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Abstract. We present an unconventional approach to passively expand 
the field of view of optical receivers for free-space laser communications. 
The illumination area, given by the movement of a focused light spot due 
to different angles of reception, is reduced to a smaller area without 
expanding the propagation angle of the spot. The working principle of 
this approach is based on combining a photonic crystal 's negative refrac­
tive behavior with properly bent crystal boundaries. The device's optical 
behavior is determined by means of rigorous electromagnetic computa­
tion, but the overall working principle of illumination area reduction can 
be well visualized by the ray trace method. In addition, we estimate the 
influence of light modulation for high-speed data transmission. Since the 
discrete structure of photonic crystals only approximates a bent bound­
ary with an arbitrary inclination angle, a slight modification is introduced 
into the crystal 's structure to enable a more flexible design. Although 
such a modification influences the negative refractive behavior, the func­
tion of field-of-view expansion is still verified and confirmed by means of 
electromagnetic computation. © 2005 Society of Photo-Optical Instrumentation En­

gineers. [DOI : 10.1117/1 .1911015) 
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1 Introduction 

ln a free-space laser communication system, dynamic 
variations of an optical terminal 's relative positions and dy­
namic wavefront distortions of the optical beam make it 
dif fi cult to obtain a low-error-rate data transmission. For 
instance, a temporal change in the propagation angle causes 
the focal spot to move across the detector 's acti ve area. 
Such an incr ease in the illumination area decreases seri­
ously the effi ciency of beam detection i f the spot fall s mo­
mentaril y outside the detector 's acti ve area. The simplest 
method to counteract this enlargement of the illumination 
area is to use a lens of shorter focal length. However, by 
using only conventional optics, the more one tries to reduce 
the beam's illumination area, the more one also expands its 
angular spectrum. Such an expansion in the propagation 
angle brings about another type of optical loss due to the 
limitation in the receiver 's detectable angular range, i .e., its 
numerical aperture, which becomes important if for in­
stance the light must be coupled to a fiber. To avoid the 
expansion in the propagation angle, a reduction of the iJJu­
rnination area must be performed by active methods involv­
ing wavefront sensors and wavefront correctors such as ar­
rayed detectors and motion-controlled mirrors. '-2 These 
methods stabili ze the location of the focal point and thus 
enhance coupling efficiency. 

Recently, the anomal ous optical properties of photonic 
crystals have attracted a lot of attention. It is known that 
one can design the structure of photonic crystals in such a 
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way that beams at specific wavelengths do not propagate at 
all , or that beams inserted simultaneously from several in­
p_ut angl~s c~n be ~or~ibly aligned to f ropagate only al ong a 
single drrect1on within the crystal.3

- ln this paper, we con­
centrate on the negative refracti ve behavior exhibited by 
photonic crystals and work on a passi ve method to reduce 
the resultant focal illumination area while conserving the 
propagation angles of light. One application area we look at 
is free-space laser communications, where our device can 
act as a field-of-view expander for optical receivers. T he 
key to obtaining this expansion lies in the combination of a 
properly des igned photonic crystal structure and crystal sur­
faces interfacing with air. With such a device, the optica l 
setup becomes as simple as the one using a fast lens, but 
the provided function is similar to that of acti ve methods. 7 

First, we show the fundamental idea of our approach 
with a sample crystal whose optical behavior is predicted 
by the dispersion diagram and the constant-frequency plot. 
These predictions, which are based on the assumption of a 
theoretically infinite structure, are confirmed by rigorous 
electromagnetic analysis using the Fourier modal method8 

(FMM) applied to a more realistic finite structure. Using 
the optical characteri stics obtained from the constant­
frequency plot, we then estimate the performance of the 
reduction in the illumi nation area with the ray trace 
method, where the preservation of propagation angles of 
the incoming beams is confirmed as well. We additionally 
consider the case of data transmission in a free-space laser 
communication, where we should expect a spread of wave­
length range due to modulation of ligh t. Since the opti ca l 
characteristics of photonic crystals are strongly dispersive 
and thus sensitive to the illumination w ave_length, we fur-
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Fig. 1 Propagation of light through a medium exhibiting negative 
refraction . The focal point A1 is reproduced at the point Ab behind 
the slab. The bold arrow labeled j1 is parallel to the arrow jb when 
the boundaries b 1 and b2 are mutually parallel. 

ther investigate the reduction in the illumination area with 
1respect to the modulation rate in a digital transmission as­
suming intensity modulation methods. Finally, we briefly 
di scuss some fabrication methods and the influence of 
structural misalignme nt in the crystal. 

In general, the structure of photonic crystals is discrete 
because of the periodic arrangement of different dielectric 
materi a ls in form of a lattice. Therefore, a standard ap­
proach to approximate a be nt boundary would be the use of 
a stairlike interface. To bring the approximated boundaries 
closer to the expected ones, we introduce a slight modifi ­
cation in the arrangement of the crystal's lattice. Although 
such a modification enables us to design arbitrary crystal 
boundaries, it also causes a slight change in the optical 

haracteristics of the crystal. Such a modification influences 
the negative refractive behavior of the crystal, but the func­
tion as a field-of-view expander was still confirmed by us­
ing the finite-difference time-domain (FDTD) method.9 

2 Reduction of Illumination Area 

It is well known that when a s lab consisting of a medium 
with negative refracti ve index is placed behind a lens, as 
shown in Fig. I , it causes 10 the rays ex iting from focal point 

J to gather again at the point A b. For example, the ray 
denoted by the bo ld arrow labe led j J goes into the slab 
from a ir, refracts toward a negative direction in the angular 
sense, and finally ex it s as the ray labeled j b. When the 
boundaries of the s lab b I and b 2 are mutually parallel, the 
arrows j J and Ji, point in the same direction . Therefore, an 
optical detector accepting light at position A J can be re­
placed by one positioned at A b to receive the light within 
the same numerica l aperture. Here we note that the line 
connecting the points A J and Ah is perpendicular to the 
boundaries b I and b2 . 

This line of thought led us to consider an approach 
shown in Figs. 2(a) and 2(b). Figure 2(a) shows temporal 
variations in the propagation angle of light received by a 
lens or te lescope during free-space laser communications. 
We observe the focal spot A f l at 1 1 , but it moves to A 12 at 
12 and A J3 at 13 due to different wavefront tilts, where the 
focal plane locates in front of a medium w ith bent bound­
aries interfacing to air. According to the negati ve refracti ve 
behavior shown in Fig. l , every ray penetrating the medium 
gathers aga in behind the medium at the locations denoted 

light 

(a) 

(b) 

Fig. 2 Reduction of illumination area: (a) temporal variation of 
propagation angle of light coming to a lens, where each focal spot of 
the lens A li is reproduced at Ab; (i= 1,2,3) , and (b) the whole illumi­
nation range of received light W1 in front of a medium with bent 
boundaries reduced to the range W b but with the propagation 
angles conserved. 

by Ab 1 , A1,2 , and Ab3 , respectively. Thus, the whole illu­
mination range w1 on the focal plane is reduced to W h, as 
shown in Fig. 2(b). But the propagation direction of each 
ray in front of and behind the medium remains the same if 
the boundaries in each case are mutually paralle l. There­
fo re, even if the diameter of an optica l detector is smaller 
than W J , all the rays can enter the detector if the detector 
with a larger diameter than W b is put behind the device. 
Figure 3(a) shows a schematic drawing of an optical re­
ceiver, where the detectable angular range 0 1 is depicted by 
the bold lines. The restriction of the detectable angular 
range is caused by the diameter of a detector. In Fig. 3(b), 
the diameter of a detector is the same as that shown in Fig. 
3(a). But the angular range 02 is enlarged by inserting the 
dev ice between the lens and the detector. Thus, thi s device 
works a · a field-of-view expander (FOYE) of optica l re­
ceivers. 

3 Design of a Sample 

The photonic crystal's 2-D latt ice structure is shown in Fig. 
4. The rectangular rods with the cross section size a X b 
have a rectangular arrangement described by the lattice 
vectors 11 and 12 . We assume that 11 and 12 are parallel to 
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Fig. 3 Schematic drawings of (a) a conventional optical receiver 
and (b) a receiver with the field-of-view expander. The detectable 
angular range 02 of the received light becomes larger than 01 with 
the same lens. 

the x and y axes, respectively, and that they are of the same 
length d, i.e., they are arranged according to a square lat­
tice. We further assume that the rod and background refrac­
tive indices nr and n1, are 3.35 and 1.55, respectively. 

The crystal's dispersion property is calculated by means 
of the plane wave expansion method. 11

-
13 Figure 5 shows 

the dispersion diagram of a photonic crystal with a= 0. ld 
and b = 0.4d when the electric field is assumed parallel to 
the rod axis . The inset indicates the symmetric points in k 
space, where r, X, M, and K denote the points (kx ,k y) 
= (0,0), ( n/d,O), ( n/d,nld), and (0,n/d), respectively. 
For the evaluation of the optical characteristics, we concen­
trate on the value d!X. = 0.51, i.e., where the lattice period is 
about half a wavelength. This is represented by the dashed 
line in Fig. 5. The constant-frequency plot is shown in Fig. 
6(a), where the profiles of the second, third, and fourth 
lowest bands in Fig. 5 projected on the intersection plane at 

y 
d 

X 
12 

/1 d 
nb 

al ... 
Fig. 4 Cross-sectional view of a photonic crystal's structure. The 
rectangular rods a x bare arranged in the square lattice of the side 
length d. The refractive index of the rods n, is given as 3.35 and that 
of the background nb is 1.55. 

Fig. 5 Dispersion diagram of the photonic crystal. The inset indi­
cates the notation of symmetric points in k space. The dashed line 
corresponds to d/l\ = 0.51 . 

d!X. = 0.51 are included. Among these profiles, we concen­
trate on the closed curve centered at (kx ,k y) = (0,0), which 
corresponds to the second lowest band in Fig. 5. The opti­
cal behavior represented by this band represents negative 
refraction because the inclination of the second lowest band 
at the intersection with the dashed line is negative, or in 
other words, because k decreases with increasing frequency 
d!X.. Figure 6(b) shows a part of Fig. 6(a) expanded around 
the origin of k space to look at this closed curve. The shape 
is viewed as a circle with radius 0.063 in 2n/d units. When 
illuminating the crystal from air within the angular range of 
- 7 .1 and + 7 .1 deg measured from the normal to the crys­
tal's boundary, the light in the crystal exhibits negative re­
fractive behavior. For instance, if the crystal is exposed to 
light at an incident angle of 3 deg, the energy flow of the 
light inside the crystal occurs at - 25.1 deg. 

The calculation of the dispersion characteristics assumes 
a crystal lattice of infinite size. Since the real crystal has 

.1 
d!A=0.51 

'-

@} @J 
-0.5 0.5 k 

@} [2](2:1d) 
'\ k, (211 /d) r 

(a) 

.05 

k 
' (211/d) 

k, (211/d) 

(b) 

Fig. 6 (a) Constant-frequency plot at d/11. = 0.51 , where the center 
circle corresponds to the second band in Fig. 5, and (b) the circle 
expanded around point r. The radius is 0.063 in 27Tl d units. 
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Fig. 7 Electric fi eld distribution computed by FMM. The Gaussian 
Jeam illuminates the crystal at 3 deg measured from the normal to 
:he boundary. 

ou ndaries with air, the va lidity of the calculation needs to 
be confirmed . For thi s confirmation , we employ the elec­
tromagnetic computation of the FMM . The computed result 
is shown in Fig. 7, where the crystal' parameter are those 
from Figs. 4 to 6 and with a crystal thicknes of 20 layer . 
The crysta l's boundary with air i parallel to the y direction 
md illuminated with a li ght propagating at 3 deg measured 
fro m the normal to the crystal's boundary. According to 
Fig. 7, li ght inside the crysta l propagate at an angle of 
around - 25 deg . Thus, it is reasonable to assume that the 
refractive behav ior of the light illuminating the crysta l can 
be predicted by the dispersion diagram and the constant­
frequency plot with suffic ient precision. 

Next, we a ume that the crystal has curved boundaries 
and look at three point A, B, and C within the width w1 at 
:t: = 0 in front of the crystal. As hown in Fig. 8 we then 
:!mploy the ray-trace method to visua li ze the propagation 
dj rection of light through and behind the cry ta l. The dj s­
tances between A and B, and B and C, are normalized to I. 
The boundarie b I and b 2 are segments of c irc les with the 
same center. In our eva luation, the norma li zed radii b I and 
b 2 amount to 30 and 28, respective ly. The result in Fig. 8 is 
shown with an ex panded scale in the y direction where the 
reduction of illumination area can be obse rved. The mjni­
mu m width W1, through which all the rays penetrate is 
37 .5% of w1 obtained at x= 18.9. In addition , we ploned 
the pro pagation ang le of each ray inside the c rysta l in Fig. 
9(a) and tho e behind the crysta l in Fig. 9(b). Although the 
propagati on angle inside the crysta l is re latively large, the 

0 10 
Namalized dist111ce x 

20 

Fig. 8 Ray-tracing result. The minimum width W b through which all 
the rays passes is 37.5% of w, at x = 18.9. 
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Fig. 9 Propagation angles of rays (a) inside the crystal and (b) be­
hind the crystal. The angles behind the crystal are almost equal to 
those of incident beams. 

angle behind the crystal become almo t equal to that i.n 
front of the crystal. As a result , we con ider that the re­
quirement of reduction of illumination area with no expan­
sion in propagation angle can be achieved by thi s approach. 

4 Influence of Light Modulation 

Although we have assumed monochromati c illumination of 
the photonic crysta l, mod ul ation of light fo r data transmis­
sion spreads the wavelength range in practical situations. 
Since the ptical characteristic of photonic crysta ls are 
en iti ve to the wavelength of ex po ure, it is important to 

estimate the influence of such a modulation on the perfor­
mance of the reduction in illumination area. Here we as­
sume a digita l transmission by intensity modulation meth­
od . The top of Fig. IO is a part of a pseudorandom 
sequence of O's and J 's. The middle and the bottom of Fig. 
IO show two popular forms of modul at ion uch as non­
return -to-zern (NRZ) and re turn -to-zero (RZ), respective ly. 
When the wavelength of the carrier is given as 1550 11111 , 

the para mete rs of the photon ic crysta l in Fig. 4 are deter­
mined lo be d = 790.5 11111 , a = 79.05 nm. and b 
= 3 16.2 nm. The power di stribution of the modulated light 
is shown in Fig . I l (a) and 11 (b), a urning a data rate of 
40 Gbits/s. The arrow in each figure denotes the wave­
length range which contains 99% energy of the transmitted 
light. 

By repeating the calculati on of the crysta l' s dispersion 
characte ri stics with respect to wave lengths chosen from 
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Fig. 10 Part of a quasirandom array with the binary codes of O and 
1, and the intensity modulations of NRZ and RZ. 

this wavelength range we obtain the required width through 
which all the rays pass behind the crystal. The result is 
shown in Fig. 12, where the value of 0.375 on the ordinate 
represents the case of no light modulation. Although the 
performance in area reduction degrades with the increase of 
the data transmission rate, the width W b is still less than 
38.3% of w1 in the NRZ case and 39.8% of w1 in the RZ 
case with the data rate up to LOO Gbits/s. Therefore, we 
conclude that the influence of light modulation on the per­
formance of the reduction in the illumination area is insig­
nificant within today 's practical modulation rates. 
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Fig. 11 Power distribution of light modulated at 40 Gbits/s. 99% 
energy is contained within the wavelength range denoted by the 
arrows. (a) RZ case and (b) NRZ case. 
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100 
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Fig. 12 Influence of intensity modulation on the performance of 
FOVE. 

5 Modification of the Crystal Structure 

The sample calculation shown in Fig. 8 provides a good 
insight into the behavior of FOYE, however, such bent 
lines for arbitrary inclination angles can only be approxi­
mated in practice due to the discrete structure of the pho­
tonic crystal. Figure 13(a) shows the tilted boundary ap­
proximated by a discrete structure. The requirement for the 
validity of this approximation is to make the entire size 
large enough compared to the size of a unit cell. Another 
possible approach is shown in Fig. 13(b), where a slight 
modification is put into the photonic crystal's structure. 
This approach enables us to design the crystal's boundaries 
at arbitrary inclination. However, from the viewpoint of the 
crystal's dispersion characteristics, such a modification si­
multaneously causes a deformation in the dispersion dia­
gram and the constant-frequency plot. 

As an example, we introduce a slight angular shift in the 
lattice vector 12 to make an angle <p with the y direction and 
calculate the constant-frequency plot. In Fig. 14, we show 
the constant-frequency plot corresponding to the second 
lowest curve shown in Fig. 6, with values of <p such as 3 
and 5 deg. For comparison purposes we also added the case 
cp=O. Although the closed curves move gradually away 
from the circular shape with the increase of the angle <p, we 
can still expect negative refraction. The propagation of 
light through the photonic crystals computed by the FDTD 
method is shown in Figs. 15(a) to 15(c), where a Gaussian 
beam with a beam waist of 4X. illuminates the crystal. The 
angle <pis O in the case of Fig. l5(a), i .e., the crystal's 

(,) 

~J• 
unit cell ..... 

(b) 

Fig. 13 Bent boundary of a photonic crystal approximated (a) by 
means of a stair-step profile and (b) by a modified crystal structure . 
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Fig. 14 Deformed constant-frequency plot due to a slight modifica­
tion of the crystal's structure. 

boundaries are parallel to the y direction. As shown in Fig. 
I, the light gathers behind the crystal. Figures l S(b) and 
IS(c) show the cases of ¢=3 and 5 deg, respectively. Be­
cause of the inclined boundaries introduced by the angular 
change in the lattice vector, the position at which the light 
gathers is spatially shifted. Thus a proper modification of 
the crystal's structure can also be considered to achieving 
the fundamental concept shown in Fig. 2. 

(a) (b) 

(c) 

Fig. 15 Computed result of IEl2 by FDTD method for (a) <t>= O deg, 
(b) </>= 3 deg, and (c) </>= 5 deg. 

X 

3rd 

1st 

z 
(a) 

X sl abs 

z 

(b) 

Fig. 16 Fabrication methods of a photonic crystal where (a) the rod 
layers lie parallel to the yz plane and (b) photonic crystal slabs are 
in the xy plane. 

To work efficiently as an FOYE, the photonic crystals 
extensions should be larger than the area denoted by w1 in 
Fig. 2. Additionally, a means to enable some modifications 
in the crystaJ's structure during the fabrication process is 
desired. We show two possible approache for fabrication 
in Figs. 16(a) and 16(b). In Fig. 16(a), the first layer of a 
photonic crystal is placed on a base substrate lying in the 
yz plane. After the first layer is completed, the fabrication 
process for the second layer begins on top of the first layer. 
Similarly, the third layer is made on top of the second layer, 
and so on. Since the light illuminates the cry tal's surface 
in the y z plane, this approach provides an adequate expo­
sure area. But the design of crystal's structure is limited due 
to such a layer-by-layer process and is suited only for the 
discrete boundary shown in Fig. I 3(a). In Fig. l 6(b), thin 
s labs containing short rods with an arbitrary arrangement in 
the xy plane are combined along the ;: axis. This approach 
also suits the bent boundary shown in Fig. l 3(b), but many 
s labs must he tacked to obtain a large exposure area. A 
common requirement for both approaches is the acc urate 
alignment of layers. 

During fabrication, a mall amount of misalignment is 
almost unavoidable. In the following we therefore briefly 
discuss the influence of rod misalignment on the negative 
refractive behavior. In our analysis, 14 we introduced some 
random misalignment in the lateral position of each layer. 
as shown in Fig. 17 , where/::,.; indicates the amount of shift 
along the y axis at the i'th layer. The distance between 
neighboring rods in the lateral direction remains d. The 
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Fig. 17 Schematic drawing of rod misalignment. 

provided photonic crystal consists of 24 layer with the unit 
cell s as given by Fig. 4 . For each layer, a random value is 
ass igned to 11; selected fro m the range of it:i.. J,;;; t:i.. max. The 
FDTD method is used to s imulate the light propagation . 
Here, we assume that the illumination wavelength is 
0.505d and the polarization vector of the electric fie ld is 
parallel to the rod ax is. In Figs. 18(a) to 18(c), we show 
several snap hots of the square of the electric fie ld strength 
(£2

) when 11max, normalized with d, i given as 0, 0 .3, and 
0.5, respectively. The average and the standard deviation of 
the misalignme nt are 0.004 and 0.16 at !::i..max= 0.3 and 0.03 
and 0.29 at !::i..max = 0.5. In Fig. l 8(a), the perfectly aligned 
tructure exhibits the foc using effect. However, an increase 

of /1 max starts to degrade the cry tal ' performance, a 
shown in Figs. 18(b) and 18(c). For comparison, we nor­
malize the max imum amplitude behind the crystal to 1 and 
also norma li ze the width of Figs. 18(a) to 18(c) along the y 
direction to 1. Figure 19 shows the £ 2 di tribution along 
the y direction at the location of the maximum in propaga­
tion direction of the ideal ca e [Fig. 18(a)]. 

Since light pa ses through the FOYE, the device's trans­
mittivity becomes also an issue. Sakoda et al. 15 analyzed 
the wavelength-dependent transmittivity of light, showing 
that the thickness of crystals and angle of illumination are 
important facto rs. In reality, photonic cry tals have bound-

(a) (b) 

1. 0 

N 0.8 
J.il 
1l 0.6 
.!::! 
.; e o.4 
0 

z 0.2 

0. 0 1---~~ 

0 35 0.4 0 0.45 0.50 0.55 0.60 0 .65 
Normalzed p osition 

Fig. 19 Degradation of the focusing effect due to rod misalignment. 

arie with ai r and the optica l behavior caused by the sur­
faces is considered to be different from that in the middle of 
the crystal. The influence of the surfaces has been studied 
by Baba et al. 16 and a method of structural modification 
was introduced at the crystal surface to improve transmit­
tivity. 

Last but not least, the temperature dependence of mate­
rials composing a photonic crystal causes a temperature 
dependence of the cry tal' s optical behaviors ; thu , tem­
perature conditions of the photonic crysta ls must be taken 
into consideration when material s for fabrication are deter­
mined. 

6 Conclusion 

We presented the fundamental concept of the FOYE to­
gether with the analysi of the negative refractive behav ior 
of photonic crystal . The optical behavior of a photonic 
crystal designed for thi s purpose was predicted by inve ti­
gating the crystal 's di persion characteristics. This predic­
tion was confirmed by rigorou electrnmagnetic computa­
tions using the FMM. The worki ng performance of FOYE 
was visualized by the ray-trace method, and the sample 
calculation of the influence of light modulation for data 
transmission showed that the performance is stiJI valid at 

(c) 

Fig. 18 Snap shots of the square of the electric field ( E2) , where (a) represents the ideal alignment, 
and (b) and (c) represent Clmax = 0.3 and Cl max= 0.5, respectively. 
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intensity modulation of RZ and NRZ up to I 00 Gbits/s. To 
::>btai n an effic iently bent crystal surface, a s light modifica­
tion wa introduced in the crysta l's structure. In conjunc­
tion with the analysis on the impact of such a deformation 
to the di persion diagrams, the propagation behavior of 
light was computed by the FDTD method. This calculation 
helped us to visuali ze the propagat ion of light through the 
crystal and also indicated that the approach of the modified 
crystal structure is useful in designing the FOYE boundary 
at arbitrary inclination angles. 
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