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Abstract: The bandwidth of planar waveguide grating couplers is 
theoretically investigated based on the rigorous grating theory. We observe 
that the bandwidth behavior is not only determined by the grating coupler 
intrinsic properties, but also affected by the fiber parameters such as 
position, beam waist and Numerical Aperture. The rigorous bandwidth 
formula is derived. By analyzing the formula, several practical guidelines 
are proposed for grating coupler design and fiber operation in order to 
achieve wideband performance. 
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1. Introduction 

Silicon photonic devices are promising for various optical processing on a dense integrated 
photonic chip fabricated by CMOS compatible technology [1]. Diffraction grating couplers 
provide a practical and effective means of light coupling between fiber and chip. They are 
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easier to package in a monolithic system and capable of multi-port applications. Efficiency 
and bandwidth are two critical specifications of planar waveguide grating couplers. While 
many novel techniques, such as adding bottom reflection mirror [2, 3], apodized grating 
strength [4] and polysilicon overlay [5], were proposed to increase the coupling efficiency, 
only a few attempts have been reported to increase the coupling bandwidth. C. R. Doerr et.al 
first made an approximate calculation of the bandwidth of grating couplers by relating the 
efficiency drop in the coupling spectrum to the wavelength-dependent diffraction angles [6]. 
This approach overestimates the coupling bandwidth, as the grating dispersion effects have 
been neglected. Based on the same understanding, X. Chen et.al gave a supplemental 
discussion with the grating dispersion effects being considered [7]. We gave a different 
explanation on the bandwidth issue, attributing the coupling bandwidth to the mismatch of 
effective indices between the diffracted beam and the actual grating structure around the 
resonance wavelength [8], which more directly reveals the intrinsic bandwidth mechanism of 
grating couplers. However, all these aforementioned studies are only based on simple 
estimations rather than rigorous derivation. Especially, the 1 dB bandwidth coefficient 
introduced as a constant in these bandwidth approximations has no proper physics 
explanation, which is too rough that important details are ignored. In this paper, we derive the 
rigorous bandwidth formula for planar waveguide grating couplers based on the rigorous 
grating theory [9]. We find that the 1 dB coefficient is not a constant value but a function of 
both fiber parameters such as beam waist and position and the grating parameters such as the 
field decay rate of the grating coupler etc. We investigate in detail the effect of each of these 
parameters on the bandwidth behavior. A complete analysis is presented based on the rigorous 
bandwidth formula, which offers new insights on grating bandwidth and also provides 
practical guidelines for grating design and fiber operation for wideband fiber-to-chip 
excitation. In the later discussion, the content is arranged as follows: In section 2, we start 
from the fiber-to-chip input coupling to derive the rigorous bandwidth formula. As a 
verification of the formula, the analytic results are compared with the FDTD simulation and 
reported experimental results for several grating couplers of different structures; in section 3, 
the effect of individual parameter on bandwidth performance is separately investigated, and 
an intuitive physics explanation is then given based on the results; owing to reciprocality of 
fiber-to-chip grating coupling system, the bandwidth formula is also adapt for the chip-to-
fiber output coupling, in section 4, we will discuss and explain the rigorous bandwidth 
formula for the output coupling case. Finally, as a summary, several useful guidelines are 
presented for grating design and fiber operation. 

2. Derivation of rigorous bandwidth formula for fiber-to-chip excitation 

 

Fig. 1. (a) Grating coupler model for fiber to waveguide excitation and wavevector diagram 
(Wave expansion with wavevector from vector Floquet Condition [10]); (b) dispersion 
diagram. 

In this section, we first give a brief introduction of the coupling principle for a fiber-to-chip 
grating system, and an intuitive explanation is presented on the bandwidth mechanism. The 
theoretical model of a planar waveguide grating coupler is shown in Fig. 1(a). Here the 
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rigorous wave expansion from vector Floquet condition is adopted for wavevector illustration. 
There are other completely equivalent rigorous wave expansions given in [10], these 
expansions have different wavevector magnitudes in z axis but their tangential component are 
completely the same along the grating surface. While optical beam is incident into grating 
coupler from the fiber at tilt angle θi, the interaction of the grating in redirecting the incident 
light is simply dividing the incident light into many diffracted inhomogeneous plane waves 
that have directions given by βq = βu-qK, where q = 0, ± 1, ± 2,..., q is the diffracted order 
number, βu is the wavevector of the undiffracted beam (i.e. q = 0), and βq is the wavevector of 
the q diffracted order. K is grating vector, which is defined as K = 2π/Λ0. This condition is 
known as Floquet condition [10], which indicates the satisfaction of boundary conditions for 
tangential electric field along the periodic grating surface. Each order of the diffracted lights 
is determined by the incident field (the undiffracted item βu) and the grating structure (qK 
item). In Fig. 1, the −1 order diffracted light is illustrated for fiber to waveguide coupling as it 
is used in most practical grating couplers (−1 order is also considered in the following 
discussion). When coupling occurs, it is required that the tangential phase velocity of −1 order 
diffracted wave is able to be the same with that of the guided mode in the grating region for 
the guided mode excitation [11]. Consider the case without grating structure, a fundamental 
problem is encountered that the phase velocity of the refractive light is always smaller than 
the guided mode of the waveguide along the propagation direction, causing that the guided 
mode cannot be excited. The grating therefore serves as enabling to match the phase velocity 
with the guided mode by −1 order diffracted light in the grating region. According to the 
coupling theory, the strongest coupling occurs while the diffracted light has the same 
tangential wavevector with the guided mode of the grating coupler. However, since the 
wavevectors of the diffracted light and guided mode are functions of wavelength with 
different slopes, so only one intersection exists in the dispersion diagram (here λ ̶ neff diagram 
is utilized). By taking silicon grating coupler as an example, Fig. 1(b) illustrates the typical 
dispersion diagram for grating couplers, where nw is the effective index of guided mode in the 
grating region and nd is index of diffracted light. A more intuitive illustration is given in Fig. 
1(a), the wavevectors of the diffracted light and the guided mode are well-matched at 
resonance wavelength λ0 for the strongest coupling, but at other wavelength that deviating 
from the resonance wavelength (like λ1 > λ0 or λ2 < λ0 in Fig. 1(a)), a mismatch is introduced 
between both wavevectors which is attributed to the drop in coupling efficiency. Based on the 
Floquet condition, the wavevector mismatch can be written as: 

 1 0
0

2 2 2
( sin )x

w w in n
π π πβ β β θ
λ λ−Δ = − = − +

Λ
 (1) 

where n0 is the refractive index of top cladding, βw is the wavevector of the guide mode, βx
-1 is 

the tangential wavevector of the −1 order diffracted light, nw is the effective index of the 
grating region, θi is the incident angle and Λ0 is the grating pitch. Using the Taylor series 
expansion of Eq. (1) at the resonance wavelength λ0 with the condition of Δβ(λ0) = 0 and 
keeping the first order term of Δλ (here we write in form of absolute value), we obtain: 

 
0

0 0

( )2 1 wdn

d λ λ
λπβ λ

λ λ =Δ = ± Δ ⋅ −
Λ

 (2) 

In Eq. (2), the positive sign is for the wavelength range of λ < λ0, the negative sign is for λ > 
λ0. Now we investigate the effect of such a mismatch on the coupling bandwidth based on 
rigorous grating theory [9]. Figure 2 schematically illustrates a typical grating coupler 
interface in the coordinates. The coordinate origin (x = 0) is located at the first pitch of the 
gratings. The amplitude distribution of the fiber beam can be modeled by a Gaussian profile 
shown in Fig. 2. Provided that the x-axis position of the beam center is at -d. The field 
amplitude of the fiber 
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Fig. 2. Fiber Gaussian beam model and schematic grating coupler structure in coordination 
system. 

beam can be expressed as (E0 indicates the peak amplitude): 

 
2 2

0( ) /
0 0( ) x d ws x E e− += ⋅  (3) 

The incident fiber beam propagates along z axis with a tilt angle θi. Then, the amplitude 
distribution of the beam impinging on the grating coupler surface can be approximated by: 

 
2 2

1( ) /
0

1 0

( )

[ tan( )] / cos( )

x d w

i

s x E e

w w h ψ θ

− + = ⋅


+ 
 (4) 

where h is the height between the fiber and grating surface shown in Fig. 2(w0 is much greater 
than h),ψ is the divergence angle of the Gaussian fiber beam, 1w can be also expressed as: 

 1 0
0

NA
[ ] / cos( )

cos( ) iw w h
n

θ
ψ

+  (5) 

In order to calculate the coupling efficiency, the complex amplitude of the guided wave in the 
grating region excited by the fiber source (precisely, in the fiber beam effectively covered 

grating region) is expressed as ( ) ( ) wi xA x a x e β= ⋅ . Thus, the coupling efficiency is given by: 

 
2

(0)C aη = ⋅  (6) 

where C is a constant, ( )a x is the reduced field amplitude in the grating region, which is 
determined by three contributions: the amplitude decay rateα due to grating diffraction, the 
external fiber source distribution, ( )s x , and the wavevector mismatch, βΔ . It should be noted 
that, for the input-coupling, the diffracted inhomogeneous plane wave in the grating region 
has a tangential wavevector 1

x
wβ β β− = − Δ , so ( )a x has a factor of ( )i xe α β− +Δ . The reduced field 

amplitude ( )a x therefore satisfies the differential equation [9, 12]: 

 
( )

( ) ( ) ( )
da x

i a x c s x
dx

α β= − + Δ + ⋅  (7) 

Based on Eq. (6) into Eq. (7), the solution of the coupling efficiency can be written as Eq. (8), 
of which we make the integral operation over the grating area in [-Lg, 0], and the final 
expression of the coupling efficiency is given by Eq. (9). 

 
2 2

1

2
0

( ) /( ) x d wi x
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C e e dxα βη − ++ Δ

−
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C' is a constant coefficient by integral. The coupling efficiency calculated using Eq. (9) is the 
absolute efficiency, in order to examine the efficiency drop caused by the wavevector 
mismatch βΔ , we define the normalized efficiency referring to the zero detuning as below: 

 
2 2

1
1

2
0

0 0

w erf

erf

C
e

C

β

β β
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− Δ

Δ = Δ =

= = ⋅  (10) 

Consider 1 dB normalized efficiency in Eq. (10), ie, 0.1
0 10η −= and based on the relationship 

between the wavelength deviation λΔ and the wavevector mismatch βΔ given by Eq. (2), we 

can obtain the corresponding wavelength deviation 1dBλΔ that resulting in 1 dB efficiency 

drop given by Eq. (11). It is worth to mention that 1dBλΔ indicates the wavelength variation for 
1 dB efficiency drop at each side of the resonance wavelength, which should be calculated 
separately for both regions (i.e. for both cases of 0βΔ > and 0βΔ < , or say, for the corresponding 

wavelength region λ < λ0 and λ > λ0). In the discussion below, we call 1dBλΔ as 1 dB 
wavelength variation. 
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By substituting Eq. (5) into Eq. (11), 1dBλΔ can be related to fiber numerical aperture and 
divergence angle given by: 

 0 0
1

0 0 00

0

cos( )1 10
2

2 [ NA/ cos ( )] 5( )1
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dB
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Cn ln
ln

w n h Cdn

d
β
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⋅
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−
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 (12) 

 0 0 0NA sin /n wψ λ π= ≈  (13) 

Using Eq. (13), we can also write the rigorous bandwidth formula in other equivalent form. 
Compared Eq. (11) and Eq. (12) to the bandwidth formulas in references [7] and [8], we find 
that the 1 dB bandwidth coefficient introduced in these references should not be a constant, 
which is actually determined by both the fiber and grating parameters. We will analyze these 
parameters in detail in later section. Here several gating couplers are taken as examples to 
discuss the bandwidth calculation using the derived rigorous bandwidth formula. The analytic 
results will be compared with the FDTD calculation and reported experimental results for 
verification. In Table 1, C-I is a silicon grating coupler with a ploy-silicon overlay [5], and it 
works at TE polarization. C-II is conventional TE grating silicon coupler with shallow etching 
depth [13]. C-III is a horizontal slot waveguide grating coupler for TM mode excitation 
proposed in [8]. C-IV is a 400 nm silicon nitride grating coupler which has fully etched 
structure with pitch of 1.14 µm and filling factor of 50%. While BOX layer thickness is tuned 
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to 2.2 µm, the best efficiency of 45% is achievable. The main parameters required for 
calculation include the grating dispersion at resonance wavelength, grating pitch Λ0, 
amplitude decay rate α, fiber x-axis position d and waist w0. Note that here the fiber position d 
is optimized for the best efficiency in these references as it is used in practical cases. Grating 
dispersion can be easily obtained by mode field analysis. With FDTD technique, through 
observing the mode field decay of the guided mode propagating in the core layer of the 
grating region, α value can be obtained. It is worth to mention that α is the field amplitude 
decay, i.e. half of the decay rate in intensity. α is determined by the grating parameters such as 
the etching depth etc. The intensity decay profiles for the three grating couplers C-I, C-II, C-
III and C-IV are illustrated in Figs. 2(a), 2(c), 2(e) and 2(g), respectively. The intensity decay 
factors are calculated by fitting the exponent coefficient indicated in Fig. 3. Utilizing the 
parameters listed in Table 1, we can plot the two curves determined by Eq. (2) and Eq. (11) to 
calculate the 1 dB bandwidth for the three grating couplers in Figs. 2(b), 2(d) and 2(f), 
respectively (The bandwidth can't be calculated solely by Eq. (11), because the 1 dB Δβ 
variation also exists in C1dB). In this group of figures, two intersection points actually indicate 
two solutions of the equation system by Eq. (2) and Eq. (11). The ordinates of the two 
intersections correspond to the 1 dB wavelength variation Δλ1dB in the cases of λ < λ0 and λ > 
λ0, respectively. It is obvious that they have almost the same value, which can explain the 
nearly symmetric spectral response of grating couplers at both sides of the resonance 
wavelength. By summing up the wavelength variations (or approximating by doubling the 
Δλ1dB), we can obtain the total 1 dB bandwidth for the three grating couplers. The bandwidth 
results are given in Table 1 along with the cited simulation and experimental results. We can 
see that the bandwidths calculated by the derived rigorous equations have a good agreement 
with the simulation and experimental results. Based on Figs. 2(b), 2(d), 2(f), 2(h) and Table 1, 
we can also observed that, for these grating couplers excited by 10µm-diameter fiber beam, 
the wavevector mismatch is about 0.2 for 1 dB wavelength variation while the fiber position 
is optimized for the best efficiency. Equations (2) and (11) reflect the intrinsic bandwidth 
property of grating couplers which does not include external layer factors such as the 
substrate, BOX layer, and top cladding. However, we also observe that while the parameters 
of external layers are optimized to achieve the best coupling efficiency for practical purpose, 
i.e. exerting constructive interferences into the grating region, then the interfaces outside the 
gating layers have little impact on the achievable bandwidth. Taking the substrate reflection 
as an example, the reflection normally has a spectrum with much wider bandwidth than the 
coupling bandwidth due to the short optical path difference. While the layer is tuned for 
constructive interference back into grating region, the peak of both spectrums will be 
overlapped at the resonance wavelength; because of the relatively small power of the 
reflection light and its large bandwidth, it has little impact on the coupling bandwidth. 
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Fig. 3. Grating field decay and the bandwidth calculation by Eq. (2) and Eq. (11): (a) and (b) 
for C-I; (c) and (d) for C-II; (e) and (f) for C-III; (g) and (h) for C-IV. 
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Table 1. Grating parameters and bandwidth calculation by FDTD and formula 

Parameters & performance  C-I C-II C-III C-IV 

Grating & fiber 
parameters 

Λ0 (nm) 610 630 814 1140 

dnw(λ)/dλ (μm−1)* −0.457 −0.55 −0.56 −0.078 

amplitude decay rate α 0.1595 0.1169 0.1552 0.0592 

fiber x position d (μm) 3.6 4.2 3.8 3.8 

incident angle θi 10° 10° 8° 8° 

beam waist w0 (μm) 5.2 5.2 5.2 5.2 

Bandwidth 

Δλ1dB by FDTD calculation 50nm [5] 44nm [13] 60nm [8] 86nm 

Δλ1dB by experiment 50nm [5] 42nm [13] – – 

Δλ1dB by Eq. (2) and (11) 48nm 44nm 56nm 86nm 

Efficiency ηp by simulation 66% [5] 36% [13] 65% [8] 45% 

3. Investigation of the effect of individual parameter on bandwidth behavior 

In this section, we investigate the effect of individual parameter on bandwidth performance of 
planar waveguide grating couplers. We take grating coupler C-I as an example for this part 
discussion. Likewise, both the analytic results and FDTD calculation results are given as a 
comparison. In Eq. (11), the grating pitch and dispersion relationship are determined by the 
grating materials and structure, which are fixed after the grating design. Here, we focus on 
discussion of the parameters in C1dB including the fiber x-axis position d, fiber beam size w0 
and amplitude decay factor α. Let us first examine the dependency of coupling bandwidth on 
the fiber position. Figure 4 (a) illustrates the bandwidth calculated by Eqs. (2) and (11) for a 
group of different fiber position values. It can be seen that the 1 dB bandwidth decreases with 
increase of fiber position d. The same trend is also achieved by the FDTD results shown in the 
inset of Fig. 4(b). The comparison of bandwidth calculation by the rigorous equations and 
simulation results is also illustrated in Fig. 4(b), which indicates a good agreement. The small 
difference (ceiling to 4 nm) of both bandwidth results comes from the calculation accuracy 
limitation. 

 

Fig. 4. (a) The analytic bandwidth calculation based on Eq. (2) and Eq. (11) for different fiber 
x-axis position d; (b) Comparison of the bandwidth calculation by FDTD simulation and 
analytic results. Inset: spectral response obtained by FDTD simulation. 
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Fig. 5. (a) The analytic bandwidth calculation based on Eq. (2) and Eq. (11) for different fiber 
waist w0; (b) Comparison of the bandwidth calculation by FDTD simulation and analytic 
results. Inset: spectral response obtained by FDTD simulation. 

 

Fig. 6. The illustration of “effective interaction area” and its alteration as fibers beam waist and 
position changes. 

Then, we investigate the effect of fiber beam waist w0 on the coupling bandwidth. In the 
same way, the analytic results are illustrated in Fig. 5(a). It can be observed that the coupling 
bandwidth will increase when the grating is excited by a fiber beam with smaller waist. The 
results of FDTD calculation are given in the inset of Fig. 5(b), which verifies the trend. The 
comparison of 1 dB bandwidth calculated by the rigorous equations and simulation results is 
given in Fig. 5(b). By comparing the Fig. 4(b) and Fig. 5(b), we observe that to adjust the 
beam waist is a better choice to broaden the coupling bandwidth because it would not induce 
great efficiency drop meanwhile increasing the coupling bandwidth. In addition, according to 
Eq. (13), it is known that the Gaussian beam with smaller beam waist exerts a larger 
numerical aperture. It means that to increase the incident beam numerical aperture will also 
broaden the coupling bandwidth. 

These relationships are directly determined by the monotonicity of the solution of Eqs. (2) 
and (11). The curve of Eq. (2) keeps unchanging after the grating structure is fixed. Thus, 
Δλ1dB is mainly affected by the parameters of C1dB in Eq. (11). By examining the mathematic 
properties of C1dB, we give a more intuitive explanation for these relationships. We first 
introduce a definition of “effective interaction area”, that is, the fiber beam effectively 
covered grating area. In Fig. 6(a), the dash-line labeled area indicates the effective interaction 
area. In actuality, to alter the fiber beam waist or position is inherently changing the size of 
effective interaction area and power distribution in the area. Figure 6(b) intuitively illustrates 
the effective interaction area when fibers beam waist and position changes. It is clear that a 
larger beam waist or a further distance between the fiber center and the first gating pitch (x = 
0) exerts a larger interaction area, which will result in narrower coupling bandwidth according 
to the aforementioned discussion. The trends can be simply understood that since the 
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wavevector mismatch always exists in the effective interaction area for the wavelengths that 
deviating the 

 

Fig. 7. (a) The analytic bandwidth calculation based on Eq. (2) and Eq. (11) for relatively large 
fiber position d;(b)The analytic bandwidth calculation for different field amplitude decay rate α 

resonance wavelength λ0, so a longer traveling distance in the area will induce more serious 
efficiency drop for these wavelengths and therefore narrow down the coupling bandwidth. 
Moreover, as stated by Eqs. (7) and (8), the reduced field amplitude a(x) in the grating region 
has a factor of ( )i xe α β− +Δ , α is the field amplitude decay rate and Δβi can be also viewed as a 
decay factor. Since the integral operation needs to be done over the whole effective 
interaction area, a longer effective interaction area in the propagation direction therefore 
results in a smaller coupling bandwidth. It is easy to imagine that the size of the effective 
interaction area will become constant while the distance d from the first gating pitch to fiber 
center is large enough (larger than w1). In Fig. 7(a), we show the bandwidth calculation for the 
case that the fiber is put relatively far away from the grating beginning (d equals to 10, 11, 12 
and 20 µm). It can be seen that the 1 dB bandwidth is almost changeless (about 30nm) even 
though d keep increasing. The results are verified by FDTD simulation as well. 

Finally, we investigate the relationship between the bandwidth and the field amplitude 
decay rate α. The value of α mainly depends on the gating materials and structure parameters 
such as etching depth etc. However, α is not easy to be solely adjusted because other 
parameters in Eq. (11) such as grating pitch and dispersion will also changes correspondingly 
when the gating structure changes. Here, we just simply consider the monotonicity of the 
bandwidth versus the field amplitude decay rate α by assuming other parameters remain 
unchanged. In Fig. 7(b), we change the field amplitude decay rate α with value of 0.05, 0.15 
and 0.25 to calculate the 1 dB bandwidth. We can see that the bandwidth monotonically 
increases with the increase of α. 

4. Bandwidth for waveguide to fiber excitation 

Owing to reciprocality of fiber-to-chip grating coupling system, the transmission spectrum is 
the same for waveguide to fiber and fiber to waveguide coupling cases. The rigorous 
bandwidth formula can be adapted for the chip-to-fiber output coupling case. In this section, 
we give a brief discussion on the case of waveguide to fiber output coupling. The model of 
waveguide to fiber coupling is shown in Fig. 8(a).The output coupling can be described as the 
guided mode propagates along open periodic dielectric waveguide (grating region) [14] and 
the optical power gradually radiates into the claddings. The grating coupler is regarded as a 
structure that transforms a surface wave into one or more leaky waves (space-harmonic fields) 
into top cladding and BOX layer. The upward power will be partly collected by the fiber. The 
wavevectors of each order of space-harmonic waves are related by [14, 15]: 
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 q w qKβ β= +  (14) 

where q = 0, ± 1, ± 2, ..., q is the order number, βw is the wavevector of the guided mode in 
the grating structure, and βq is the wavevector of the q order space-harmonic wave. In the 
tangential direction, Eq. (2.4) can be written for −1 order wave as below: 

 

Fig. 8. (a) The model of output coupling from waveguide to fiber coupling; (b) The typical 
intensity profile of the output radiation waves 

 1
0

2x
w

πβ β− = −
Λ

 (15) 

The corresponding expression in form of the effective index can be written as: 

 0
0

sin ( )r wn n
λθ λ = −

Λ
 (16) 

where nw is the effective index of the guided mode in the grating structure. θr is the diffraction 
angle. θr can be viewed as a function of wavelength, that is, the radiation angle of the space-
harmonic wave is wavelength dependent. Taking grating coupler C-II as an example, the 
output intensity profile is illustrated for several different wavelengths. It can be seen that the 
intensity peak shifts with different wavelength. The amplitude decay rate α is a critical 
parameter that determining the shape of the output profile. More details of the output intensity 
profile of grating couplers were theoretically investigated in [16]. Since the fiber has a tilt 
angle θ0, so it can more effectively receive the radiation wave that transmitting upward at this 
angle. Thus, the coupling efficiency of the corresponding wavelength wave will be higher 
than other wavelengths, which leads to a coupling window of certain bandwidth. Based on 
this understanding, the bandwidth of grating coupler may be approximated by relating the 1 
dB wavelength variation to the derivative of θr. In previous work, the bandwidth formula for 
the output coupling is derived by introducing a constant 1 dB coefficient as (note that in this 
paper, Δλ1dB means 1 dB wavelength variation instead of the total 1 dB bandwidth) [7]: 

 0 0
1 1dB

0

0

cos( )

( )1
dB

w

n

dn

d

θλ η
λ

λ

Δ = ⋅
−

Λ

 (17) 

Comparing Eq. (17) with Eq. (12), we can find that both the formulas have the similar form, 
and the bandwidth coefficient can be expressed as: 

#178770 - $15.00 USD Received 26 Oct 2012; revised 14 Nov 2012; accepted 20 Nov 2012; published 1 Mar 2013
(C) 2013 OSA 11 March 2013 / Vol. 21,  No. 5 / OPTICS EXPRESS  5698



 0
1dB

0 0 0

10
2

2 [ NA/ cos ( )] 5
erf

erf

CIn
In

w n h C β

λη
π ψ Δ =

= +
+ ⋅

 (18) 

Likewise, η1dB is a function of fiber and grating parameters including d, w0 and α (NA and 
divergence angleψ  are directly determined by the fiber beam waist w0 according to Eq. (13)). 
The monotonicity of the rigorous bandwidth formula has been investigated in section 2 for the 
input coupling case. Here, we give an intuitive explanation on these monotonic relationships 
for the output coupling case. As stated for the input coupling case, we know that increasing 
the fiber x-axis position d and beam waist w0 will decrease the coupling bandwidth owing to a 
larger effective interaction area. Similarly, for the output coupling case, we can define an 
“effective collection area” at the fiber butt. The amount of receiving power can be calculated 
through integral of the Pointing vector over this area. Thus, a larger effective collection area 
of the fiber will increase the difference in collecting efficiency between the radiation wave of 
the best accepting wavelength (ie. the wave transmitting upward right at the fiber tilt angle) 
and other wavelengths, and therefore leads to a narrower coupling bandwidth. Obviously, to 
increase the fiber x-axis position and beam waist are the means to increase the effective 
collection area. In addition, as for the amplitude decay rate α in the coefficient η1dB, it is 
known that the shape of the output intensity profile also affect the coupling performance; α 
will affect the output intensity profile [16] and thus influence the bandwidth behavior. The 
monotonicity of the coupling bandwidth versus the field amplitude decay rate α has been 
discussed in section 3 for the input coupling case. 

5. Summary and guidelines for grating coupler design and fiber operation 

In summary, we have derived the rigorous bandwidth formula for planar waveguide grating 
couplers. The coupling bandwidth is determined by the grating coupler intrinsic properties 
and also affected by the fiber parameters such as position and beam waist etc. We investigated 
the effect of individual parameter on bandwidth behavior and obtained some intuitive vision 
on the bandwidth behavior of grating couplers. Based on the previous works [6–8] as well as 
discussion in this paper, we summarize and list some useful guidelines for grating coupler 
design and fiber operation for broad bandwidth performance as follows: Firstly, in order to 
design wideband grating coupler, we should attempt to make gratings pitch as large as 
possible by decreasing the refractive index of the grating area. This can be achieved by 
adopting relatively low refractive index materials (silicon nitride) or through perturbation of 
the grating groove in lateral direction or using refractive index engineering structures etc. 
However, in view of the coupling efficiency, to decrease the refractive index of the grating 
area normally leads to a lower refractive index contrast with the claddings in the grating 
region, which therefore makes the incident light easily travel through the structure and leak 
into the claddings. Hence, with this approach, we should consider controlling the power 
leakage to the claddings during the design. Secondly, according to the bandwidth formula, to 
properly design the grating structure (or choose special materials) of smaller dispersion can 
also increase the coupling bandwidth. As for the fiber operation, the basic idea of broadening 
the coupling bandwidth is to reduce the effective interaction grating area. This can be 
achieved by putting the fiber closer to the grating start or using a fiber with smaller beam 
waist or a larger numerical aperture. To optimize the beam size (or numerical aperture) is a 
better choice because it would not induce great efficiency drop (if the beam size is not greatly 
squeezed) meanwhile increasing the coupling bandwidth. Larger amplitude decay rate α in the 
grating region will also increase the coupling bandwidth, but α is usually difficult to be solely 
adjusted in real operation. The derived formula cannot be directly applied to calculate the 
bandwidth of apodized grating couplers or the grating couplers with non-uniform period. 
However, the basic principles given in our paper are still useful to analyze non-uniform 
gratings which can be viewed as many very short pieces of uniform gratings with different 
properties. In this case, the change of the grating property along propagation direction can be 
expressed as Δβ as a function of x. Following the same analysis given in this paper, we can 
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find a more general formula that covers the non-uniform cases. Another factor that can affect 
the bandwidth is the beam profile. In our derivation, Gaussian beam is adopted to model the 
incident beam from single mode fiber. The further study can be considered to vary the beam 
patterns (ie. to modify the s(x) item in Eq. (7)) to increase the coupling bandwidth meanwhile 
remaining high coupling efficiency. Overall, grating couplers are critical in optical system as 
the practical interface between fiber-link and nanophotonic structures, large bandwidth can 
bring better fabrication and operation tolerance and it is required for some wideband 
applications such as high speed optical communication. 
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