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Abstract: The tight binding approximation (TBA) is used to relate the
intrinsic, radiation loss of a coupled resonator optical waveguide (CROW)
to that of a single constituent resonator within a light cone picture. We
verify the validity of the TBA via direct, full-field simulation of CROWs
based on the L2 photonic crystal cavity. The TBA predicts that the quality
factor of the CROW increases with that of the isolated cavity. Moreover,
our results provide a method to design CROWs with low intrinsic loss
across the entire waveguide band.
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1. Introduction

Coupled resonator optical waveguides (CROWSs) [1], waveguides in which light propagates
by “hopping” between localized resonator modes, have been widely studied for application to
on-chip optical delays [2]. CROWSs provide both slow group velocity and low dispersion [3],
essential features for distortion-free signal delay. In dynamically-tuned CROWs, light pulses
may be stopped, stored, and released on demand [4,5]. CROWs based on various resonator
types have been investigated, including microring resonators [6—8] and photonic-crystal
microcavities [9-15]. We focus here on photonic-crystal microcavity CROWs, which provide
both compact resonator size and high spatial confinement; the latter is useful, for example, for
achieving nonlinear effects at low power levels [16].

Minimization of propagation loss is an important aspect of CROW design. Various
approaches have been used to design low-loss CROWs, including coupled-mode theory [17]
and the finite-element method [18]. CROWSs formed by microcavities in photonic-crystal
slabs are intrinsically lossy, because the CROW mode lies above the light line of air, the
mode leaks light vertically as it propagates [19]. Moreover, if the loss is uneven across the
CROW band for different wavevectors, the effective transmission bandwidth is reduced, and
the transmitted signal is distorted. The intrinsic loss provides a lower bound on the total loss,
which may also include contributions due to fabrication imperfections and scattering.

Previous theoretical work has shown that intrinsic CROW loss can depend strongly on
frequency and be up to an order of magnitude larger or smaller than that of an individual
resonator [20,21]. At the same time, experiments have demonstrated particular CROW
designs with low loss comparable to that of an individual resonator [22]. Given these
considerations, it is important to understand theoretically how the CROW and resonator
losses are related, as well as how to achieve low, flat loss across the entire CROW bandwidth.
In this paper, we use a model based on the tight-binding approximation (TBA) to answer
these questions.

TBA approaches are advantageous, as they allow the calculation of the frequency-
dependent loss of a CROW from a single, full-field simulation of an individual cavity.
Previously, Fussell and Dignam have used a TBA model based on the complex dispersion
relation of the CROW to calculate losses [21]. Another approach is to use the TBA to relate
the electromagnetic fields of the CROW to those of the isolated cavity [15]. In this case, the
spatial power spectrum of the CROW fields may be obtained from that of the isolated cavity
by taking discrete samples in Fourier space, as experimentally demonstrated in [15].
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Reference [15] has suggested that the losses may then be calculated from the power spectrum
using a light-cone picture [23]. In this paper, we explicitly demonstrate the validity of this
approach by comparing the predictions of the TBA light-cone model with direct calculations.
We then show that within a particular family of photonic-crystal cavities, a decrease in cavity
loss also results in a decrease in CROW loss. While the CROW loss generally varies across
the CROW band, we show that the TBA predicts particular cavity separations for which the
loss is flat.

2. Theoretical formulation of CROW quality factor in the tight-binding approximation

For concreteness, we first consider the CROW structure shown in Fig. 1(a). The photonic
crystal slab is a triangular lattice of air holes with lattice constant a and hole radius » = 0.29a
in a suspended, dielectric slab with height 0.6a and refractive index n = 3.45 (silicon at a
wavelength of 1.55um). The CROW waveguide consists of periodically spaced defects. Each
defect is a micro-cavity with two adjacent missing holes, known as an L2 cavity. The center-
to-center spacing of adjacent defects is Sa. The separation width S, the width of the region
between defects that does not contain missing holes, is 3a. We denote the CROW as LmSn,
with m being the number of missing holes of the constituent cavity and »n the number of
separation holes. We calculate the band structure by the guided-mode expansion method [24].
Figure 1(b) shows the dispersion relations for L2S2, L.2S3, and L2S4 CROWs, respectively.
The band of each CROW mode displays a cosinusoidal shape [1,3], with the center frequency
close to the fundamental mode of the isolated L2 cavity, 0.26992(2nc/a). The bandwidth of a
CROW mode is proportional to the coupling strength between adjacent defects. Figure 1(b)
shows that the coupling strength decreases as the separation is increased.

For all three CROWSs, the CROW band lies above the light line of air and is thus
intrinsically lossy. The light line of air is given by @ = ck , where £ is the in-plane CROW
wavevector. At the edge of the Brillouin zone, k =k, =7z /D and the light-line frequency w

= 0.125(2nc/a), 0.1(2nc/a), or 0.083(2nc/a) for D = 4a, D = Sa or D = 6a, respectively. In all
three cases, the upper edge of the light line lies well below the frequency range shown in Fig.
1(b).

We define a waveguide quality factor Q(k) to describe the leakage of the CROW mode:

(k) = o(k)z,, )

where w(k) is the dispersion relation of the CROW mode, and 7y, is the time in which the
power in the waveguide mode decays by l/e. Q(k) can be converted to a 1/e power-decay
length in the waveguide as L, , (k) =v,(k)O(k)/ w(k) , where v, (k) is the group velocity.

(b)
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Fig. 1. (a) Schematic diagram of CROW structure L2S3. (b) Dispersion curve of CROW mode
in L2S2 (red), L2S3 (blue) and L2S4 (magenta). Dashed line shows the fundamental mode of
the isolated L2 cavity.
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Alternately, the loss in dB/length is equal to —4.34dB/L;,. While the loss per unit length
diverges at £k = 0 and 0.5(2n/D) where v, = 0, O(k) is well defined over the entire Brillouin
zone.

2.1. Light line picture

For isolated microcavities, it has been shown [23] that the cavity Q can be related to the
Fourier transform of the electromagnetic fields above the surface of the slab. A similar
relation is true for the waveguide quality factor Q(k).

We can write

{Uk)
k)=w 2
0) = b 7oy )

where (U (k)> is the time-averaged electromagnetic field energy:

(Uh) = m 4V (g 22 EyCon 2 4 A2 ) ®)

where &, (x,»,z) is the dielectric constant of the CROW, and E.(x,y,z) and H,(x,y,z)
are the electric and magnetic fields of the CROW mode at wave vector k. <P(k)> is the time-

averaged emitted power,
= 1 = et
(P(6)) = §pdS -~ Re(E, (x.,2) % H{ (x,,2), )
N

where the integral is over a closed surface that encloses the photonic crystal slab. For an
infinitely long CROW, both (U (k)) and (P(k)) are infinite; however, the ratio

(U (k)> / <P(k)> is finite and equal to the value of the ratio for a single unit cell.

<P(k)> can be rewritten in terms of the two-dimensional (2D) spatial power spectra of the
free-space fields, on any surface above the structure [23]:

4, %
<P(k) J‘J.q‘ﬁ(u(k)/c 2 E{ (

~ 2
+|Hk,y(qx’qy)| )s

6))

~ 2 ~ 2
Ek,x(qx’qy)| +|Ek,_v(qxaq,,)| )

+(|H/ 4,9,)

where ¢, = (qxz +qy2 )1/2 and Ek‘[ (4,.9,) and ﬁk’[ (4,,q,) are the 2D Fourier transforms of
the ith component of Ek (x,y,z) and H (x,3,2z),and (iex,y):

Ek,i (qx s q‘) = J..[ dXdyEk,i (x’ y)e*i(q\.xw‘,y)

7 g (©6)
Hk,[ (qx ’ qy) = J]‘ dxdkaw[ (x’ y)e l(q" qu)

The Fourier-space integral includes all g, within the light cone (qH <w/ c). Only these so-
called “leaky components” contribute to radiation loss. We will refer to the quantities

~ 2 |~ 2 ~ 2 ~ 2 . .
|Ek’x(qx,qy)| , |E,(’y(qx,qy)| , |Hk’x(qx,qy)| , and |Hqu(qx,qy)| appearing in Eq. (5) as the
E,, E,, H,, and H, power spectra, respectively.
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Due to the periodicity of the CROW waveguide in the x-direction, Fourier transforms of
the field components are only nonzero for discrete values of ¢ _. Using Bloch’s theorem, the

CROW mode can be written as E (x,,2)=e" U (x5 ,2), where
U ,(x+D,y,z)= U . (x,5,z) . An analogous statement is true for H . (x,3,2) . It follows that
the Fourier transforms E,”. q,.9,)= H +i(4,,9,)=0 except when ¢, =k+2zn/D. The

Fourier transforms are nonzero over a continuous range of g, values.

2.2. Tight-binding approximation

The tight-binding approximation can be used to write the CROW quality factor in terms of
the fields of the isolated cavity.

First, we write the CROW fields in terms of the isolated cavity fields EQ (x,y,z) and
ﬁQ (x> y9 Z) :

E,(x,y)=E, Y, " Eq(x—nD,y,2)
":ZO (7
H, (x,y)=H, Z e"’kDHQ(x—nD,y, z)

n=-w

where E; and H, are normalization constants [1]. Taking into account that

S e =27 8(x—2nl) )

n=—o0wo [=—00

it follows that

|, (q.-q,)] =|E,[ ( ji ( k—zﬂ] (qx,qy)|2
3£ 2o

=—0n

s 8M8

(€))

k,i x>y Q,i X
where the sum over m can be interpreted as a sum over unit cells. This relation is
schematically depicted in Fig. 2(a). The tight-binding approximation predicts that for fixed g,,

the power spectrum of each field component of the CROW mode is given by a set of delta-
Power spectra

(a) 7~ - isolated cavity (b) 7= - isolated cavity (C) - - isolated cavity
— CROW — CROW — CROW
-~ b 4 ~ 7/ Y, 7
I 1 I 1Y 2 7
- ‘ - \ v,
,' ! R ) [ 7
1 [ ;o
I 1
o o [ )
P T~ R R B
1]y 1
1 \ I \ ! \ I !
i \ 4l \\ | A ; \ Il \ \
/ 27 2 \ / \
A , 2227 AV/ , AR
0 0 0
Ax Ax ax

Fig. 2. (a) Schematic picture of tight-binding prediction for the power spectrum of a CROW
mode. (b) CROW power spectrum giving a large value of Q(k) compared to the isolated cavity.
(c) CROW Power spectrum giving a small value of Q(k) compared to the isolated cavity.
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function spikes weighted by the power spectrum of the isolated cavity. The spikes are shifted
by k, and the separation between neighboring spikes is 27z / D .
Within the tight-binding approximation, <P(k)> can be found by substituting Eq. (9) into

Eq. (5). (U (k)> can be found by substituting Eq. (7) into Eq. (3):

(U(k))= —jj j AV {2 cron (%3, 2)E; Z Z ¢ E (x—nD, y,2)E, (x—mD, y, z)

n=-0 m=

n Hoz Z Z ei(n—m)kDI:]; (x—nD,y, z)I:IQ (x—mD,y, z)}

N=—00 M=—0

(10)

The m = n terms will dominate, leading to the approximation that
1 & — 2 _ 2
<U> > E z JﬂdV{gCROW (x,y, Z)E(f |EQ (x,y,z)| + ,uoHOz |HQ (x,y,z)| }, (11)
m=-0

independent of k. For weak coupling between defects, we substitute g, the dielectric function
of the isolated cavity, for ecrom, and

z% Zw: H dV{SQ (x,3.2)E, |Eg(x,y,z)|2 +u,H; |ﬁg(x,y,z)|2}
m=—0"y

12)

< 3 ()

where U, is the field energy of the isolated cavity.
Using the expressions for (P(k)) and (U (k)), the final result is that
27 dq, daq, 27n
k)= aw, (U B i [
O~ ")[\/ ( lghznz ‘ ( Dj
‘ (13)

il

Here, we have assumed that the variation in @ across the CROW band, Aw, is small
compared to the isolated cavity frequency w,. In this case, w(k) can be approximated by w, in
Eq. (13). For the numerical examples presented below, Aw/wy is on the order of 107°.

Equation (13) implies that within the tight-binding approximation, increasing Q, of the
isolated cavity will tend to increase the Q(k) of the corresponding waveguide. This is because
an increase in O, corresponds to a decrease in the power spectra values of the isolated cavity
within the light cone. However, due to the discrete nature of the sum, Q(k) can have a strong
dependence on the wave vector. This is illustrated schematically in Figs. 2(b) and 2(c). For a
particular value of k, it may happen that the spikes in the CROW power spectrum line up with
minima (Fig. 2(b)) or maxima (Fig. 2(c)) of the isolated cavity power spectrum. The O, of the
isolated cavity is inversely proportional to the area under the dashed line, while Q(k) of the
CROW mode is inversely proportional to the red or blue dashed areas shown. It is apparent
that the dashed area can either be smaller (Fig. 2(b)) or larger (Fig. 2(c)) than the area under
the curve. As a result, Q(k) can be either larger or smaller than Q,.

In general, the validity of the TBA improves as the separation between cavities increases.
For decreasing separation, as the fields of neighboring cavities interact more strongly, it
becomes less accurate to write the CROW fields in terms of the isolated cavity mode (Eq. (7).
We note that in the numerical examples below, we consider cavities in which the modes are

(el
/Lll)

2 ~ 2 ~ 2 ~
@oa)f o, @ | )# o, @a)f [, .00,
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well isolated and the spacing between modes is large compared to the width of the CROW
band. In some CROW’s, the simple model of a well isolated mode is not sufficient, and
coupling with other modes of the isolated cavity must be considered. In this case, Eq. (7)
would be modified to include a sum over multiple cavity modes. The expansion coefficients
in the sum can be found as in Ref [25], and Eqs. (10) and 13 would be similarly modified. In
cases where nearest neighbor or next-nearest neighbor coupling are significant, the

m—n # 0 terms should be included in the calculation of (U(k)) (Eq. (10).

3. Numerical validation of the tight binding approximation

To test the TBA model of the CROW quality factor, we perform three-dimensional finite-
difference time-domain (FDTD) simulations [26] of Q(k) for CROW structures and compare
the results with the TBA prediction of Eq. (13). We start with CROW structures based on the
L2 cavity, such as the one shown above in Fig. 1(a).

For the isolated cavity simulation, a computational cell of 35ax10v3ax4a was used.
Perfectly-matched layer (PML) boundaries were used in all directions, and the grid resolution
was 20 grid points per a. In Fig. 3(a), we plot E, for the fundamental mode of the L2 cavity
on a plane 0.2a above the slab surface. The mode is antisymmetric with respect to both the x-z

plane and y-z planes. Figure 3(b) shows the E, power spectrum, |Eﬂ’y (qx,qy)|2 for the isolated

Real part of E, in L2 E, power spectrum

(a) cavity (b) for L2 cavity

1 1 1
0.5
o) Yo &
- S L) C 0 s 0 Q 0.5
®) Je ="
-0.5
' ) -11 g 30/211: ! °
E, power spectrum
(C) 7 L253 with k0 (d) X
1 1 ; i
g 1.00 211253 CROW
= — L2 cavity
s 0 O 05 Bos
(=3 | [ o) : :
g 0.25 : |
- | :
1 0 L[ 0-00 ! '

(]
N
o

0 1 05 00 05 10
q a/2n qya/2n

Fig. 3. (a) Mode distribution of the real part of £, on the x-y plane 0.2a above the surface of the
isolated L2 cavity. (b) Power spectrum of L2 cavity. The blue circle is the light cone. (c)
Power spectrum of CROW mode in L2S3 structure with £ = 0. (d) Visual test of tight-binding
approximation via comparison of CROW power spectra to that of isolated L2 cavity. The blue
dashed lines indicate light lines.

-1
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cavity. We note that the power spectrum is zero along ¢, =0, due to the fact that £, , is odd

with respect to x=0. In Figs. 3(a) and 3(b), the field magnitude and power spectrum are
each normalized to their maximum values.

We next calculate the full CROW fields and corresponding power spectrum. We use the
FDTD method to simulate a single unit cell of the L2S3 CROW. The boundary conditions are
fixed to be Bloch-periodic in the x-direction with fixed wave vector k. In the y-direction, the

length of the computational cell is chosen to be large enough (10«/§a) for Q(k) to be
independent of length. Perfectly-matched layer boundaries are applied in the y and z
directions. The grid resolution was 20 points per a. We divide the calculated field components

by €* to obtain the periodic field envelopes. We then Fourier transform the envelopes and

shift them by £ in the g,~direction, a procedure that can easily be shown to yield |E i (@ys q},)|2

and |1§rk,,. (qx,qy)r . In Fig. 3(c), we plot the E, power spectrum of the L2S3 CROW mode for

k = 0. The CROW power spectrum is only nonzero at discrete values of ¢, separated by a
distance Aq, =(1/5)27/a)=0.2(2x/ a) . In this case, only three values of g, fall within the

light cone, g, =0 and g, =+0.2(27 / a) . The power spectrum is zero for ¢, =0, since £, is

odd with respectto x=0.

Within the TBA, the CROW power spectrum can be found by using the Dirac delta
function to sample the power spectrum of the isolated cavity mode (Eq. (9)). To test this
approximation quantitatively, we plot the values of the L2 isolated cavity power spectrum
(red curve) and the L2S3 CROW power spectra (black dots) along ¢, =0 in Fig. 3(d).

Multiple values of & are shown on the same plot, and the blue dashed lines indicate the
position of the light lines. The overall agreement is quite good.

As a further check of the TBA model, we quantitatively compare the results for Q(k) to
those obtained by direct simulation of the full CROW structure. Figure 4 shows results for
CROW waveguides with varying separation between cavities: Figs. 4(a)—4(c) correspond to
L2S2, L2853, and L2S4 CROWs, respectively. Q, for the isolated cavity is shown by the red
lines and has a value of 1440.

The results labeled “FDTD” and “FDTD-LC” represent two different, direct methods for
calculating Q(k) from the full CROW structure. In both cases, a Bloch periodic unit cell with
fixed k was used, as described above. A narrowband, pulsed source was used to excite the
mode of interest. In the first case (“FDTD,” black lines) Q(k) was calculated from the field
decay time after source turn-off. In the second case (“FDTD-LC”, magenta lines), Q(k) was
instead calculated from an integral over the CROW fields via the light-cone approach (Egs.
(2-5). The agreement between the two direct methods is good, indicating the validity of the
light-cone formulation for CROW modes. For high-Q modes, one might expect the “FDTD”
method to be more accurate than the “FDTD-LC” method, which depends on an integral over

(a) 2600 (b) 2600 (c) 2600
2400 —lIsolated L2 cavity 2400 —Isolated Cavity 2400 — Isolated L2 cavity
—~FDTD —=FDID ~-FDTD
2200 ——FDTD-LC 2200 —~-FDTD-LC 22001 —-FDTD-LC
2000 ~-TBA 2000} ~TBA o 2000}  --TBA
1800 1800 1800}
;Z‘
9 1600 9 1600 9 1600} /g
1400 1400 1400———_ 2
1200 1200 1200
1000 1000}== 1000
0.0 01 02 03 04 05 0.0 01 02 03 04 05 0.0 0.1 02 0.3 04 05
kD/2r kD/2n kD/2n

Fig. 4. O(k) for L2 CROWSs with varying cavity separations: (a) L2S2, (b) L2S3, and (c) L2S4.
Dots represent calculated values. Lines represent guides for the eye.
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small field components and may therefore be more susceptible to numerical error than the
extraction of a decay time.

The results labeled “TBA” are obtained by using the tight-binding approximation to
calculate Q(k) from the isolated cavity mode, via Eq. (13) (blue lines). The TBA is shown to
predict the Q(k) well. The maximum difference between the TBA method and the FDTD
method is 12% for L2S2, 7% for L.2S3, and 3% for L2S4. As expected, the accuracy of the
TBA improves with increasing cavity separation. Importantly, using the TBA allows the
prediction of the entire Q(k) curve for all three CROWs from only a single calculation of the
isolated cavity mode.

From Fig. 4, we notice that the k-dependence of the CROW quality factor, Q(k), is not
universal. 0 may increase or decrease with k, depending on cavity separation. For all three
cases shown (L2S2, L2S3, and L2S4), the minimum and maximum values of Q(k) occur at
either k=0 or k=k, =0.5(27 /D). Depending on k, the CROW mode can have either a
higher or lower quality factor than the isolated cavity. In the middle of the Brillouin zone, the
quality factors are similar. At k =0.25(2z/ D), the difference between Q(k) of the CROW

and Q, of the isolated cavity is below 10% for all three cavity separations shown.
Interestingly, while the L2 cavity mode cannot emit light vertically due to symmetry
considerations [27], the CROW can. For the isolated cavity, symmetry prohibits coupling to a
plane wave propagating in the z-direction. However, leakage occurs in off-normal directions,
yielding a finite quality factor. For the CROW mode at Q(k = 0), symmetry again prohibits
coupling to a z-propagating plane wave. However, translational symmetry requires that any
leakage be in the z-direction. The finite value of Q(k = 0) indicates that vertical leakage does

occur; in this case, it arises from interference between off-normal plane waves radiated from
the individual cavities.

4. Factors influencing the CROW quality factor

The results above verify that the TBA model is a good predictor of Q(k) in CROWSs based on
the L2 cavity. Using the TBA, we can gain insight into how the CROW quality factor
depends on wave vector, cavity separation, and the quality factor of the isolated cavity.

In Fig. 5, we plot O(k) for L2 CROWs as a function of cavity separation (black lines).
Triangles indicate Q(0), and circles indicate Q(kp.). All values are calculated using the TBA.
We see from the figure that Q(0) and Q(kp.) oscillate around the Q, of the isolated cavity,
shown by the dashed line. Interestingly, O(0) and Q(kp,) are always on opposite sides of Q,.
As a result, it is never the case that Q(k) is larger or smaller than Q, for all k. As the number
of separation holes is increased, both Q(0) and Q(kz,) approach Q,. This trend is intuitive; in
the limit of large separation, the CROW can be viewed as a chain of isolated cavities.

We next increase the length of the cavity. Results for L3 CROWSs are shown by red lines
in Fig. 5(a). It can be seen from the figure that O(0) and Q(kp,) again oscillate around the
isolated cavity value. Moreover, the increase in the isolated cavity Q, between L2 and L3
corresponds to an increase in Q(k). Similarly, we can form CROWs from L4 or L5 cavities
(blue and magenta lines in Fig. 5(a)). Within the family of L2 to L5 cavities, the CROW
quality factor increases with the quality factor of the isolated cavity. This result corresponds
to the intuitive argument presented above in (Section 2). As the quality factor of the isolated
cavity increases, the components of its power spectrum inside the light line decrease. This
also tends to decrease the leaky components of CROW power spectrum, which may be
obtained from the cavity power spectrum via Fourier component sampling.

For each cavity length (or data color) shown in Fig. 5(a), we notice that there are nodes
where Q(0) and Q(kp.) cross. At these points, we expect O(k) to be flat. In Fig. 5(b), we plot
O(k) for CROWs designed with a number of separation holes equal to the first node in Fig.
5(a). In all cases, the variation in Q(k) is small compared to Fig. 5(a). For L3 and L4, the
number of separation holes is equal to 3. We thus obtain designs for CROWs whose loss is
similar to the isolated cavity across the entire band. For L2 and LS5, the ideal separation is
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non-integer. While loss values can be calculated within the TBA, it is not obvious how to
achieve non-integer separations in a real CROW structure. However, we have verified via
direct FDTD simulations that for the L2 cavity, simply using a CROW unit cell of 4.4a and
allowing a slight overlap of circular holes at each edge of the cell yields a similarly flat Q(k)
trend to that pictured, though at somewhat higher values. We have also verified via FDTD
simulations (not shown) that in L3, L4 and L5 cavities, the TBA method gives accurate
results for Q(k) provided that the number of separation holes is greater than 2.

) 1L L) T e—

’ 155238
. e s
10* A 10*; )
g g —o—L?S3
e
k . —-12522
10%0 8 =7 0%
2 4 6 8 10 12 0.0 0.1 02 03 04 05
Separation holes kD/2n

Fig. 5. (a) Quality factor for CROWs based on different constituent cavities. Triangles indicate
0(0); circles indicate Q(kgs.). Dashed lines show Q for single cavity. Calculations are
performed using the TBA method. (b) O(k) for CROWs designed with a number of separation
holes equal to the first node in (a).

5. Conclusions

In conclusion, we have applied the tight-binding approximation (TBA) to predict the radiation
loss of CROW waveguides in photonic crystal slabs. Our formulation shows that as the
quality factor of the isolated cavity increases, the CROW quality factor tends to increase as
well. This trend can be understood within the light-cone picture of radiation loss. For both
isolated cavities and CROWs, the quality factor is related to the spatial power spectrum of the
fields above the photonic crystal slab. As the magnitude of the components inside the light
cone decrease, the quality factor increases. Within the TBA, the CROW power spectrum can
be approximated by sampling the isolated cavity power spectrum in Fourier space. The loss of
the CROW thus tends to follow that of the isolated cavity. We have verified the validity of the
TBA by comparing predicted values of Q(k) for L2 CROWs with those obtained by direct
simulation.

Importantly, our method allows the calculation of the wave-vector dependent CROW
quality factor for a range of cavity separations from a single simulation of the isolated cavity
fields. As a result, it is possible to scan various CROW configurations with minimal
computational power. In particular, we demonstrate that it is possible to design waveguides
with low, flat losses across the entire Brillouin zone, even at small intercavity separations.

We expect our results to be useful for a range of applications. For slow- and stopped-light
applications, the fidelity of signal transmission at the end of a delay line depends on achieving
low, flat loss across the signal bandwidth. In coupled-cavity lasers, the ability to tailor the
QO(k) loss profile could provide a useful method to control the effects of mode competition
and tune the directional output of the laser. Lastly, in the context of light-assisted self-
assembly above photonic-crystal slabs [28,29], our method may facilitate the design of large-
area, coupled-cavity modes with high quality factor that nevertheless couple to normally-
incident radiation.
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