Link design for nondirected

wireless infrared communications

John R. Barry and Joseph M. Kahn

We optimize the design of a short-range communication system using nondirected line-of-sight IR
radiation. We propose a receiver structure comprising a spherical thin-film optical filter and a truncated
spherical lens that can significantly outperform an optimized planar-filter system. We can make the
passband of the spherical filter arbitrarily narrow without constraining the field of view by using an
arbitrarily large filter radius. We argue that a truncation angle of 90° maximizes the receiver field of
view when a spherical filter is used. We jointly optimize the transmitter radiation pattern and receiver
optical components. Numerical results show that 269 mW of transmitted signal power is sufficient to
achieve 100 Mbit/s throughout a 4-m-radius cell with high background irradiance.
Key words: Wireless communications, thin-film filters, nonimaging concentrators.

1. Introduction

The push for higher data rates in wireless computing,
wireless video, and wireless multimedia applications
has motivated recent interest in wireless IR communi-
cation.!® As a medium for short-range wireless
communication, IR radiation enjoys three primary
advantages over radio. First, the IR spectrum repre-
sents an immense, unregulated bandwidth. Second,
IR radiation does not pass through walls or other
opaque barriers, permitting the operation of high-
speed links in every room of a building without
interference. Third, there is no multipath fading
with IR systems that use intensity-modulation and
direct detection, because the relative area of the
square-law detector is large, typically greater than
10,000 square wavelengths, and this provides an
inherent spatial diversity.

Infrared has some drawbacks as well. Although
multipath propagation obviates the need for a strict
line-of-sight (LOS) path between the transmitter and
receiver, an IR link is still susceptible to severe
shadowing; an IR receiver cannot be carried in a shirt
pocket, for example. Also, IR links have a limited
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range, because the noise from ambient light is high
and also because the square-law nature of a direct-
detection receiver doubles the effective path loss (in
decibels) when compared with a linear detector.

Nondirected IR links, which do not require align-
ment between transmitter and receiver, can be catego-
rized as either LOS or diffuse; a LOS link requires an
unobstructed LOS path for reliable communication,
whereas a diffuse link relies instead on reflections
from the ceiling or other reflectors. LOS links re-
quire less power than diffuse links, but diffuse links
are more robust to shadowing. Except for a brief
discussion in Subsection 3.E, we consider only LOS
nondirected links.

The dominant impairment in a nondirected link is
background light, which is typically a combination of
fluorescent light, sunlight, and incandescent light.
These light sources emit power over a broad range of
wavelengths with a significant fraction of this power
falling within the wavelength band of sensitivity of
silicon photodiodes.!?

There are two ways to mitigate the effects of
background light; the first is to use a narrow-
linewidth optical source, such as a single- or nearly
single-frequency laser diode, in combination with a
narrow-band optical filter to reject out-of-band ambi-
ent light. The second is to introduce an optical lens
between the transmitter and receiver to provide opti-
cal gain. Together the lens and filter make up the
optical front end. Ideally we want the front end to
act as an ideal optical bandpass filter, providing a
large optical gain G across a narrow passband of
width AN and rejecting all other wavelengths. Fur-



thermore we want the front-end characteristics to be
invariant to the angle ofincidence. When these ideal
conditions are met, the shot-noise-limited electrical
signal-to-noise ratio (SNR) after photodetection is
proportional to G/A\, the gain-to-bandwidth ratio.
The problem of achieving a high SNR can thus be
reformulated as a problem of devising an optical front
end with a large gain-to-bandwidth ratio over a wide
field of view (FOV).

In this paper we propose two optical front ends
comprising a thin-film optical filter and a truncated
spherical lens. In the first a planar thin-film filter is
placed between the lens and the photodetector, and in
the second a spherical thin-film filter is placed on the
surface of the lens. We show that, in the limit of a
large lens radius, the spherical-filter system ap-
proaches the ideal front end described above. Unfor-
tunately practical constraints on receiver size and
weight may result in a small lens radius, in which
case the optical gain is a strong function of angle of
incidence, so that the optimization procedure involves
more than just maximizing a gain-to-bandwidth ratio.

In Section 2 we summarize the properties of thin-
film optical filters. In Section 3 we examine the
optical gain performance of the truncated spherical
lens with the optical filter and explain why the
spherical filter outperforms the planar filter. In Sec-
tion 4 we present a procedure for the joint optimiza-
tion of the transmitter radiation pattern and receiver
optical front end. We close by presenting typical
optimization results that support the viability of
high-speed communication using nondirected IR radia-
tion.

2. Thin-Film Optical Filters

We can make an efficient narrow-band optical filter
using multiple layers of thin dielectric films. Unfor-
tunately the phase shift through the layers changes
with angle of incidence, causing dramatic changes in
the filter characteristics at nonnormal incidence.
This angle dependence is critical in wide-FOV applica-
tions. Our purpose in this section is to summarize
the effect of the angle of incidence on the performance
of thin-film optical filters and to present a simple
Butterworth model for future use.

A. Theoretical Transmission

A thin-film optical filter consists of a stack of K — 2
thin dielectric layers with varying thicknesses and
indices of refraction. Let n; and nx denote the
refractive indices of the input and output media,
respectively, and let ny through nx_; (and dy through
dg-1) denote the refractive indices (and thicknesses)
of the intervening layers. For the case in which
equal power is contained in the TE and TM polariza-
tion states, the total fraction of power transmitted
through the filter, assuming lossless dielectrics, is
given by

T6,) =1 — Y%l|pre® + [pru %), (1)

where the reflection coefficients prg and pry are
defined by the following set of recursive equations!0-12:
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Here 6, is the angle that the light ray makes as it
passes from medium % to medium £ + 1, m; is the
effective complex-valued index seen by the lightwave
as it enters medium k&, and B, = 2w cos(ek)nkdk/)\,
where \ is the wavelength of the light in vacuum.10
Starting with mx = Nk, we can apply Eq. (4) recur-
sively to arrive at n, which when substituted into Eq.
(2) yields prg or prym, depending on the initialization of
the [NV} as either TE or TM in Eq. (3).

A single-layer antireflection (AR) coating is a special
case of a multilayer dielectric stack, and hence its
transmission can be calculated with Egs. (1-(5) with K
= 3, ng equal to the refractive index of the coating, and
ds equal to the thickness of the coating. Similarly,
when K = 2, Eqgs. (1-5) specify the angle-dependent
transmission at a single dielectric interface between
two media with indices of refraction n; and ns.

For purposes of illustration, consider the typical
25-layer, three-cavity, thin-film optical filter de-
scribed by (LHPLZHLALHFALAHL2.2 Each layer has
a one-quarter-wave optical thickness (QWOT) with
respect to Ayormal = 850 nm. (1 QWOT = Anormal/ 4n,
where n is the refractive index of the film.)] In Fig. 1
we show the transmission of this filter as a function of
wavelength for a number of different angles of inci-
dence, as calculated with Eqgs. (1-5),
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Fig.1. Comparison between the actual transmission and analyti-

cal model of Eq. (8) with AN = 36.3 nm, Ayorma1 = 850 nm, ng =
2.293,m = 3, and T, = 0.92.
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assuming that the low index is n;, = 2, the high index
is ng = 3.5, the input index is n; = 1, and the output
index is ng = 1.8. The curves are labeled with the
angle of incidence 6 [or 6; in Eq. (5). At normal
incidence the filter is well approximated by a third-
order Butterworth filter with center wavelength
Mormal = 850 nm and bandwidth AN = 36.3 nm. As
the angle of incidence increases to 30°, the spectral
shape and bandwidth remain unchanged, whereas
the center wavelength shifts to shorter wavelengths.
For angles of incidence near 60° and higher, however,
the spectral shape is seen to change considerably.

We define \6) as the center wavelength of the
transmission passband for angle of incidence 6. It
satisfies NO) = Npormal.  In Fig. 2 we plot the fractional
shift )\(‘9)/ A normal Versus 0 for the filter of Fig. 1. The
dashed line in the figure is described by the analytic
approximation!3

):(6) = )\normal|]- - (nl/ns)2 Sinz 611"”27 (6)

where n; is the index of the input layer and n, is an
effective index for the spacer layer; we find it empiri-
cally by fitting the approximate curve to the actual
one in Fig. 2,113 yielding n, = 2.293. The figure
shows that this approximation is quite accurate.

Let Ay denote the wavelength of the transmitted
signal and 6 the angle at which the center wavelength
coincides with Ao, so that A\6) = N\g. We refer to 0
as the filter orientation. With this definition, Eq. (6)
becomes
n2 — n,%sin?0|"”

NB; 6) = N (7)

n2 — n,?sin? 0

Comparing Eq. (7) with Eq. (6), we see that the
parameters 6 and N\,oma are interchangeable in
the sense that both completely characterize the
wavelength shift, assuming that n; and n, are
known. In practice, however, 6 is the more useful
quantity, because its optimal value, as derived in
Section 4, is nearly independent of n, and A\, whereas
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Fig. 2. Dependence of the center wavelength on the angle of
incidence for the filter of Fig. 1. Barely discernible is the analytic
approximation curve of Eq. (6) with ny/n; = 2.293.
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the corresponding optimal value for A\gma is a strong
function of both n, and A\.

The tendency for the center wavelength to shift to
shorter wavelengths at nonnormal incidences makes
it difficult to obtain an optical filter that has both a
narrow passband and a wide FOV. As we see in
Section 4, there is an optimal bandwidth that trades
off the opposing goals of minimizing the admitted
noise and maximizing the FOV.

B. Butterworth Model

We next introduce a simplified model for thin-film
filters that extracts only those features that are
important to system design. We assume that the
spectral shape of the filter has an mth-order Butter-
worth characteristic and that this spectral shape
remains the same for all angles of incidence. (The
validity of this assumption is addressed below.] We
assume that the center-wavelength shift is given by
Eq. (7). Finally, we assume that the peak transmis-
sion is Ty. (T is typically 0.4—0.9 because of imper-
fect dielectrics!? and also because of inherent losses in
metal-dielectric blocking filters that are often used to
reject the transmission peaks at wavelengths longer
than the primary peak near \opq. 111314

With these assumptions the performance of a thin-
film optical filter is characterized by only two pri-
mary parameters, the bandwidth AN and orientation
0. For a single light ray with wavelength A incident
at an angle 0, the filter transmission is

T,
N — x(@; é)
AN/2

T10; AN, 6) = (8)

2m

1+

The design of the optical filter thus boils down to
specifying the two parameters A\ and 0 (see Section 4).
The remaining three parameters (n,, m, and T) are
generally fixed by technology and should be chosen to
be as large as possible.

The dashed curves in Fig. 1 show how the simplified
model of Eq. (8) (with A\ replaced by \) compares with
the actual filter transmission. We see that the spec-
tral shape of the passband begins to change for angles
of incidence greater than 30°. At 6 = 75° the shape
has broadened considerably and exhibits severe pass-
band ripple. The cause of this variation is the polar-
ization effect; the rates of change of center wave-
length as a function of 6 are different for the TE and
TM polarization modes.!2.14

Fortunately polarization effects are not critical in
our application, because we are not concerned with
the filter shape at all wavelengths. Rather we are
concerned only with the filter transmission at the
operating wavelength A\y. For example, suppose the
operating wavelength is Ay = 810 nm. In Fig. 3 we
compare the actual angle-dependent transmission of
the filter in Fig. 1, as we compute using Egs. (1)-5),
assuming A¢ = 810 nm, with that predicted by the
Butterworth model of Eq. (8). The agreement be-
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Fig. 3. Filter transmission at \o = 810 nm as a function of the
angle of incidence for the filter of Fig. 1: the actual (solid curve)
and analytical model [dashed curve, from Eq. (8) with A\ = 36.3
nm, m =3, To = 0.92, Normal = 850 nm, and ng/ny = 2.293 or
b = 44°]

tween the two is good, and so in the remainder of this
paper we use the Butterworth model to characterize
thin-film filters. This greatly simplifies the filter
optimization procedure of Section 4, because it per-
mits us to alter the filter bandwidth and orientation
without redesigning a new filter from scratch.

By definition T10) = Ty. The FOV of a planar thin-
film filter can be measured by the angular bandwidth
0., defined by 716 + 6. = To/2. (The filter transmis-
sion is not symmetric about 6 when 6 is nonzero, and
so 0, does not completely characterize the FOV in this
case.) An estimate of 6, can be found from Eq. (8 with
the following approximation being accurate when 6 =
0:

ng

ny

-1

' 9)

AN\V/2
0, =~ sin —)

Ao

This implies that the bandwidth of a planar filter
(with 6 =~ 0) must be extremely large for a full FOV
(6. = 90°) to be achieved; specifically the bandwidth
must satisfy AN = \o/(n,/n1)%, where (n,/n,? is typi-
cally near 5.

3. Truncated Spherical Lens

To collect sufficient signal power, the receiver in a
nondirected link must use a photodetector with a
large area. Unfortunately the high capacitance of
large-area photodetectors is a major obstacle to the
construction of a wide-band, low-noise preamplifier.4
It is therefore desirable to use a wide-FOV optical
antenna to increase the photodetector effective area.
The resulting optical gain is very beneficial, in particu-
lar, as discussed in Section 4, the electrical SNR is
nearly proportional to the optical gain. Although
not considered here, one way to achieve optical gain
over a wide FOV is to use an array of narrow-FOV
nonimaging concentrators, each pointing in a differ-
ent direction.’ A less complex alternative is a trun-
cated spherical lens, of which the hemispherical lens
is a special case. Its benefit in the context of nondi-

rected communication was noted first by Kotzin2 and
Marhicet al.® Aswe see, optical gains of more than 4
dB are practical. In this section we propose two
methods for combining a truncated spherical lens
with a thin-film optical filter and calculate the effec-
tive optical gain of each.

A. Gain Calculation for LOS Radiation

Consider a truncated spherical lens with truncation
angle 0;, refractive index n, and radius R placed
concentrically on a circular photodiode with area A =
wr? as shown Fig. 4.2-46.7.1516  'We propose two such
systems, differing in the placement of the optical
filter. Inthe planar-filter system of Fig. 4(a), a planar
filter is placed between the lens and the detector, and
in the spherical-filter system of Fig. 4(b) a spherical
filter is deposited or bonded directly onto the lens
surface. The optical gain for both systems can be
calculated with the expanded diagram of Fig. 4(c), as
outlined below.

Assume a LOS configuration with a wide collimated
beam of uniform irradiance p (in units of W/cm?)
incident at the receiver. As shown in Fig. 4(c), the
beam makes an angle s with respect to the photodetec-
tor surface normal. Consider a single ray from the
beam making an angle 8, with the lens surface
normal; it is attenuated by a factor T10¢) as it enters
the lens, where the angle-dependent transmission
factor T(0y) accounts for reflection loss (the planar-
filter case) or filter loss (the spherical-filter case), as
calculated with Egs. (1}-(5). The ray is then refracted
toward the center of the sphere, making an angle 6,
with the normal to the lens truncation plane. Extend-
ing this notation, we let T105), T103), and 7T(0,) represent
the transmission at the lens output, planar filter (if
any), and detector input, respectively, all calculated
with Egs. (1)-5).

When the entire lens system is absent, the power
intercepted by the photodetector is pA cos(ys). With
the lens system in place the detected power increases
to pAg(ls), where the effective area A () is defined by

Aeff = f T(GO)T(GQ)T(93)T(94)COS(90)dS, (10)
So

where the integration is performed over the portion Sy
of the lens surface for which light passing through
eventually hits the detector. Sy is easily estimated
with a simple ray-tracing technique. The optical
gain G()) provided by the lens is the ratio of the
detected powers: G{ls) = Aesr(is)/A cos().

B. Hemispherical Lens

1. Numerical Examples

For the special case of a hemispherical lens (6, = 90°),
normal incidence ( = 0), and no reflection and filter
losses |T16,) = 1], a simple geometric argument shows
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that the gain G(0) = G satisfies

r= r\/G — (R? — r2G"/2tan r;/%G —sin™! rr:éG .

sin~!

(11)
In Fig. 5 we plot this G(0) versus lens radius R for

indices n € (1.3, 1.5, 1.8}, assuming that A = 1 cm?2.
(The curves labeled 0,,,x are discussed in Subsection
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3.C.] We see that the gain is a monotonically increas-
ing function of the lens radius. Furthermore for
large radii the gain approaches an asymptote of n?,
the thermodynamic limit for passive concentrators.215
Inspection of Fig. 5 reveals the following rule of
thumb: Most of the asymptotic gain is achieved
when the lens radius exceeds the detector radius by a
factor of n2.

To calculate the gain at nonnormal incidence, we
resort to a numerical ray-tracing method based on Eq.
(10). Consider Fig. 6(b) [Figs. 6(a) and 6(c) are dis-
cussed in Subsection 3.CJ; it illustrates the effect of
the angle of incidence on gain for a hemispherical
(0; = 90°) lens with index n = 1.8, radius R = 2 cm,
and a detector area of A = 1 cm2. The curve labeled
Ideal shows how G{{s) varies with s when there are no
reflection losses or filter losses [710;) = 1. The dotted
line is n?, the normal-incidence gain if an infinite lens
radius is assumed. The gain is seen to vary only
slightly with angle, always staying within 0.3 dB of n2.

Reflections can significantly reduce the gain, espe-
cially at nonnormal incidence. To illustrate the dan-
gers of ignoring reflections, consider the same lens
without any AR coatings or index matching so that
the gap between the lens and the detector is filled
with air. In this case the curve labeled Uncoated in
Fig. 6(b)results. The precise methods for calculating
the angle-dependent transmission factors [T10;)| result-
ing from reflections at the lens input, lens output, and
detector input are presented in the second column of
Table 1. A sharp drop in gain occurs near sin~1(1/n)
= 34°, the critical angle of the 1.8-index lens, because
light trying to exit the bottom of the lens experiences
total internal reflection at larger angles. This re-
sults in a narrow FOV that is unacceptable for
nondirected applications.

The effects of reflections can be reduced signifi-
cantly by the careful placement of AR coatings and
index-matching compounds within the system. For
example, when the lens has a single-layer AR coating
with an index of 1.38 and thickness of 1.04 QWOT,
and the detector has a single-layer coating with an
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index of 2.0 and thickness of 1.42 QWOT, and the
index-matching layer has the same index as the lens
(see Table 1), the curve labeled Coated in Fig. 6(b)
results. Even at the extreme angle of = 80° the
gain with an index-matching and AR coating comes
within 1.5 dB of the ideal. A procedure for designing
the AR coatings and index-matching layers is pre-
sented in Section 4.

An optical filter is absolutely necessary in most
applications, and hence we are most concerned with
the optical gain achieved when an optical filter is
present. Compare the two curves labeled Planar
and Spherical in Fig. 6(b), which result from the
planar- and spherical-filter systems of Figs. 4(a) and
4(b), respectively. As summarized in Table 1, the
filter bandwidth in both cases is 15 nm, the AR
coatings in both cases are identical to those described
in the previous paragraph, and the filter orientation 6
is 45° and 15° for the planar and spherical filters,
respectively. Note that the gain of the spherical
system is nearly omnidirectional. In contrast the
gain of the planar system is confined to a narrow FOV
near 6 = 45°. Thus, although both systems are
equally effective at mitigating background light, only
the spherical system would be useful in a wide-FOV
application. We could expand the FOV of the planar
system by increasing the filter bandwidth at the cost
of increasing the power of admitted background light.

Recent experimental research has demonstrated
the wide-FOV capabilities of a spherical optical filter;
as part of a prototype 50-Mbit/s nondirected IR link,
Marsh and Kahn!? have implemented a hemispheri-
cal filter—lens combination, achieving a 30-nm band-
width with a 70° FOV.

2. Angle Distribution for Hemispherical Filter

The superiority of the hemispherical filter over the
planar filter, as illustrated in Fig. 6(b), is best ex-
plained with the aid of the density functions £;,%(6,)
and f,2(62), which describe the angular distribution of
detected light as it enters and exits the lens,
respectively [6p and 0, are illustrated in Fig. 4(c)|.
Specifically, for a collimated beam of uniform irradi-
ance impinging on the lens at an angle  from the
detector normal, we define £,/°(0)A6 as the fraction of
the detected power that enters the lens with an angle
of incidence 0 in the infinitesimal interval [0, 6 + A#),
assuming that there are no reflection losses. Simi-
larly, we define £,2(6)A0 as the fraction of the de-
tected power that exits the lens with an angle of
incidence 0, in the range [0, § + A8). By considering

Table 1. Transmission Calculations for Fig. 6

Param-
eter Ideal Uncoated Coated Planar Spherical
T(0o) 1  From Egs. (1-5)withn =1, From Egs. (1~5)withn; = 1, From Egs. (1-5)withn; =1, From Egq. (8) with AN = 15
ng =18 ne = 1.38,dy = 1.04, ng = 1.38,dy = 1.04, nm, § = 15°, Ty = 0.7,
ng =18 ng =18 m = 8, ny/n, = 2.293
T(0g) 1  From Egs. (1-5) with 1 1 1
n=18ns=1
T053) 1 1 1 From Eq. (8) with A\ = 15
nm, 6 = 45°, T, = 0.7, 1
m = 3,ny/n; = 2.293
T0y) 1  From Egs. (1-5)withn; = 1, From Egs. (1~5) with From Egs. (1-5) with From Egs. (1-5) with

ny = 3.686

ny = 18, ng = 20,
do = 1.42,n3 = 3.686

ny = 18, ng = 20,
do = 1.42,n3 = 3.686

ny = 18, ng = 20,
do = 1.42,n3 = 3.686
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only detected power in these definitions, we are
equivalently restricting consideration to light passing
through the subset Sy of the lens surface in Eq. (10).
Note that by definition both £,/°(6) and £,,2(6) integrate
to unity over the interval 0 < 6 < /2.

Using numerical methods, we calculated the den-
sity functions, assuming that 6; = 90°, R = 2 cm, n =
1.8, and A = 1 cm?; the results are in Fig. 7. Figure
7(a) shows that light destined to strike the detector
enters the hemispherical lens at nearly normal inci-
dence. Specifically, the input angle of incidence is
confined to a narrow range of (0, 0,,,,), where 0,,,, =
31° for this example. [An analytical expression for
Omax 1s given in Eq. (13).] In contrast, Fig. 7(b) shows
that light destined to strike the detector can exit the
hemispherical lens with any angle of incidence in the
range (0, 90°).

Without reflection or filter losses the optical gain of
a hemispherical lens is approximately n2 for all .
After we account for filter losses (but not reflection
losses), the angle-dependent gain decreases by a fac-
tor of T(s), the averaged filter transmission. Be-
cause the angles of incidence through a spherical and
planar filter are described by £,°(6) and £,2(6), respec-
tively, T(s) is given by

/2
Ty) = J‘ £,°(6)710; AN, 6)d6  (hemispherical),
0

/2
Tiy) = f £,2(0/716; A\, 6)d0 (planar), 12)
0

where the filter transmission 710; A\, 6) can be mod-
eled with Eq. (8. The dashed curves superimposed
onto the density functions of Figs. 7(a) and 7(b) illus-
trate the filter transmission 710; A\, 0); the filter
bandwidth A\ is 15 nm in both cases, whereas the
filter orientation 0 is 15° and 45° for Figs. 7(a) and 7(b),
respectively. For a given angle of incidence s, we
may calculate the averaged filter transmission 7(s) by
integrating the product of the dashed curve in Fig. 7
with the corresponding density function £,#(6). Figure
7(a) shows that most of the incident light always falls
within the passband of the filter, regardless of s, thus
explaining the wide FOV of the spherical filter despite
its narrow bandwidth. On the other hand, Fig. 7(b)
shows that the incident light falls within the pass-
band of the filter only when { is near 45°, thus
explaining the narrow FOV of the planar filter.

C. Nonhemispherical Lens

So far we have focused on the hemispherical examples
of Fig. 6(b), for which the truncation angle was fixed at
0; = 90°. Changing this truncation angle has a
significant effect on the gain properties of the lens.
In Figs. 6(a) and 6(c) we repeat the examples of Fig.
6(b), changing only the truncation angle to 6, = 70°
and 6, = 110°, respectively. As before the transmis-
sion factors were calculated per Table 1. Consider
first the curves labeled Ideal, which assume no reflec-
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tion losses. Most striking is the observation that the
gain is not omnidirectional, as it was for the hemi-
spherical lens. When 6, = 70° the gain is maximum
at large angles of incidence. On the other hand,
when 6; = 110° the gain is confined to a FOV of less
than 70°.

As before, our primary concern is in the net gain of
the systems using an optical filter. The curves la-
beled Planar and Spherical in Fig. 6 show that,
although the FOV of the planar-filter system is not a
strong function of 6;, the FOV of the spherical-filter
systems is, with a truncation angle of 90° being
superior to 70° and 110° for the particular spherical
filter considered. The interplay between 0; and the
FOV is explored further below, where we argue that,
when a spherical filter is used, the FOV is maximized
by 6; = 90°.

Let 0.« specify the angle spread at the input of a
lens with truncation angle 6;, so that light eventually
striking the detector surface enters the lens with an
angle of incidence confined to the range [0, 0yl
Clearly, to maximize the FOV when using a spherical
filter, we want 0,,,, to be small, although the shape of
the density function £°(6) can affect the FOV of a
spherical filter to some extent, the discussion in
Section 3.B.2 suggests that 0,.,; has the dominant
effect on FOV. It is easy to show that

nr ,
0y = Sin~! 3 1+ (R/rPcos? 0,[V2} . (13)

Therefore we maximize the FOV of a spherical filter
by choosing the lens radius to be as large as possible.
(This is also desirable from the point of view of
maximizing the optical gain.] Furthermore Eq. (13)
shows that the FOV of a spherical filter is maximized
when the truncation angle is 90°. For this reason we
limit consideration to hemispherical lenses in the
remainder of the paper.

D. Achieving an Arbitrarily Narrow Bandwidth with a
Full FOV

We see from Eq. (13) that 6, = sin~1{nr/R) when
0; = 90°, in which case 0, — 0 as R — «. This is
illustrated in Fig. 5, where we plot 6,.x versus R,
assuming A = 1 cm?.  In principle therefore we can
make the electrical shot-noise-limited SNR arbi-
trarily large by choosing first an arbitrarily small
filter bandwidth AN and then R to be large enough to
make 0., sufficiently small. Here 60,,,4 is sufficiently
small when the angle dependence of the spherical
filter transmission is negligible; the following proce-
dure quantifies this idea.

First, we choose AN to be as small as required for
the desired SNR to be achieved. The angular band-
width 6, is then specified by Eq. (9. The last step is
to choose R to be large enough that all detected rays
pass through the filter at angles falling within the
angular passband. This is more or less equivalent to
the condition 0., = 6.; hence from Egs. (9) and (13) a



full FOV requires that R satisfy

nr

=
ns/nl

L )m- (14

AN

For example, a lens radius of at least 2.3 cm is
necessary to achieve a full field of view when AN = 30
nm, Ao = 810 nm, n = 1.8, n,/n; = 2.293, and w2 = 1
cm?.

Without restrictions on the lens radius R, the above
procedure solves the problem of designing a narrow-
band, wide-FOV optical filter. We are particularly
interested in addressing the case of portable receiv-
ers, however, where there are strict size and weight
limitations. In the remainder of the paper we as-
sume that R is finite and assumes a value of R = 2 cm
in all numerical examples.

E. Gain Calculation for Isotropic Radiation

Suppose that, rather than a LOS plane wave, the
hemispherical-filter system of Fig. 4(b) is subject to
isotropic radiation with unity flux (W/m2/sr).
Isotropic radiation is a convenient model for back-
ground radiation or for a link using a diffuse transmit-
ter. Savicki and Morgan!® have shown that, when
reflections are ignored, the flux inside the lens is
either n2 or 0, depending on the angle of view, with the
flux being 0 only when the viewing direction is such
that incoming light would have to violate Snell’s law.
If the lens radius satisfies

R nr 15
= — 3
(1 — n2cos? 0,)"/2 (15)

Snell’s law is never violated, so that every point on the
detector surface is subject to isotropic radiation with
flux n2. In this case the total gain (when we neglect
reflection and filter losses)is n2. For example, when
0; = 90°, R must be nr for the total gain to be n2.

4. Joint Optimization of Transmitter and Filter

In this section we jointly optimize the transmitter
radiation pattern and optical filter, which yields bet-
ter results than if we tried to optimize each indepen-
dently. Let H (in units of cm~2) denote the memory-
less transfer function of the channel, so that an
optical intensity of P at the transmitter results in a
signal irradiance of HP at the receiver. The detected
photocurrent is then r, HPA.¢, where r, is the photode-
tector responsivity and A is the effective area of the
photodetector from Eq. (10).

Suppose that the background irradiance is white
and isotropic, so that the background irradiance per
unit filter bandwidth ps, is constant, independent of
wavelength, receiver position, and receiver orientation.
Let Ay, denote the effective area of the optical front
end as seen by the background light; because the
signal is not isotropic, Ay, is not equal to Aey. The
detected background light is then py,ANAp,, where AN
is the filter bandwidth; this induces a white Gaussian

shot-noise current with power spectral density
qrpPrsANApg, where g is the charge of an electron.
Therefore, if P is the average transmitted optical
power, the bit-error rate for on—off keying with bit
rate B is Q|(SNR)'/2|, where

Qlx) = (27r)‘1"'2f exp(—t2/2)dt,

and where

rpHQPZAefo (
SNR=——7—" 16)
qpbgA)\AbgB

The optical front end should be designed so as to
maximize the figure of merit A 42 /AbgA)\, which is
related to the gain-to-bandwidth ratio described in
Section 1.

As discussed in Subsection 3.E, A, simplifies to n?A
when the lens radius R satisfies inequality (15), where
nis the lens index. After we account for filter losses,
the effective area becomes

Abg = nzToA, (17)

where T is the peak filter transmission. This result
is applicable, although somewhat pessimistic, even
when the background light source is a distant point
source rather than isotropic; it results from the LOS
analysis when the detector is aligned with the noise
source ( = 0°) and the optical gain is set to n2T.

As specified in Eq. (10), A accounts for lens gain,
tilt loss, and filter and reflection losses. To a first-
order approximation, the lens gain is n?, the tilt loss is
cos ¢, and the combination of filter and reflection
losses is Ty, so that Agr = n?ToA cos . It is conve-
nient to express A.s in terms of this first-order
approximation:

Aur = YIn>TIWA cos U, (18)

where we have introduced two new parameters;
v} = 1 measures the efficiency with which the lens
achieves a gain of n%, when we neglect reflection and
filter losses, and T{{5) = Ty accounts for all reflection
and filter losses:

1
Y) = A o5 ¢ fso cos 6,dS, (19)
f T(0,)T(05)T(05)T104)cos 0,dS
) = = : 20]

f cos 0,dS
So

For example, from the curve labeled Ideal in Fig. 6(b)
we see that 0.94 = () = 1.06 for all  when 6, = 90°,
R=2cm,n=1.8,and A = 1 cm2 Unlike Eq. (12),
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where reflection losses are ignored, Eq. (20) accounts
for all reflection and filter losses.
Substituting Eqgs. (17) and (18) into Eq. (16) yields

r, H2P2y2T(s)? cos® s
SNR = -£ n?A. 21)
qpbgA)\TOB (

Note that, to a first-order approximation, the SNR is
linearly proportional to the detector area and propor-
tional to the square of the lens index. Thus n and A
should be chosen to be as large as possible. [Strictly
speaking, both y and T(s) are functions of A and n, but
the dependence is weak and of little consequence in
practice.]| The transmitter radiation pattern and op-
tical filter should be designed so as to maximize the
figure of merit [HyT()2/ A\, as discussed below.

A. Transmitter Optimization

For purposes of illustration we consider a cylindrical
cell of radius d, as illustrated in Fig. 8; the height of
the cell is Ayax — Amin, and the transmitter is centrally
located a distance A, above the top of the cell. For
each possible receiver location, let |y denote the angle
between the orientation of the transmitter (down) and
the position vector of the receiver. Define g =
tanYd/hmay) and Yo = tan Yd/Any,). Let P denote
the instantaneous power of the transmitter. The
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Transmitter

(cell radlus)

Fig. 8. Cross-sectional view of the coverage area.

axial symmetry of the cell calls for an axially symmet-
ric transmitter radiation pattern R({s) (sr~!), defined so
that PR(}s) is the emitted optical intensity per unit
solid angle at an angle { from the orientation of the
transmitter. Integrating PR({) over a hemisphere
must yield P, so that

/2
wa R()sin i)y = 1. (22)

0

A receiver with effective area A pointing straight up
and located at an angle s and vertical distance 2 from
the source will detect a total power of PR({s)d(), where
d() is the solid angle subtended by the detector, dQ) =
cos? YA.x/h2.  In this case the channel transfer func-
tion is H{s) = R({s)cos? s/ k2.

Note that for any { the SNR is at its minimum
when the path loss is greatest, or in other words,
when the receiver is located at the boundary of the
cell, either on line AB or BC in Fig. 8. If we optimize
R(y) so as to maximize the minimum SNR in the cell, it
is easy to show that the optimum radiation pattern
R(s) forces the SNR to be constant at all points on the
cell boundary, independent of s

Theorem 1. The optimal radiation pattern Ry,
maximizing the minimum SNR in the cell, is that
which makes the SNR equal to the same constant
at each point on the lines AB and BC.

See Appendix A for proof. Because the noise irradi-
ance is assumed to be constant throughout the cell, an
optimal radiation pattern also causes the detected
signal power to be constant on the cell boundary.
To determine an explicit expression for Ryls), we set
the detected power on the cell boundary H()PA.s
equal to a constant Py, yielding

Py R

Ro(‘l‘) - ?Aeﬁ‘ cos2 U ’

(23)

where A(\s) is the vertical distance between the source
and transmitter on the cell boundary; A(s) = Ayay for
¥ € [0,¥p) and A{y) = d/tany) for ¢ € [, Ucl.
Note from Eq. (23) how Ry} compensates for the
angle-dependent losses associated with the optical
filter, so that any modifications of the filter character-
istics modify the optimal radiation pattern. The



detected power on the cell boundary results from Eq.
(22):

P
f Ve R2()sin
om |
s Arcos”

When we substitute Eq. (24) into Eq. (21), the SNR on
the cell boundary with an optimum radiation pattern
is

rP?
—— ()
qpyeToB

where we have introduced the figure of merit I':

Ve h¥)sin g
217 _—3

o YU Tl)cos® s
With transmitter optimization per Eq. (23), the mini-
mum SNR is maximized when the filter bandwidth,

orientation, and AR coatings are designed so as to
maximize the figure of merit I'.

SNR = 2AT, (25)

1

=

-2
dys } ) (26)

B. Joint Optimization of Optical Filter and AR Coatings

Theorem 1 permits us to express the radiation pat-
tern in terms of the parameters of the optical front
end; the final step in our optimization procedure is to
optimize the optical front end so as to maximize Eq.
(26). In particular, for the optical front ends of Figs.
4(a) and 4(b), the following parameters should be
jointly optimized: AN, 0, n.1, dc1, B3, Bm 4, Ne 2, and
d.2. |The spherical-filter front end of Fig. 4(b) does
not require an outer AR coating, so that n.; and d.;
need not be considered.]| Our approach is first to
specify the refractive indices n.1, nc2, nn3, and np,4
based on practical constraints and then to choose the
remaining parameters so as to maximize the figure of
merit [Eq. (26)|.

In practice, a continuum of values for n.; and n.»
are not available, but rather the designer must choose
them from a discrete set of practical values. The
optimal coating index n.; will be near |n, where n is
the refractive index of the lens. For example, the
common coating material magnesium fluoride has a
refractive index of n.; = 1.38 (Ref. 11) and thus
makes a good choice for a lens with indexn = 1.8.

The refractive index of the detector coating may be
chosen in a similar manner. First, consider the
planar configuration of Fig. 4(a). To minimize reflec-
tion loss between the lens and the planar filter, the
intervening space should be filled with an index-
matching compound. By choosing the index of the
compound to equal the index n of the lens, we can
eliminate reflections at the lens—compound interface.
As always, reflections at the input and output of the
planar filter can be subsumed into the transmission
characteristic of the filter itself and need not be
considered separately. The only remaining issue is
to minimize the reflections between the filter output
and the photodetector input. Again, an index-
matching compound should be used between the filter
and detector to minimize reflection loss. The best
refractive index for this matching layer is not obvious,
because it depends on the output wave impedance of
the optical filter and the input wave impedance of the
AR-coated photodetector. We assume that the refrac-
tive index of both index-matching layers (n,, 3 and n,, 4)
in Fig. 4(c) is n, the index of the lens. With this
assumption the detector coating n. s should be chosen
near (nny)/2, where ny is the refractive index of the
detector; the refractive index of silicon at 810 nm is ny4
= 3.686.1®8 We assume that n., = 2.0 (SiO) in our
numerical examples.

With the refractive indices n.1, nc2, nm,3, and n,, 4
specified, it remains to specify the parameters A\,
0,d. 1, and d, 2 so as to maximize Eq. (26). This can be
accomplished, for example, with a numerical grid
search. In Table 2 we present sample optimization
results for both planar-filter and hemispherical-filter
systems, considering cells with radiusd €13, 4, 5, 8 m|.
The vertical dimensions of the cells in all cases are
hpin=15mand Ay, =2.4m. Thelens and detector
are similar to that considered above with 6, = 90°, n =
1.8, R =2cm,and A = 1 cm?2.

The first two rows of Table 2 specify the optimal
bandwidth and orientation of the filter. [The opti-
mal normal-incidence wavelength may be obtained
from the optimal orientation with the relationship
Mnormal = Mo/|1 — (n1/n,%sin? 012 The fifth row is
Py/P, the fraction of the transmitted power that is
detected on the cell boundary, as calculated from Eq.
(24). The final row is Py, the required average
optical power of the transmitter to achieve a shot-

Table 2. Sample Optimization Results

Planar Filter |[Radius (m)|

Hemispherical Filter [Radius (m)]

Para-
meters 3 4 5 8 3 4 5 8 Units
AN 66.0 70.1 70.6 66.4 14.1 12.3 10.7 7.5 nm
0 44.5° 49.4° 52.7° 58.7° 17.0° 15.6° 14.4° 11.8° deg
de1 1.002 1.125 1.064 1.035 — — — — QWOT
df’Z, 1.511 1.510 1.515 1.535 1414 1.605 1.758 2.014 QWOT
Py/P 2.03 0.94 0.50 0.124 2.00 0.90 0.47 0.107 X106
Py 276 614 1,159 4,532 130 269 564 1,765 mW
Assumptions: 6, =90°,n = 1.8, R = 2cm, A = 1 cm?2, \¢ = 810 nm, Butterworth m = 3, n,/n, = 2.293, Ty = 0.7, n,, 3 = 1.8, n.; = 1.38,

Nes = 2.0,y = 3.686, hyyy = 1.5 M, hypey = 2.4 m, py, = 5.8 ®'W/(cm?nm), r = 0.53 A/W, B = 100 MHz, SNR = 13.5 dB.
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noise-limited SNR of 13.5 dB, if it is assumed that the
photodetector responsivity is 0.53 A/W, the back-
ground irradiance per unit bandwidth is ps; = 5.8
uW/(cm? nm), which corresponds to bright skylight!
and a bit rate of B = 100 MHz. (SNR, = 13.5 dB
was chosen because it is the required average electri-
cal SNR for a baseband on-off-keyed system with
additive Gaussian noise to achieve a bit-error rate of
10-6.)

Consider the 4-m-radius cell and compare the pla-
nar-filter results with the hemispherical-filter results.
The optimal bandwidth decreases from 70.1 nm for
the planar filter to 12.3 nm for the hemispherical
filter; the hemispherical filter thus rejects 70.1/12.3
= 7.6 dB more noise power than does the optimal
planar filter. Furthermore the price for this superior
noise rejection in terms of filter loss is not great; the
ratio Py/P is only 0.19 dB optical (0.38 dB electrical)
less than that for the planar filter. The hemispheri-
cal filter thus nets a 7.2-dB improvement in SNR
when compared with the optimal planar filter, which
translates to a 3.6-dB reduction in required optical
power.

The improvement in FOV provided by the hemi-
spherical filter over the planar filter is illustrated in
Fig. 9, which shows polar plots of the optimal trans-

(@

(b)

At (\V);" &

©)

@ T

D Aerr (W)

Fig. 9. Optimal transmitter radiation patterns and effective
areas for a 4-m cell radius: (a), (b) planar filter; (c), (d) hemispheri-
cal filter.
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Fig. 10. Required transmitter optical power versus cell radius.

mitter radiation pattern, as specified by Eq. (23), and
the corresponding effective area A.4y. Figure 9a)
and 9(b) apply to the planar-filter system, and Figs.
9(c) and 9(d) apply to the hemispherical-filter system.
Observe how the optimized transmitter compensates
for the severe loss of the planar-filter system near
normal incidence. The optical gain for the hemi-
spherical-filter system is nearly omnidirectional, on
the other hand, so that the transmitter radiation
pattern is nearly cos=3((s) for s € [0, {sp), which compen-
sates for path loss.

Precautions must be taken to ensure eye safety
with the higher optical powers of Table 2. One can
make a laser diode eye safe by destroying its spatial
coherence and spreading the radiation over an ex-
tended emitting aperture. New eye-safety regula-
tions are likely to restrict diffuse power densities at
wavelengths near 850 nm to levels of ~370 W/m? for
continuous viewing.”19

The power requirements of the last row of Table 2
are summarized in Fig. 10, where we plot the transmit-
ter power requirement versus cell radius. In addi-
tion to a 100-Mbit/s system, we also show results for a
10-Mbit/s system. When the cell radius is 3 m, the
10-Mbit/s system requires only 41 mW of optical
power to achieve an SNR of 13.5 dB. Lower data
rates require even less power (P, « BY/2). Therefore,
when the spherical-filter results of Table 2 are used,
the range of a 100-mW transmitter is less than 3 m at
100 Mbit/s but more than 4 m at 10 Mbit/s and more
than 6 m at 1 Mbit/s. In a wireless-local-area-
network application, for example, the uplink from the
portable computer to base station may have lower
data-rate requirements than the downlink, which
permits the possibility of using low-power portable
transmitters and higher-power fixed transmitters.

5. Summary and Conclusions

We performed a link-budget analysis for a short-
range communication system using nondirected LOS
IR radiation. We examined the performance of an
optical front end comprising a thin-film spherical
optical filter and a truncated spherical lens. A trun-
cation angle of 90° was shown to minimize the
angle-of-incidence spread for the filter, thus approxi-



mately maximizing its FOV. An optimized hemi-
spherical-filter front end was shown to outperform an
optimized planar-filter front end by several optical
decibels when the lens radius is R = 2 cm. We can
make this SNR improvement arbitrarily large by
choosing the lens radius suitably large at the cost of
increased size and weight. We presented a proce-
dure for jointly optimizing the transmitter radiation
pattern and receiver optical front end. Numerical
results show that 269 mW of transmitted signal
power is sufficient to achieve 100 Mbit/s throughout a
4-m-radius cell with high background irradiance.

Several problems remain unsolved. For example,
the most practical means for implementing a transmit-
ter with a prescribed radiation pattern is not known,
although a likely candidate is a laser diode with a
computer-generated hologram.” Because of its sim-
plicity, in this paper we considered only the truncated
spherical lens; a better design strategy would be to
include the lens shape as a design parameter. In
addition, we also made the LOS assumption that the
transmitter was a distant point source. Therefore
the relevance of our results to the IR links using
extended sources, such as the ceiling in a typical
diffuse link, should be examined. The impact on the
optical design of additional impediments, such as
receiver tilt, shadowing, multipath dispersion, and
electronic receiver noise, should also be explored.
Finally we remark that, when the size of a hemispheri-
cal thin-film filter is constrained to dimensions suit-
able for a portable receiver, the optimized bandwidth
far exceeds the bandwidth of a modulated single-
frequency laser. Therefore in principle further sub-
stantial improvements in performance could result
from the development of a small, lightweight, wide-
FOV, narrowband optical filter.

Appendix A:  Proof of Theorem 1

By contradiction, let Ro() make the received power
equal to the same constant at every point on the
lines AB and BC and suppose that R({s) = Ro(ls) + SR(Us)
yields a higher minimum SNR with 3R({s) nonzero.

We show first that there exists an angle {* so that
SR(*) < 0. Both Ros) and Ry({) + 3(s) must satisfy
the same power constraint of Eq. (22) so that

e e
1=2%w f Ry()sin dys + 2 f SR (Y)sin Ydis

0 0

ic
=1+ 2frrJ. dR(Y)sin Ydy. (A1)
0

The last integral must therefore be zero. Because
sin(s) > 0 for all s € (0, Yi¢), an angle * € (0, Yic) must
exist so that SR(*) < 0.

Next, we define P, as the constant received power
on lines AB and BC when the transmitter radiation
pattern is Ry(s); for any & € (0, {ic) it is specified by

Eq. (23):

Py = RyUs)cos® YA (). (A2)

1
Ry ‘
Similarly, we define Py(\|) as the received power at

angle ¢ on lines AB and BC when the radiation
pattern is Roys) + S(is):

P(y) = IRo(ys) + BR()lcos® P A gl W)

Al

=Py + SR(s)cos® YA (). (A3)

hiwP

In particular, at ¢ = * we have

1
Py(*) = Py + R SR(*)cos® YA g™) < Py,
(A4)

where the last inequality follows because SR(*) < 0
and * € (0, w/2). Thus we see that any deviation
from R((s) results in a reduced received signal power
at some position *, which guarantees that R
maximizes the minimum SNR throughout the cell.
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