = 270 nm < ΛB ~ 280 nm for Ȝ = 1.47 ȝm). It can be clearly seen that the curves suffer a 
noticeable degradation for pitches greater than 250 nm, which is caused by the proximity to 
the Bragg regime. Actually, it is well known that SWG structures are highly sensible to 
fabrication imperfections when the pitch approaches to the Bragg period, so these results are 
consistent with our expectations. 

 

Fig. 14. Simulated averaged values (odd jitter) as a function of (a) the duty cycle (Λ = 200 
nm), (b), (c) the pitch (DC = 50%). 

Higher order modes 

We have performed a brief study of the effect of jitter on higher order modes. Figure 15 
shows the simulated wavelength averaged transmittance for the four guided modes supported 
by the SWG waveguide (W = 3 ȝm) within the working wavelength range (1470 nm – 1580 
nm). It can be seen that transmittance marginally improves with the mode order, which can be 
expected since higher order modes are slightly less confined and therefore the interaction of 
the field with the perturbation is marginally reduced. 

 

Fig. 15. Simulated averaged transmittance for the four guided modes supported by a SWG 
waveguide with W = 3 ȝm (σ = 5 nm, even jitter). Simulations were carried out with a 3D full-
vectorial analysis tool [27]. 
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