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ABSTRACT

We optimize the design of a short-range communication system using non-directed line-of-sight infrared radia-
tion. We propose a receiver structure comprising a spherical thin-PIm optical blter and a truncated spherical lens,
which can signibcantly outperform an optimized plapier system. The passband of the spherical blter can be
made arbitrarily narropwithout constraining the beld of viewy using an arbitrarily lge blter radius. & ague
that a truncation angle of 900 will maximize the receiver beld of view when a spherical bPlter iseugéatlWbpti-
mize the transmitter radiation pattern and receiver optical components. Numerical results shownthstdt@eans-

mitted signal power is sktient to achieve 10@b U throughout a 4-m radius cell with high background irradiance.
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I. INTRODUCTION

The push for higher data rates in wireless computing, wireless video, and wireless multimedia applications has
motivated recent interest in wireless infrared communication [1]N[8]. As a medium for short-range wireless commu-
nication, infrared radiation enjoys three primary advantages over radio. First, the infrared spectrum represents an
immense, unregulated bandwidth. Second, infrared radiation does not pass through walls or other opaque barriers,
allowing the operation of high-speed links in every room of a building without interference. Third, there is no multi-
path fading with infrared systems using intensity-modulation and direct detection, because the relative area of the
square-law detector is g, 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 receaetinfrared link is still susceptible to severe shadowing; an infrared
receiver cannot be carried in a shirt pocket, for example. Also, infrared links have a limited range, because the noise
from ambient light is high, and also because the square-law nature of a direct-detection receiver douieletivine ef

path loss (in dB) when compared to a linear detector

Non-directed infrared links, which do not require alignment between transmitter and rexsiviee categorized
as either LOS or difise; a LOS link requires an unobstructed LOS path for reliable communication, whereas a dif-
fuse link relies instead upon ref3ections from the ceiling or other re3ectors. LOS links require less powéuskan dif
links, but difuse links are more robust to shadowing. Except for a brief discussion ihllSEcthis paper considers

only LOS non-directed links.

The dominant impairment in a non-directed link is background light, which is typically a combination of Buores-
cent light, sunlight, and incandescent light. These light sources emit power over a broad range of wavelengths, with a

signi®cant fraction of this power falling within the wavelength band of sensitivity of silicon photodiodes.

There are two ways to mitigate thdeets of background light; the ®rst 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 ®lter to
reject out-of-band ambient light. The second is to introduce an optical lens between the transmitter and receiver to

provide optical gain. dgetherthe lens and ®lter make up the optical front end. Ideediyvould like the front end to
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act as an ideal optical band-pass ®fesviding a lage optical gairG across a narrow passband of wi@th, and
rejecting all other wavelengths. Furthermore, we would like the front end characteristics to be invariant to angle of
incidence. When these ideal conditions are met, the shot-noise-limited electrical signal-to-noise ratio (SNR) after
photodetection is proportional @ DI, 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 witlye dain-to-bandwidth ratio over a wide ®eld of

view (FOV).

This paper proposes two optical front ends comprising a thin-®Im optical ®lter and a truncated spherical lens. In
the ®rst, a planar thin-®lm ®lter is placed between the lens and the photodetédiothe second, a spherical thin-
®Im ®lter is placed upon the surface of the lereswiV see that, in the limit of Ige lens radius, the spherical-®lter
system approaches the ideal front end described in the previous paragraph. Unforjprsatétal 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.

Sect.ll summarizes the properties of thin-®m optical ®lters. In 8kgte examine the optical gain perfor-
mance of the truncated spherical lens with optical ®ited explain why the spherical ®lter outperforms the planar
®lter In SectlV we present a procedure for the joint optimization of the transmitter radiation pattern and receiver
optical front end. W close by presenting typical optimization results which support the viability of high-speed com-

munication using non-directed infrared radiation.

II. THIN-FILM OPTICAL FILTERS

An ef®cient narrow-band optical ®lter can be made using multiple layers of thin dielectric ®ms. Unfortunately
the phase shift through the layers changes with angle of incidence, causing dramatic changes in the ®lter characteris-
tics at non-normal incidence. This angle dependence is critical in wide-FOV applications. The purpose of this section,
therefore, is to summarize thefesft of angle of incidence on the performance of thin-®Im optical ®lters, and to

present a simple Butterworth model for later use.
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II-A. Theoretical Transmission

A thin-®Im optical ®lter consists of a stackkof 2 thin dielectric layers with varying thicknesses and varying
indices of refraction. Let; andrng denote the refractive index of the input and output medium, respectinelyet
ny throughng_; (anddy throughdg_;) denote the refractive indices (and thicknesses) of the intervening layers. For
the case when equal power is contained in the transverse-electric (TE) and transverse-magnetic (TM) polarization

states, the total fraction of power transmitted through the, @suming lossless dielectrics, is given by:

T(q1)=1—%(IrTEI2+IrTMI2), 1)

where the reection co@fcients ¢ andr 1y, are de®ned by the following set of recursive equations [10]N[12]:

r= N,+h,’ (2)
n, ocosq, for TE -
N = k1 {2,%, K}, (3)
n,cosq, for T™M
h,,,cosb, +jN,sinb, . L
N = Ne 7 cosby +7hy b, * | 2 Ve Kb @
q, = sinﬂ"félkilsinqkﬂg , k1 {2, Y, K. (5)

e
np

Here,q; is the angle made by the light ray as it passes from méditormediumk + 1, h, is the efective complex-
valued index OseenO by the lightwave as it enters megdandb;, = 2pcos(q;)n,dy /| , wherel is the wavelength
of the light in a vacuum [10]. Starting witty, = Nk, (4) can be applied recursively to arrivénat which when sub-

stituted into (2) yields g or r 134, depending on the initialization of tfi&,} as either TE or TM in (3).

A single-layer anti-re ection (AR) coating is a special case of a multi-layer dielectric stack, and hence its trans-
mission can be calculated using (1)N(5) wikh= 38, ny equal to the refractive index of the coating, dgdequal to
the thickness of the coating. SimilgriyhenK = 2, (1)N(5) specify the angle-dependent transmission at a single

dielectric interface between two media with indices of refractipandn,.



J. R. Barryand J. M. Kahn 5

For purposes of illustration, consider the typical 25-layleree-cavity thin-®Im optical ®lter described by
(LH)2L2(HL)*(LH)*L2(HL)? [12]. Each layer is one quaremve optical thickness (QWOT) with respect to
I ormar = 850 nm. (1 QWOT=1 a1/ 47, Wheren is the refractive index of the ®Im.) In Figwe show the
transmission of this ®lter as a function of wavelength for a humberfefedif angles of incidence, as calculated
using (1)B(5), assuming the low index ig, = 2, the high index isig = 3.5, the input index is; = 1, and the
output indexng = 1.8. The curves are labeled with the angle of incidengar q; in (5)). At normal incidence, the
®lter is well-approximated by a third-order Butterworth ®lter with center waveleggih,; = 850 nm and band-
width DI = 36.3 nm. As the angle of incidence increases to 300, the spectral shape and bandwidth remain unchanged,
while the center wavelength shifts to shorter wavelengths. For angles of incidence near 600 arbwigharthe

spectral shape is seen to change considerably

De®nef(q) as the center wavelength of the transmission passband for angle of inaifdelhcgatis®es
[ (0)=1 normai- 1N Fig.2 we plot the fractional shift (@) U ,,0rmaz VErsug for the ®lter of Figl. The dashed curve

in the ®gure is described by the analytic approximation [13]:

(@ =1 normat 1% (ny ) sin’q 6)

wheren, is the index of the input layer andis an efective index for the spacer layer; it is found empirically by ®t-
ting the approximate curve to the actual one in Fig1][13], yieldingng = 2.293. The ®gure shows that this approx-

imation is quite accurate.

Letl o denote the wavelength of the transmitted signal, arﬁﬂ titnote the angle at which the center wavelength
coincides witH ¢, so that (E{) =1 o We refer tof] as the ®lter orientation. it this de®nition, (6) becomes:

2
[ =1y [ - (7

Comparing (7) to (6), we see that the parameﬁ]eandl normal @r€ interchangeable, in the sense that both com-
pletely characterize the wavelength shift, assumipgndr, are known. In practice, howevé{ is the more useful
quantity because its optimal value, as derived in S¥ctis nearly independent of; andDI, whereas the corre-

sponding optimal value fdr,,,,.,,,; i @ strong function of bott, andDI .
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The tendency for the center wavelength to shift to shorter wavelengths at non-normal incidences makes it dif
cult to obtain an optical ®lter that has both a narrow passband and a widgsifd/explore in SecltV, there is an

optimal bandwidth that tradesfafie opposing goals of minimizing the admitted noise and maximizing the FOV
II-B. Butterworth Model

We next introduce a simpli®ed model for thin-®Im ®lters which extracts only those features that are important to
system design. Wassume that the spectral shape of the ®lter hastarorder Butterworth characteristic, and that
this spectral shape remains the same for all angles of incidence. (The validity of this assumption will be addressed
shortly) We assume that the center wavelength shift is given by (7). Finalgssume that the peak transmission is
Ty. (T is typically 0.4 to 0.9, because of imperfect dielectrics [12], and also because of inherent losses in metal-
dielectric blocking ®lters that are often used to reject the transmission peaks at wavelengths longer than the primary

peak neaf ,,,,.q [11][13][14].)

With these assumptions, the performance of a thin-®Im optical ®lter is characterized by only two primary param-
eters, the bandwidtbl and orientatiorf]: for a single light ray with wavelength, incident at an anglg, the ®Ilter

transmission is:

n T
T(q; DI, q) = L. (8)
I IERCOL
e D@2 g

The design of the optical ®lter thus boils down to specifying the two pararbétensd d; see SectV. The
remaining three parameters,(m, andTy) are generally ®xed by technolpgynd should be chosen agjlias pos-

sible.

The dashed curves in Figgshow how the simpli®ed model of (8) (wighreplaced by ) compares to the actual
®lter transmission. Bsee that the spectral shape of the passband begins to change for angles of incidence above 30E.
At g = 75E, the shape has broadened considerably and exhibits severe passband ripple. The cause of this variation is
the Opolarization fefct;O the rates of change of center wavelength as a functiarefliferent for the TE and TM

polarization modes [12][14].
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Fortunately polarization dkcts are not critical in our application, because we are not concerned with the ®lter
shape at all wavelengths. Rathee are only concerned with the ®lter transmission at the operating wavelgngth
For example, suppose the operating wavelengtly 810 nm. In Fig3 we compare the actual angle-dependent
transmission of the ®lter in Fifj, as computed using (1)D(5) assuming= 810nm, to that predicted by the Butter-
worth model of (8). The agreement between the two is good, and so in the remainder of the paper we will use the But-
terworth model to characterize thin-®Im ®Iters. This will greatly simplify the ®Ilter optimization procedure of
Sect.lV, because it will allow us to alter the ®lter bandwidth and orientation without redesigning a new ®lter from

scratch.

By de®niti0nT(f]) =T,. The ®eld of view of a planar thin-®Im ®Ilter can be measured by the angular bandwidth
9., de®ned bﬁl‘(f] +0.) = Ty/2. (Note that the ®Ilter transmission is not symmetric aﬁomhenﬁ is nonzero,
and sog, does not completely characterize the ®eld of view in this case.) An estingateaof be found from (8),

with the following approximation being accurate thpl» 0:

. s Dl §
e » sin? %Eg. 9

This implies that the bandwidtif a planar ®lter (witkﬁ » 0) must be extremely Ige to achieve a full ®eld of view

(9. = 90E); speci®callthe bandwidth must satisij = | 0/(ns/n1)2, Where(ns/nl)2 is typically around 5.

III. THE TRUNCATED SPHERICAL LENS

To collect suBcient signal powethe receiver in a non-directed link must use a photodetector witheadera.
Unfortunately the high capacitance of tg-area photodetectors is a major obstacle to the construction of a wide-
band, low-noise preampli®er [4]. It is therefore desirable to use a wide-FOV optical antenna to increase the photode-
tector efective area. The resulting optical gain is very bene®cial; in partiaglaiscussed in Set¥, the electrical
SNR ratio is very nearly proportional to optical gain. Although not considered here, one way to achieve optical gain
over a wide FOV is to use an array of narrow-FOV non-imaging concentrators, each pointindeireatdifrection
[5]. A less complex alternative is a truncated spherical lens, of which the hemispherical lens is a special case. Its ben-

e®t in the context of non-directed communication was ®rst noted by Kotzin and Marhic [2][6]. As we shall see,
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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-®lm optical ®lt@nd calculate the fetctive optical gain of each.
ITI-A. Gain Calculation for LOS Radiation

Consider a truncated spherical lens with truncation agggkefractive index:, and radius® placed concentri-
cally upon a circular photodiode with ar&a pr2, as shown Figd [2][3][4][6][7][15][17]. We propose two such
systems, dfering in the placement of the optical Rlterthe plana®lter system of Figl-a, a planar ®lter is placed
between the lens and the detectond in the spherical-®lter system of High, a spherical ®lter is deposited or
bonded directly onto the lens surface. The optical gain for both systems can be calculated using the expanded diagram

of Fig. 4-c, as outlined belaw

Assume a line-of-sight con®guration with a wide collimated beam of uniform irradiafie@ving units of
W U:mz) incident at the receiveAs shown in Fig4-c, the beam makes an anglevith respect to the photodetector
surface normal. Consider a single ray from the beam making ancgnwit the lens surface normal; it will be atten-
uated by a factdf(qg) as it enters the lens, where the angle-dependent transmissiorf¥agjoaccounts for re ec-
tion loss (planalter case) or ®lter loss (spherical-®lter case), as calculated using (1)D(5). The ray is then refracted
towards the center of the sphere, making an aggieith the normal to the lens truncation plane. Extending this
notation, letl'(qy), T(gg), and7(q,) represent the transmission at the lens output, planar ®lter (if any), and detector

input, respectivelyall calculated using (1)D(5).

When the entire lens system is absent, the power intercepted by the photodetettos(g). With the lens
system in place, the detected power increaspap(y ), where the déctive area (y ) is de®ned by:
Acfr= (‘] T(dp)T(02)T(a3)T(qy)cos(qp)dsS , (10)
SO

where the integration is performed over the por§grof the lens surface for which light passing through will even-
tually hit the detectolS is easily estimated using a simple ray-tracing technique. The opticalrgajrprovided by

the lens is the ratio of the detected pow€i@.) = A ey ) /Acos(y ).
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ITII-B. Hemispherical Lens

ITII-B.1. Numerical Examples

For the special case of hemispherical keps: 90°), normal incidencéy = 0), and no re ection and ®lter losses

(T(g;) = 1), a simple geometric gnment shows that the gaii0) © G satis®es:

r=r.JG - A/R2 irzGtangeasinrRﬁ + asin%% . (11)

In Fig.5 we plot thisG(0) versus lens radiuB for indicesn 1 {1.3, 1.5, 1.8}, assuming\ = 1 cn. (The curves
labeledd,,,, Will be discussed later; see SdttC.) We see that the gain is a monotonically increasing function of
lens radius. Furthermore, for ¢gr radii, the gain approaches an asymptote’pthe thermodynamic limit for passive
concentrator§?][15]. Inspection of Fig5 reveals the following rule of thumb: most of the asymptotic gain is

achieved when the lens radius exceeds the detector radius by a fackor of

To calculate the gain at non-normal incidence, we resort to a numerical ray-tracing method based on (10). Con-
sider Fig.6-b (Fig.6-a and Fig6-c will be discussed in Set¢h-C.); it illustrates the déct of angle of incidence on
gain for a hemisphericati(= 90E) lens with index = 1.8, radiusk = 2 cm, and a detector areatf 1 cn?. The
curve labeled OidealO shows I@(y) varies withy when there are no re ection losses or ®lter losBég)(= 1).
The dotted line i%2, the normal-incidence gain assuming in®nite lens radius. The gain is seen to vary only slightly

with angle, always staying within OdB ofn2.

Re ections can signi®cantly reduce the gain, especially at non-normal incidenidestfate the dangers of
ignoring re ections, consider the same lens, without any AR coatings or index matching, so that the gap between the
lens and the detector is ®lled with. air this case, the curve labeled OuncoatedO i6-Figesults. The precise
methods for calculating the angle-dependent transmission fadi3}{due to re ections at the lens input, lens
output, and detector input are presented in the second colunablef I. A sharp drop in gain occurs near
L(1/n) = 34E, the critical angle of the 1.8-index lens, because light trying to exit the bottom of the lens experiences
total internal re ection at lger angles. This results in a narrow FOV that is unacceptable for non-directed applica-

tions.
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The efects of re ections can be reduced signi®cantly by the careful placement of anti-re ection (AR) coatings
and index-matching compounds within the system. For example, when the lens has a single-layer AR coating with
index 1.38 and thickness 1.04 QWQhd the detector has a single-layer coating with index 2.0 and thickness 1.42
QWOT, and the index matching layer has the same index as the lensafde€l) the curve labeled 2coated® in
Fig. 6-b results. Even at the extreme angle f 80E, the gain with index-matching and AR coating comes within
1.5dB of the ideal. A procedure for designing the AR coatings and index-matching layers will be presented in

Sect.lV.

Of course, an optical ®lter is absolutely necessary in most applications, and hence we are most concerned with
the optical gain achieved when an optical ®lter is present. Compare the two curves labeled 2planar® and 2spherical® in
Fig. 6-b, which result from the planar and spherical ®lter systems of-Rignd Fig4-b, respectivelyAs summa-
rized in Table 1, the ®lter bandwidth in both cases isrh5the AR coatings in both cases are identical to those
described in the previous paragraph, and the ®lter orienﬁptiemsé and 15E for the planar and spherical ®lters,
respectivelyObserve that the gain of the spherical system is nearly omnidirectional. In contrast, the gain of the planar
system is con®ned to a narrow FOV réa: 45E. Thus, although both systems are equdtigtafe at mitigating
background light, only the spherical system would be useful in a wide-FOV application. The FOV of the planar
system could be expanded by increasing the ®Ilter bandwidth, at the cost of increasing the power of admitted back-

ground light.

Recent experimental work has demonstrated the wide-FOV capabilities of a spherical optical ®lter; as part of a
prototype 50Mb s non-directed infrared link, Marsh and Kahn have implemented a hemisphericiéi@lteombi-

nation, achieving a 30-nm bandwidth with a 70E FOV [16].

III-B.2.  Angle Distribution for Hemispherical Filter

The superiority of the hemispherical ®lter over the planar, @kelustrated in Figs-b, is best explained with
the aid of the density functiorfs () andf; ®(ag), which describe the angular distribution of detected light as it
enters and exits the lens, respectivelyandq, are illustrated in Figd-c). Speci®callyfor a collimated beam of uni-
form irradiance impinging on the lens at an anglieom the detector normal, de®f9é0)(q)Dq as the fraction of the
detected power that enters the lens with an angle of incidgrioethe in®nitesimal intervag[q + Dd), assuming

there are no re ection losses. Similade®né, (2)(q)Dq as the fraction of the detected power that exits the lens with
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an angle of incidence, in the ranged, q + Dg). By considering only detected power in these de®nitions, we are
equivalently restricting consideration to light passing through the s8pséthe lens surface in (10). Note that, by

de®nition, boti, ©X(q) andf, ?X(q) integrate to unity over the intervakQy £ p (2.

Using numerical methods, we calculated the density functions assup#n80E,R =2cm, n=1.8, and
A =1cn?; the results are presented in FBgFig.6-a shows that light destined to strike the detector enters the hemi-
spherical lens at nearly normal incidence. Speci®dakyinput angle of incidence is con®ned to a narrow range of
(0, Upygs)» Whereq,,,,.. » 31E for this example. (An analytic expressiongfpg, will be given in (13).) In contrast,
Fig. 6-b shows that light destined to strike the detector can exit the hemispherical lens with any angle of incidence in

the range (090E).

Without re ection or ®lter losses, the optical gain of a hemispherical lens is approxim%ttﬁdy all y. After
accounting for ®lter losses (but not re ection losses), the angle-dependent gain decreases by &tgotathef
averaged ®Ilter transmission. Since the angles of incidence through a spherical and planar ®lter are described by

£, (@ andf, P(q), respectivelyT(y ) is given by:

pe2
T(y) = (‘)fy (0)(CI)T(q; DI,q)dq (hemispherical)
0

p 2
Ty)= OfyP@T(G;D1,q)dg  (planar) (12)
0

where the ®lter transmissidig; DI ,q) may be modeled using (8). The dashed curves superimposed onto the den-
sity functions of Fig6-a and Fig6-b illustrate the ®lter transmissitq; DI ,q); the ®lter bandwidtBl is 15nm in

both cases, whereas the ®lter orientaijda 15E and 45E for Féga and Fig6-b, respectivelyFor a given angle of
incidencey, the averaged ®lter transmisskgy ) may be calculated by integrating the product of the dashed curve in
Fig. 6 with the corresponding density functiq;{i)(q). Fig.6-a shows that most of the incident light always falls
within the passband of the ®|teegardless of, thus explaining the wide FOV of the spherical ®ltiespite its
narrow bandwidth. On the other hand, Feb shows that the incident light falls within the passband of the ®Iter only

wheny is near45E, thus explaining the narrow FOV of the planar.®Iter
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III-C. Non-Hemispherical Lens

So far we have focused on the hemispherical examples od-Bigior which the truncation angle was ®xed at
g, = 90E. Changing this truncation angle has a signi®cant impact on the gain properties of the lersalarfeg.
Fig. 6-c we repeat the examples of Fégb, changing only the truncation anglegie= 70E andqg, = 110E, respec-
tively. As before, the transmission factors were calculated akleTL. Consider ®rst the curves labeled 2ideal,°
which assume no re ection losses. Most striking is the observation that the gain is not omnidirectional, as it was for
the hemispherical lens. Whep=70E, the gain is maximum atdarangles of incidence. On the other hand, when

q; = 110E, the gain is con®ned to a FOV of less than 70E.

As before, our primary concern is in the net gain of the systems using an opticalk&teurves labeled
aplanar® and @spherical® in Figs-a through Fig6-c show that, although the FOV of the plafdter systems are not
a strong function ofy,, the FOV of the spherical-®lter systems are, with a truncation angle of 90E being superior to
70E and1DE for the particular spherical ®lter considered. The interplay befyash FOV will be explored further

below where we ajue that, when using a spherical ®ltee FOV is maximized bgj, = 90E.

Let q,,,. Specify the angle spread at the input of a lens with truncation gngle that light eventually striking
the detector surface enters the lens with angle of incidence con®ned to the rqpgg.[Clearly to maximize the
FOV when using a spherical ®|tare wantg,,,, to be small; although the shape of the density fun@i&%q) can
affect the FOV of a spherical ®lter to some extent, the discussion oflBB&. suggests thad,,,,,. has the dominant

effect on FOVIt is easy to show that:

Gy = SIN {%’ J1+ (Ro)’cos’} . (13)

Therefore, the FOV of a spherical ®lter is maximized by choosing the lens radiugeasslaossible. (This is also
desirable from the point of view of maximizing the optical gain.) Furthermore, (13) shows that the FOV of a spherical
®lter is maximized when the truncation angle is 90E. For this reason, we shall limit consideration to hemispherical

lenses in the remainder of the paper
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ITII-D. Achieving Arbitrarily Narrow Bandwidth with Full FOV

Observe from (13) that,,,, = sin? (nr/R) wheng, = 90E, in which casg,,, ® 0 asR ® ¥. This is illus-
trated in Fig5, whereg,, . is plotted versug, assumingd = 1 cm?. In principle, therefore, the electrical shot-noise-
limited SNR can be made arbitrarily d@r by ®rst choosing an arbitrarily small ®lter bandwigith and then
choosingR large enough to make,, ... suf®ciently small. Herey,,, ... is 2sufdciently small®° when the angle-depen-

dence of the spherical ®lter transmission is negligible; the following procedure quanti®es this idea.

First, choosél as small as required to achieve a desired SNR. The angular bangwislitinen speci®ed by
(9). The last step is to chooRelarge enough that all detected rays pass through the ®Ilter at angles falling within the
angular passband. This is roughly equivalent to the condifign £ q.; hence, from (9) and (13), a full FOV

requires thak satisfy:
nr I 0

ngom, [ a4

3

For example, a lens radius of at least @Bis required to achieve a full ®eld of view whHeh= 30 nm,

| o =810 nm, n = 1.8, n,/nq = 2.293, and pr? = 1 cn?.

Without any restrictions on the lens radisthe above procedure solves the problem of designing a narrow-
band, wide-FOV optical ®lteYVe are particularly interested in addressing the case of portable receivers, however
where there are strict size and weight limitations. The remainder of the paper assuReis tRaite, assuming a

value ofR = 2 cm in all numerical examples.
ITI-E. Gain Calculation for Isotropic Radiation

Suppose that, rather than a LOS plane wave, the hemispherical-®lter systend-df Bigubject to isotropic
radiation having unity “ux (W(m? Usr). Isotropic radiation is a convenient model for background radiation or for a
link using a difuse transmitterSavicki and Magan have shown that, ignoring re ections, the "ux inside the lens is
eithern? or 0, depending on the angle of viemith the “Ux being 0 only when the viewing direction is such that

incoming light would have to violate Snell@w [17]. If the lens radius satis®es:

R3s 1 (15)

’
2 2
J1+n“cos’q,



J. R. Barryand J. M. Kahn 14

then Snellaw is never violated, so that every point on the detector surface is subject to isotropic radiation with “ux
n2. In this case, the total gain (neglecting re ection and ®lter Iosse%)hfsr example, wheg, = 90ER must bewr

in order for the total gain to be?.

IV. JOINT OPTIMIZATION of TRANSMITTER and FILTER

In this section we jointly optimize the transmitter radiation pattern and optical ®iteh will yield better
results than if we tried to optimized each independehty H (with units cn$2) denote the memoryless transfer
function of the channel, so that an optical intensity @t the transmitter results in a signal irradiancélffat the
receiver The detected photocurrent is thefHHPA s, wherer,, is the photodetector responsivigndA, is the

effective area of the photodetector from (10).

Suppose the background irradiance is white and isotropic, so that the background irradiance per unit ®lter band-
width p,, is constant, independent of wavelength, receiver position, and receiver orientatidi, ldenote the
effective area of the optical front end as seen by the background light; because the signal is notA;@triepiqt
equal taA 4 The detected background light is theDI A,,, whereDl is the ®Iter bandwidth; this induces a white
Gaussian shot-noise current with power spectral degsify,;DI A,,, Whereg is the chage of an electron. There-
fore, if P is the average transmitted optical povike bit-error rate for on-bkeying with bit rateB is Q(JSNR),

Ry #w

where@Q(x) = (2p) " “§e” “dt , and where:

H’P?A?
Tp eff (16)

SNR = £2————'L |
qpbgDI AbgB

The optical front end should be designed so as to maximize the ®gure Qﬁfpﬁmbng , which is related to the

gain-to-bandwidth ratio described in the introduction.

As discussed in Sedtl-E, Ay, simpli®es tar2A when the lens radiu8 satis®es (15), wheneis the lens index.

After accounting for ®lter losses, théeetive area becomes:

Apg =n’TA an
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whereT|, is the peak ®Ilter transmission. This result is applicable, although somewhat pessimistic, even when the
background light source is a distant point source rather than being isotropic; it results from the line-of-sight analysis

when the detector is aligned with the noise source QE) and the optical gain is sen?d'o.

As speci®ed in (10,4 accounts for lens gain, tilt loss, and ®lter and re ection losees ®Fst-order approxi-
mation, the lens gain is2, the tilt loss is cgs, and the combination of ®lter and re ection lossegjisso that

Afr» nzTOAcosy. It is convenient to expregg in terms of this ®rst-order approximation:

Ayr=dy 2Ty YAcosy , (18)

where we have introduced two new parametgys) » 1 measures the @tiency with which the lens achieves a gain

of n2, neglecting re ection and ®lter losses, diig) £ Ty accounts for all re ection and ®lter losses:

dy) = ——— ¢) cosdo dS, (19)
n"Acosy S,

OF (go) T'(ay) T (az) T (ay) cosqedS

T(y) = 2o ) (20)
OrosdodS
SO

For example, from the curve labeled dideal® in Figh we see that 0.%tg(y) £ 1.06 for ally when g, = 90E,
R=2cm,n=1.8, andA = 1 cn?. Unlike (12), which ignored re ection losses, (20) accounts for all re ection and

®lter losses.
Substituting (17) and (18) into (16) yields:

r,H ‘P’dT (y)“cos’y
X

qpbgDI T,B

Observe that, to a ®rst-order approximation, the SNR is linearly proportional to detector area, and proportional to the
square of the lens index. ThusandA should be chosen asdaras possible. (Strictly speaking, bg#ndT(y) are
functions ofA andn, but the dependence is weak and of little consequence in practice.) The transmitter radiation pat-

tern and optical ®lter should be designed so as to maximize the ®gure Gy )2/Dl, as discussed below
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IV-A. Transmitter Optimization

For purposes of illustration we consider a cylindrical cell of radjws illustrated in Fig8; the height of the cell
iS A yax — Pmin, @nd the transmitter is centrally located a distar)gg, above the top of the cell. For each possible
receiver location, ley denote the angle between the orientation of the transmitter (down) and the position vector of
the receiverDe®ney g = tan™ (d/ h,,,) andy ¢ = tan™ (d/h,,;,,). Let P denote the instantaneous power of the
transmitter The axial symmetry of the cell calls for an axially symmetric transmitter radiation pR(lyeir(srﬂ),
de®ned so th&R(y) is the emitted optical intensity per unit solid angle at an andgtem the orientation of the

transmitter IntegratingPR(y ) over a hemisphere must yidiiso that:

p 2
2p C‘)R(y )siny dy =1. (22)
0

A receiver with efective areeAeff pointing straight up and located at an angland vertical distanck from the
source will detect a total power &R(y)dW wheredW is the solid angle subtended by the deteaW =

cos?y A,/ B2 In this case, the channel transfer functioHg ) = R(y )cos®y /2.

Observe 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 onAlBi@r BC in Fig. 8. If we optimizeR(y ) so as to maxi-
mize the minimun®&NR in the cell, it is easy to show that the optimum radiation paRgiy) forces the SNR to be

constant at all points on the cell boundamgependent of :

Theorem 1. The optimal radiation pattetR,(y ), maximizing the minimum SNR in the cell, is that

which makes the SNR equal to the same constant at each point on tAdBliardBC.
See Appendix A for a proof. Since the noise irradiance is assumed to be constant throughout the cell, an optimal radi-
ation pattern will also cause the detected signal power to be constant on the cell bdendeigrmine an explicit
expression foR,(y ), we set the detected power on the cell boun##yy)PA, s equal to a constai,, yielding:

P 2
Ryy) = 2 x2U) (23)
A, oS’y

whereh(y) is the vertical distance between source and transmitter on the cell bowk(glary;h,, . fory 1 [0y 5)

andh(y) =d/tan(y) fory T [y .y c]. Note from (23) howR,(y) compensates for the angle-dependent losses
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associated with the optical ®ltsp that any modi®cations of the ®lter characteristics will modify the optimal radia-

tion pattern. The detected power on the cell boundary results from (22):

P

P, = (24)
Ye o .
2p S (Y) s12ny dy
o AepCOSY
Substituting into (21), the SNR on the cell boundary with optimum radiation pattern is:
rP*
SNR = ——— xn?A>G, (25)
apyToB
where we have introduced the ®gure of n@rit
e Y 2 . biZ
G= +Sop (- )siny g0+ (26)

D™ M) T(y)cosy o

With transmitter optimization per (23), the minimum SNR will be maximized when the ®lter bandwidth, orientation,

and AR coatings are designed so as to maximize the ®gure oGmerit
IV-B. Joint Optimization of Optical Filter and AR Coatings

Theorem 1 allows us to express the radiation pattern in terms of the parameters of the optical front end; the ®nal
step in our optimization procedure is to optimize the optical front end so as to maximize (26). In pdurctiiar
optical front ends of Figd-a and Fig4-b, the following parameters should be jointly optimiz@dt; f] ne 1, de 1
N,3s 4y N 2, @NAd, 9. (The spherical-®lter front end of Figb does not require an outer AR coating, so that
n. 1 andd, ; need not be considered.) Our approach is to ®rst specify the refractiveipdicess, n,, 3, andn,, 4
based on practical constraints, and then to choose the remaining parameters so as to maximize the ®gure of merit

(26).

In practice, a continuum of values fof ; andn, 5 are not available, but rather the designer must choose them
from a discrete set of practical values. The optimal coating indgxwill be near./n, wheren is the refractive
index of the lens. For example, the common coating material magnesium "uoride has a refractive index of

n. 1= 1.38[11], and thus makes a good choice for a lens with index.8.
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The refractive index of the detector coating may be chosen in a similar m@insteiconsider the planar con®g-
uration of Fig4-a. 1o minimize re ection loss between the lens and the planar, ®lesintervening space should be
®lled with an index-matching compound. By choosing the index of the compound to equal the afidez lens,
re ections at the lens-compound interface can be eliminated. As always, re ections at the input and output of the
planar ®lter can be subsumed into the transmission characteristic of the ®lter itself and need not be considered sepa-
rately The only remaining issue is to minimize the re ections between the ®lter output and the photodetector input.
Again, an index matching compound should be used between the ®Ilter and detector to minimize re ection loss. The
best refractive index for this matching layer is not obvious, since it depends on the output wave impedance of the
optical ®lter and the input wave impedance of the AR-coated photodetgetassume that the refractive index of
both index-matching layers, 3 andn,, 4) in Fig.4-c isn, the index of the lens. it this assumption, the detector
coatingn  should be chosen negn_nd , Wheren, is the refractive index of the detector; the refractive index of sil-

icon at 810hm isny = 3.686 [18]. We will assumez, 5 = 2.0 (SiO) in our numerical examples.

With the refractive indices, 1, n 9, n,, 3, andn,, 4, speci®ed, it remains to specify the paramcﬂérsﬁ, de 1,
andd, o so as to maximize (26). This can be accomplished, for example, using a numerical grid seatté.2me
present sample optimization results for both pledlser and hemispherical-®lter systems, considering cells with
radiusd T {3 m, 4m, 5m, 8m}. The vertical dimensions of the cells in all casesigg, = 1.5 m andh,,,,, = 2.4

m. The lens and detector are similar to that considered previotitiy, = 90En = 1.8, R = 2 cm, andA = 1 cm?.

The ®rst two rows ofable 2 specify the optimal bandwidth and orientation of the. ®ltke optimal normal-
incidence wavelength may be obtained from the optimal orientation using the relatibpghip; =10/ (1 -
(n1/ny%sin2q)!/?). The ®fth row isP,/P, the fraction of the transmitted power that is detected on the cell
boundary as calculated from (24). The ®nal rowPjg,, the required average optical power of the transmitter to
achieve a shot-noise-limited SNR of 18B, assuming the photodetector responsivity is .58V, the background
irradiance per unit bandwidth g, = 5.8 MV n(cmz>nm), which corresponds to bright sky light [1], and a bit rate of

B =100 MHz. (SNR,,, = 13.5 dB was chosen because it is the required average electrical SNR for a baseband on-

off-keyed system with additive Gaussian noise to achieve a bit-error r]s(i)?o)‘

Consider the 4-m radius cell, and compare the planar ®lter results with the hemispherical ®lter results. The

optimal bandwidth decreases from 76rt for the planar ®lter to 12a8n for the hemispherical ®lter; the hemispher-
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ical ®lter thus rejects 70:1.2.3= 7.6 dB more noise power than does the optimal planar ®ltehermore, the price
paid for this superior noise rejection in terms of ®lter loss is not great; the y&ffbis only 0.19dB optical (0.3&1B
electrical) less than that for the planar ®idre hemispherical ®lter thus nets a 7.2-dB improvement in SNR when

compared to the optimal planar ®lwwhich translates to a 3.6-dB reduction in required optical power

The improvement in FOV provided by the hemispherical ®lter over the planar ®lter is illustrate® invRigh
shows polar plots of the optimal transmitter radiation pattern, as speci®ed by (23), and the correspectdiag ef
areaA,(y ). Fig.9-a and Fig9-b apply to the plana®lter system, and Fi§-c and Fig9-d apply to the hemispher-
ical-®lter system. Observe how the optimized transmitter compensates for the severe loss of {Biqlayatem
near normal incidence. The optical gain for the hemispherical-®Ilter system is nearly omnidirectional, on the other

hand, so that the transmitter radiation pattern is neasrﬁ (y)fory 1 [0,y g), which compensates for path loss.

Precautions must be taken to ensure eye safety with the higher optical powanted?.TA laser diode can be
made eye safe by destroying its spatial coherence and spreading the radiation over an extended emitting aperture.
New eye-safety regulations are likely to restricfudié power densities at wavelengths nearr88Qo levels of about

370W am? for continuous viewing [7][19].

The power requirements of the last row able 2 are summarized in Fitf), where we plot the transmitter
power requirement versus cell radius. In addition to aMB@s system, we also show results for aMiides system.
When the cell radius is 3 m, the 10-Mb system requires only 44W of optical power to achieve an SNR of
13.5dB. Lower data rates will require even less poueg ( 1 Bl/z). Therefore, using the spherical-®lter results of
Table 2, the range of a 100-mW transmitter is less thara8100Mb s, but more than i at 10Mb ©s, and more
than 6m at 1Mb os. In a wireless-LAN application, for example, the up link from portable computer to base station
may have lower data-rate requirements than the down link, allowing the possibility of using low-power portable

transmitters and highgrower ®xed transmitters.

V. SUMMARY and CONCLUSIONS

We performed a link-budget analysis for a short-range communication system using non-directed line-of-sight
infrared radiation. \& examined the performance of an optical front end comprising a thin-®m spherical optical ®lter

and a truncated spherical lens. A truncation angle of 90E was shown to minimize the angle-of-incidence spread for the
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®lter thus approximately maximizing its ®eld of viédm optimized hemispherical-®lter front end was shown to out-
perform an optimized plan®lter front end by several optical dB when the lens radidg =32 cm. This SNR
improvement can be made arbitrarilygarby choosing the lens radius suitablgéarat the cost of increased size and
weight. W& presented a procedure for jointly optimizing the transmitter radiation pattern and receiver optical front
end. Numerical results show that 2869V of transmitted signal power is &dient to achieve 10@b ss throughout a

4-m radius cell with high background irradiance.

Several problems remain unsolved. For example, the most practical means for implementing a transmitter with a
prescribed radiation pattern is not known, although a likely candidate is to use a laser diode with a-gemeuter
ated hologram [7]. Because of its simplicitlgis paper considered only the truncated spherical lens; a better design
strategy would be to include the lens shape as a design pardmatktition, we also made the line-of-sight assump-
tion that the transmitter was a distant point source. Therefore, the relevance of our results to infrared links using
extended sources, such as the ceiling in a typichisgiflink, should be examined. The impact on optical design of
additional impediments, such as receiver tilt, shadowing, multipath dispersion, and electronic receiver noise, should
also be explored. Finallyve remark that, when the size of a hemispherical thin-®Im ®lter is constrained to dimen-
sions suitable for a portable receiviére optimized bandwidth far exceeds the bandwidth of a modulated single-fre-
quency laser Therefore, in principle, further substantial improvements in performance could result from the

development of a small, light-weight, wide-FQ\arrowband optical ®lter
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Appendix A: Proof of Theorem 1

By contradiction. LeR,(y ) make the received power equal to the same constant at every point on tA8lines

andBC, and suppose th&(y ) =R, (y) + dR(y) yields a higher minimum SNR, wittR(y ) nonzero.

We ®rst show that there exists an apglsuch thatR(y *) < 0. BothR,(y) andR,(y ) + d(y ) must satisfy the

same power constraint of (22), so that:

Ye Ye Ye
1=2p c‘)Ro(y )siny dy + 2p (‘)dR(y )siny dy = 1+2p c‘)dR(y )siny dy. @2n
0 0 0

The last integral must therefore be zero. Skiegy ) > 0 for ally T (0,y (), there must exist an angfé 1 (0, Yo

such thadR(y ) < 0.

Next, de®neP, as the constant received power on liA&s andBC when the transmitter radiation pattern is

R,(y); foranyy 1 (0,y (), it is speci®ed by (23):

Py= —LRy(y) cos¥y Agly). 28)
h(y)

Similarly, de®neP(y) as the received power at angleon linesAB and BC when the radiation pattern is

R (y)+dy):
Pyly) = —2— (Ry(y) + dR(y JJeos%y Ayly) = Po+ —— dR(y)cosy Agly).  (29)
h(y) h(y)
In particular aty = y* we have:
Pyy") = P,+ h(l*)zdR(y*)cos%*Aeff(y*) < P, (30)
y

where the last inequality follows becautie(y ") < 0 andy * T (0, p =2). Thus, we see that any deviation frédyly )
results in a reduced received signal power at some pogitiomhich guarantees thB% (y ) maximizes the minimum

SNR throughout the cell.”
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Fig. 1. Comparison between actual transmission and analytical model of (8) with DI = 36.3 nm,

| normat = 850 nm, n, = 2.293, m = 3, and Ty = 0.92.

Fig. 2. Dependence of center wavelength on angle of incidence for the ®lter bf Bagely discernible is the

analytic approximation of (6) withg/n; = 2.293.

Fig. 3. Filter transmission dty = 810 nm as a function of angle of incidence for ®lter of Eigactual (solid
curve) and analytical model (dashed curve, from (8) Wit 36.3nm,m = 3,T; = 0.92,

| ormal = 850NM andng /nq = 2.293, orq = 44E).

Fig. 4. Proposed receiver optics for (a) planar ®lter and (b) spherical ®lter; (c) shows an expanded schematic dia-

gram for both cases.

Fig. 5. Dependence of normal-incidence gain and on lens radius, assgysir9§°, no re ectionsA = 1 cm?,
andy = 0°. Also shown is maximum angle of incidence, as de®ned inI8&ct.assumingy, = 90°,

A=1cm?andy 1 [0,p/2).

Fig. 6. Dependence of gain on angle of incidencengga) 70°; (b) g, = 90°; (c) g; = 110°.

Fig. 7. Density functions (a) at lens input; (b) at lens outfiyt= 90°, R=2cm,n=18,A=1 cm?.)

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

Fig. 9. Optimal transmitter radiation patterns anfiefive areas for 4-m cell radius: (a) and (b) planar ®lter; (c)

and (d) hemispherical ®lter

Fig. 10. Required transmitter optical power versus cell radius.
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TABLE 1: Transmission Calculations for Fig. 6.
Ideal Uncoated Coated Planar Spherical
From (1)D(5) with From (1)D(5) with From (1)D(5) with From (8) with
T(qo) 1 n=1n,=18 np=1,n,=1.38, np=1,n,=1.38, DI =15nm,
d,=1.04,n;=1.8 dy=1.04,n;=1.8 q =15ET,=0.7,
m= 3, ngn; =2.293
T(ap) 1 From (1)B(5) with 1 1 1
n=18,n,=1
From (8) with
T(ds) 1 1 1 DI =15nm,q =45E, 1
Tp=0.7,m=3,
ngan, = 2.293
From (1)D(5) with From (1)D(5) with From (1)D(5) with From (1)D(5) with
T(q4) 1 ng = 1, n2:3.686 ng= 1.8,n2= 2.0, ng= 1.8,n2: 2.0, ng = 1.8,n2= 2.0,
d2= 1.42,n3:3.686 d2= 1.42,n3:3.686 d2= 1.42,n3:3.686
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TABLE 2: Sample Optimization Results.

planar ®lter hemispherical ®lter
3-m 4-m 5-m 8-m 3-m 4-m 5-m 8-m
paramete units
radius | radius | radius | radius || radius | radius | radius | radius
DI 66.0 70.1 70.6 66.4 141 12.3 10.7 7.5 nm
q 445E | 49.4E | 52.7E| 58.7E|| 17.0E | 15.6E | 14.4E | 11.8E || degrees
dc1 1.002 1.125 1.064 1.035 b b b b QWOT
deo 1.51 1.510 1.515 1.535 1.414 1.605 1.758 2.014 QWOT
Py aP 2.03 0.94 0.50 0.124 2.00 0.90 0.47 0.107 10
Preq 276 614 1,159 4,532 130 269 564 1,765 mw

Assumptionsg, = 90En =1.8,R=2cm,A=1cn?, | 5= 810 nm, Butterwortm = 3, n;an; = 2.293,
To=0.7,Nma = Mma= 1.8, 1 = 1.38,n; 5 = 2.0,ng = 3.686,Npin = 1.5M, Ny = 2.4,

Ppg = 5.8MN s(cn?nm), r = 0.53A &W, B = 100MHz, SNR= 13.5dB.
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Fig. 1. Comparison between actual transmission and analytical model of (8) with

DI =36.3 nm, | ,,,;nq = 850 nm, n, = 2.293, m = 3, and Ty = 0.92.
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Fig. 2. Dependence of center wavelength on angle of incidence for the filter of Fig. 1

Barely discernible is the analytic approximation of (6) with n,/n; = 2.293.
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Fig. 3. Filter transmission at | 3 = 810 nm as a function of angle of incidence for filter
of Fig. 1: actual (solid curve) and analytical model (dashed curve, from (8) with

DI =386.3nm,m =3, Ty=0.92, ,,,mq = 850 nm and ny/n; = 2.293, or q = 44°).
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Fig. 4. Proposed receiver optics for (a) planar filter and (b) spherical filter; (c) shows

an expanded schematic diagram for both cases.
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Fig. 4, continued: (c).
Proposed receiver optics for (a) planar fi lter and (b) spherical fi lter; (c) shows an

expanded schematic diagram for both cases.
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Fig. 5. Dependence of normal-incidence gain and on lens radius, assuming g; = 90°, no
reflections, A =1 cm?, and y = 0°. Also shown is maximum angle of incidence, as

defi ned in SectIII-C, assuming g; = 90", A =1 em?andy 1 [0,p/2).
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Fig. 6. Dependence of gain on angle of incidence: (a) g; = 70°%; (b) g; = 90°; (¢) q; = 110".
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Fig. 7. Density functions (a) at lens input; (b) at lens output. (g; =90°, R =2 cm,

n=18A=1cm?)
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Fig. 8. Cross-sectional view of coverage area.



J.R. Barry and J. M. Kahn 36

(b)

Aetr (¥)!

Ro)

(©)

(d)

Aett (y)',"

Fig. 9. Optimal transmitter radiation patterns and effective areas for 4-m cell radius:
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Fig. 10. Required transmitter optical power versus cell radius.
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