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Analysis of Infrared Wireless Links Employing
Multibeam Transmitters and Imaging Diversity
Receivers

Pouyan Djahani and Joseph M. Kalellow, IEEE

Abstract—We analyze the improvements obtained in wireless since transmissions in different rooms need not be coordinated.
infrared (IR) communication links when one replaces traditional \When an IR link employs intensity modulation with direct
single-element receivers by imaging receivers and diffuse trans- detection (IM/DD), the short carrier wavelength and large-area,

mitters by multibeam (quasi-diffuse) transmitters. This paper ad- _ . . .
dresses both line-of-sight (LOS) and nonline-of-sight (non-LOS) IR square-law detector lead to efficient spatial diversity that pre-

links. We quantify link performance in terms of the transmitter ~ Vents multipath fading [4]. By contrast, radio links are typically
power required to achieve a bit error rate (BER) not exceeding subject to large fluctuations in received signal magnitude and

10—° with 95% probability. Our results indicate that in LOS links, phase. Freedom from multipath fading greatly simplifies the
imaging receivers can reduce the required transmitter power by up design of IR links.

to 13 dB compared to single-element receivers. In non-LOS links, The IR di h | votential d backs. h
imaging receivers and multibeam transmitters can reduce the re- € medium has several potenual drawbacks, however.

quired transmitter power by more than 20 dB. Furthermore, we B€cause IR cannot penetrate walls, communication from
discuss the use of multibeam transmitters and imaging receiversto one room to another requires the installation of IR access
implement space-division multiple access (SDMA). In a represen- points that are interconnected via a wired backbone. In many
tative example with two users transmitting at a power sufficient 400 environments there exists intense ambient IR noise,

to achieve a BER not exceeding 1 with 95% probability in the . . . o
absence of cochannel interference, when SDMA is employed, the211SINg from sunlight, incandescent lighting and fluorescent

system can achieve a BER not exceeding 1® with a probabmty ||ght|ng, Wh|Ch induceS nOise in an IR receiver. In Vil‘tually a”

of about 88%. short-range, indoor applications, IM/DD is the only practical
Index Terms—Diversity methods, image sensors, optical commu- ransmission technique. The signal-to-noise ratio (SNR) of
nication, optimal receivers, optimal transmitters. a direct-detection receiver is proportional to the square of

the received optical power, implying that IM/DD links can
tolerate only a comparatively limited path loss. Often, IR links
must employ relatively high transmit power levels and operate
NFRARED (IR) radiation is a promising transmissiorover a relatively limited range. While the transmitter power
medium for short-range indoor wireless communicatioievel can usually be increased without fear of interfering with
systems [1]-[3]. In such systems, IR radiation offers sevemther users, transmitter power may be limited by concerns of
potential advantages over radio. IR emitters and detect@mwver consumption and eye safety, particularly in portable
capable of high-speed operation are available at low cost. Tin@nsmitters.
IR spectral region offers a virtually unlimited bandwidth that Simple IR links may be classified based on the directionality
is unregulated worldwide. IR light is blocked by walls or otheof the receiver and transmitter, and on whether an uninter-
opaque barriers, so that an IR transmission is confined to thupted line-of-sight (LOS) is necessary between the receiver
room in which it originates. This signal confinement makes &nd transmitter [2]. Currently, directed, LOS links, such as
easy to secure transmissions against casual eavesdroppingtlaosk standardized by the Infrared Data Association [5], are
it prevents interference between links operating in differettte most widely used IR links. Non-directed, nonline-of-sight
rooms. Thus, IR wireless LANs can potentially achieve a vefynon-LOS) links, also known afiffuselinks, are also becoming
high aggregate capacity, and their design may be simplifiegdcreasingly popular. Almost all current IR communication
systems, whether LOS, non-LOS, directed, or nondirected,
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can be processed in one of several ways, as described below.
Angle-diversity receivers offer several advantages. They can
achieve high optical gain over a wide field-of-view (FOV).
They can significantly reduce the effects of ambient light noise,
cochannel interference and multipath distortion, due to the fact
that these unwanted signals are in many cases received from a

Optical Filter

Entrance

different direction than the desired signal. An angle-diversity Area A

. . . . . . Concentrator
receiver can be implemented using multiple nonimaging TeseW | o ok N
elements that are oriented in different directions, as in [6]. i .
Performance gains achieved by nonimaging angle-diversity Detector of
receivers have been discussed in [6]-[9]. Total Area

Implementation of angle diversity using nonimaging ele- A'se m

ments requires a separate optical concentrator for each receiving
element, which may be excessively bulk and costly. Yun and (a)
Kavehrad proposed tHey/-eye receivef10], which consists of v
a single imaging optical concentrator (e.g., a lens) that forms
an image of the received light on a collection of photodetectors,
thereby separating signals that arrive from different directions. Optical Filter

We will refer to this new design as amaging angle-diversity
receiver or simply animaging receiver[11]. The imaging
design has two advantages over a nonimaging angle-diversity
receiver. First, all photodetectors share a common concentrator,
reducing size and cost. Second, all the photodetectors can be

Entrance
Area A

Imaging Conc.

T,
cMeW T Index N

laid out in a single planar array, facilitating the use of a large
number of receiving elements pixels _'Zr’gt‘:m;gf -
In nondirected, non-LOS links, the conventional diffuse Ama L .

transmitter utilizes a single broad beam aimed at reflecting Photocurrents
surfaces within a room, such as the ceiling. Yun and Kavehrad )
proposed to replace this by tispot-diffusingtransmitter [10], _ o ' ' '
which emp|0yS multiple narrow beams pointed in differerﬁ'g- 1. Single-element and imaging optical receivers. (a) The single-element

. . . . receiver employs a concentrator (usually nonimaging) in conjunction with a
dlrectu_)ns 'Foward the_se rEﬂeCtmg surfaces. We \_N'” refer to th@gle detector. (b) The imaging receiver employs an imaging concentrator and
spot-diffusing transmitter asraultibeamor quasi-diffusdrans- a detector segmented into multiple pixels.

mitter [11]. While the diffuse transmitter provides considerable

immunity against beam bIogkage near the receiyer, it yieldstr%nsmitters offer significant gains in link SNR and power
high path loss [3]. The quasi-diffuse transmitter is expected g?ﬁciency. We also present a preliminary study showing that

reduce path loss compared to the diffuse transmitter, becaaﬁgsi-diﬁuse transmitters and imaging receivers may enable

the narrow beams experience little path loss travelling from t?ﬁ“e use of space-division multiple access (SDMA) [3], wherein
transmitter to the illuminated reflective surfaces [10]. '

multiple transmitters located in close proximity can transmit

Tanget al. presented an analysis comparing the performangﬁnunaneous|y at the same wavelength with acceptably small
of LOS links using imaging receivers to their counterparts,

s ; i e3’7—pixel photodetector array [12], [13]. Experimental work on
showed that considerable SNR gains can be achieved by us ging receivers is also in progress elsewhere [14], [15].

imaging rece_iver_s gnd quasi-di_ffuse transmitters._ In [11], 4The remainder of this paper organized as follows. In Sec-
number of simplifying as_sumpnons were made n order %on II, we describe single-element and imaging receivers, and
obta|_n closed-form analytical Expressions for the I|r_1k SNRow they are modeled. In Section lll, we present an analysis
In this paper, we extend the analysis of [11] by relaxing theﬁ? the SNR and transmitter power requirements of LOS and

simplifying assumptions and using detailed numerical analy${g, | g jinks. We discuss SDMA in Section IV, and provide
to evaluate link performance. Effects considered for the ﬁrébncluding remarks in Section V.

time here include the following: (a) nonideal imaging properties
of a realistic lens; (b) overlap of the image spot with multiple
detector pixels and relevant signal selection or combining
techniques; (c) the precise number of beams required by the&implified schematics of single-element and imaging re-
guasi-diffuse transmitter to achieve a specified range; (d) beagivers are shown in Fig. 1. Both types of receivers typically
blockage in the quasi-diffuse transmitter; and (e) multipatmploy an optical filter to attenuate unwanted ambient light.
distortion in links employing the quasi-diffuse transmittetA single-element receiver, as shown in Fig. 1(a), employs
Our results confirm that imaging receivers and quasi-diffusa optical concentrator whose output is coupled to a single

Il. SINGLE-ELEMENT AND IMAGING RECEIVERS
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photodetector and single preamplifier. The imaging receiver,
depicted in Fig. 1(b), utilizes an imaging concentrator that
forms an image onto a photodetector segmented into multiple
pixels, each equipped with a separate preamplifier. An image
spot may overlap with one or more pixels. In this section, we
describe how we model optical filters and concentrators, how
we model imaging of the signal spot onto the pixels of the
imaging receiver, and how we treat preamplifer thermal noise.

Signal Spot

A. Optical Filter and Concentrator

Referring to Fig. 1, the total averageptical power detected
by an IR receiver (either single-element orimaging) atinciden€&. 2.  The imaging receiver employs a photodetector segmented into multiple

: : agonal pixels (37 pixels are shown here). The hexagonal pixel shape ensures
anglez/; (measured with respect to the receiver surface norm t most signal image spots overlap with no more than three pixels, thereby

is given by helping maximize the SNR. Herdpyc is the image diameter, arttlis the
azimuthal angle from which the signal is incident.

P = I()Tr()Te($) Acos )

wherel(y)) is the incidentirradiance (W/fat angley, T#(v) ) i ) )
is the filter transmission factor (W/W) at angle T¢:(v)) isthe ~_ Inour analysis, the smglg—element receiver employs a single
optical concentrator transmission factor (W/W) at angland  Circular photodetector having aredk, = 1.22 cn?. The
A is the receiver entrance areaX)mat normal incidence. The IMmaging receiver employs a detector array segmented.into
transmission factord» (1) and T (v) always lie between 0 equal-sized hexagonal pixels, as showr_1 in Fig. 2 We assume
and 1. The optical concentrator has an acceptance semi-agié there are no gaps between the pixels. Using hexagonal
¥, such that wherp exceeds,,, the concentrator transmissionP!Xels ensures that, under most circumstances, the S|gr!alllmage
factor rapidly approaches zero. spot falls_ on no more than th_ree pixels, thereby_ maximizing

In our numerical analysis, we assume that both single-el8€ receiver SNR (see Section Ill). The possible number
ment and imaging receivers utilize an optical bandpass filtf Pixels J/ in an arrangement similar to Fig. 2 is given by
having a passband of width\ = 83 nm, centered at, = 833 7 = 22i—i(n —i—1) = 2n+1 = 3(n® — n) + 1, where
nm. Measurements on an experimental prototype filter [12] iff- IS @ny integer greater than or equal to 2. For the imaging
dicate that for incidence anglgsbetween 0 and 45, the filter  F€Ceivers analyzed in this paper, the valuenofanges from
transmission factor is well modeled Hy-(+) = 0.8. 2 to 20, corresponding td' ranging from 7 to 1141 pixels.

The hemispherical lens [16] is a common nonimaging cofS indicated in Fig. 2, the detectqr array size is chosen to be
centrator and has an acceptance semiabigle- 90°. The com- st large enough to cover the entire image of diameiet..
pound-parabolic concentrator (CPC) [17] is another commd¥gcordingly, the area of an individual pixel is given by
nonimaging concentrator and his < 90°. In our analysis, the , _3v3 e
single-element receivers are assumed to employ CPCs havinQLlIMG;i -8 — — N2 @

<1+ 1;-4T n {—1-1- 1:-4TJ>

B. Photodetector Array and Image Spot

acceptance semiangle, = 45°, refractive indexV = 1.7,

and entrance ared = 9/4 ¢, The transmission factor of Note that as/ becomes large, this becomes much smaller than
1 _ 2R1—1 1
the CPC is well modeled b¥c sy = T[1 + (1/%,)?"]~, 7 9

where7 = 0.9 andR = 13 [17]. The CPC has an exit area**SE* _ ) . .
Al = Asin? ¥, /N?, which equals 1.22 cfn In the imaging receiver, when the signal image spot overlaps

In our analysis of imaging receivers, the concentrator is moﬁ’-orte tthlan one F_’lj)r(]el' th&? pi?el treceiveesda fracgoy‘ii(zfr,le) Ofl
eled as a custom-built lens, which is described in detail in [13]'€ tota! power. The overlap factgi(v), ¢) depends on the polar
This lens utilizes three elements having indéx= 1.7; the rear f’:\nd_a2|muthal |nC|denc§ anglesand®, Wh'ch are specified
element is index-matched directly to the antireflection-coatdd F19S- 1 and 2, respectively. In our calculations, the values of
photodetector. The lens has @mumber of 0.54, and achievesfi(¢’ 0) are determined by numengal ray tracing in the t_hree_—
an acceptance semiangle, = 45°. The entrance aperture haselement_lens [12]. The average optical signal power received in
a 3-cm diameter, so that = 97 /4 cm?. The image diam- € th pixelis thus given by
eter isdpvyg = 2.28 cm, and the image spot diameter. ranges Prac,i = fi(¥,8) Poug 3)
from 1'4.t0 6_3.6_mm forp = 0% ands) = 45, respecuve_ly. wherePy\q is the average optical signal power received by the
Ray-tracing indicates that fdy < ¢ < =/4, the transmis- imaging receiver, given by (1)
sion factor of this imaging concentrator is well modeled by ' '
Teme() = —0.1982¢° + 0.0425¢ + 0.8778, wherey is  C. Preamplifier Noise
measured in radians. . . o .
We emphasize that in all calculations, both the single—elem%Htwe follow the analysis of Smith and Personick in computing

and imaging receivers employ equal entrance arbas 9r /4 e receiver noise [18], [19]. This analysis assumes on—off
ging ploy €q o g keying (OOK) with rectangular transmitted pulses of duration
cn? and equal acceptance semiangles= 45°.

equal to the bit period, and a receiver filter that equalizes the
IThroughout this paper, the word “average” denotes an average over timgieceived pulse to have a raised-cosine spectrum with 100%
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excess bandwidth. We assume the use-fn photodetectors computing the transmit power required to achieve a BER not
in conjunction with FET-based transimpedance preamplifiersxceeding 10° with 95% probability. We also discuss the
For simplicity, we neglect FET gate leakage ahtff noise. effects of multipath-induced intersymbol interference (ISI) on
We first consider an imaging receiver employing separat®n-LOS links.

preamplifiers for each pixel. The noise variance referred to the

input of theith pixel is given approximately by A. Selection and Combining Techniques
4kT In a single-element receiver, following [18] and [19], the av-
2 ~ . i ikt H ’
Tioti & 2q7 1 i 12 B + Rp LB erage electrical SNR is given by
1672kTT -Psp)?
+———(Ca+Cy)’LB*. (4) SNRgg = @. (6)
m Tiot

In the first term, which represents ambient-induced shot ngise, |, an imaging receiver, the received signal spot may be

is the electronic charge,is the detector responsivityy,; is the - gjiged between several pixels, as shown in Fig. 2. We consider
ambientlight power detected by tfe pixel,/> = 0.562,andB o ways to process the resulting electrical signals, namely,
is the bit rate. The second term represents thermal noise fromé@?ect-best(SB) and maximal-ratio combining(MRC). The
feedback resistok; is Boltzmann's constanf]'is absolute tem- g method chooses the pixel in the detector array that has the
perature, andir is the feedback resistance. In the third temhighest SNR. The SNR using SB is given by
which describes thermal noise from the FET channel resistance, 2 p2
I' is the FET channel noise factay,, is the FET transconduc- max { " LimaG,: .
. . & L SNRmvag,ss= . | —— |, 1<e<d (7)

tance,Cy is the capacitance of a single detector pixg),is the Ofoti
FET gate capacnanqe, atd - .0'0868' . Assuming a fixed area for the detector array, as the number of

In order to determine explicitly how the three noise terms in.

(4) depend on the pixel size, we assume that the photodetezé}%(rels in an imaging receiver increases, the area of each pixel

. . . . ) ecreases, and the noise variance per pidel,; decreases,
has a fixed capacitance per unit arga.e.,Cy = nA’, where . . : it
L L tending to increase the SNR. As the pixel area becomes smaller
A’ is the detector area. For simplicity, we assume that

C,y. We assume that the transimpedance amplifier has a Iimittggn the signal spot area, the signal spot overlaps with multiple

. L .~ .. pixels and each pixel receives a smaller fraction of the total
open-loop voltage gaid. In order to minimize the noise, it is ; : ;
. s : P .~ received signal power, tending to decrease the SNR.
desirable to maximiz& r, but if the preamplifier is to achieve

a 3-dB cutoff frequency equal tB, then we must impose the I_n MRC, signals from the/ p2|xels are pombmed using
condition Rr = G/2rBC,. Then (4) becomes weights equal taw; = TPU\’IGJ/.UWW 1 <4 < J, thereby
' maximizing the SNR of the weighted sum. The SNR obtained

ggotyi ~ 2qrPy 1B + %7714’]232 using MRC is given by
2
1672kTT ( 7 P Pc) I oopo
+g—772A/2-[3B3' (5) SNRisc aine — Zz:l IMG, cr2tom_ _ Z 7 F;IMG,i
m, ’ J rPvg,i ‘ Oiot i
In order to model noise in a single-element receiver, we employ Dict (ﬁ) 0t20t,i =1
(4) or (5), interpreting all quantities to pertain to the single de- (8)

tector and preamplifier. Use of an imaging receiver with man

small pixels will typically reduce all three terms in (5), as com'—%/is easy to see that the SNR achieved with MRC is always at

pared to a single-element receiver. The first term is reduced 122t as high as under the SB method. For a fixed pixel size and
cause the small FOV associated with a small pixel size dimif0iS€ variance per pixel, in order to maximize the worst SNR
ishes the received ambient light power, while the second afghieved as the signal spot is moved to various positions in the
third terms are reduced because a small pixel size reducesRRE! array, itis necessary to minimize the maximum number of
preamplifier input capacitance. In our numerical examples, W&x€ls the spot can illuminate. Use of hexagonal pixels insures
choose the following parameter valuds:= 295 K, r = 0.54 that the spot_llluml.ngtes no more th_an three p'lxels,. provujed
AW, G = 10,g,» = 30 mS,I" = 1.5, = 112 pFlen?, and that the spotis sufficiently small rela_tlve to t_he pixel size. W|th
B = 30 Mb/s2 MRC, as with SB, as the number of pixels is increased, the noise
variance per pixel decreases, tending to increase the SNR. As
with SB, when the pixel area becomes smaller than the signal
) _ _ o ) spotarea, each pixel receives a smaller fraction of the total signal
In this section, we describe combining and selection techower, tending to decrease the SNR.

niques for imaging receivers and compute the resulting SNRS£qr poth SB and MRC, assuming OOK with equiprobable
We then analyze the performance of LOS and non-LOS linkgeros and ones, and assuming that ISI is negligible, the BER is

2In practice, choice of an excessively high valueldfé may make the re- given by
ceiver dynamic range unacceptably small. Also, with excessively high values
of R, achieving a receiver 3-dB cutoff frequency equal to the bit rate may re- BER = Q(+/SNR) 9)
quire a value o&F so high that the receiver becomes unstable. For the numerical

parameters considered here, dynamic range and stability should be accept@ﬁ@ereQ(x) — (27r)_1/2 foo exp(—22/2) d>. For example in
T L

If, in practice, it is not possible to use a value@fhigh enough that the 3-dB . .
cutoff equals the bit rate, the receiver may employ an equalizer after the tr&’r{-der to achieve a BER of I@* an SNR of 36 (15.6 dB) is

simpedance preamplifier. required.

IIl. ANALYSIS OF IR LINKS
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Transmitter For the imaging receiver, we létbe uniformly distributed be-
tween @ and 360.

In an imaging receiver, the total signal power is distributed
among theJ pixels. The average power detected by tke
pixel is given by (11), shown at the bottom of the page. The
total average signal power detected by a single-element receiver
can be obtained using (11) by omittirfg(+>, ¢) and replacing
Tema(y) by Tose(eh).

We assume thatin LOS links, the ambient light noise is domi-

4 nated by skylight, which is described by a power spectral density
Bqy = 43 mW/(m?sr-nm) in the receiver optical filter passband
near 833 nm [12], and is assumed to be uniform over the FOV
of the receiver. The total background noise in a single-element
receiver due to the sky is given by

Pirans

Receiver g

\Ija
Py rosse = WABskyA)\/ Tr(Y)Te,su(t)sin(2¢) dip.
0
(12)

Fig. 3. Geometry used in LOS link calculations.

B. LOS Link Analysis Likewise. f o _ H back dnoise
. : . . Likewise, for an imaging receiver, the total background noise in
LOS links require an uninterrupted LOS between the recelv%r i 'maging v grou 15€1

and the transmitter. A typical configuration foran LOS IR link is eith pixel due to the sky is approximately given by

shown in Fig. 3. LOS links implement directional transmitterst LOSIMG.i & 4T ABgoy ANTw (v Te v (¥5)

which minimize multipath distortion due to reflections from = " ’ o

walls and other surfaces, thereby minimizing ISI. We assume X cos 1p; sin’ <ﬂ> (13)
LOS links use OOK at a bit rate of 30 Mb/s, and we neglect 2

multipath ISI, so that the BER can be calculated using (9). /Wneretlfa,i is the acceptance angle of tih pixel, andy; is the

we will show later, at this bit rate, the effects of multipath 1Shngle of incidence of a ray with respect to the receiver normal,

are negligible even in the non-LOS links analyzed. which strikes the detector array at the center ofithepixel.
We model the transmitter as a generalized Lambertian transat a fixed transmitter—receiver separatidnwe consider a
mitter, with a radiant intensity (W/sr) given by large ensemble of different values¢fs, andd to estimate the
(n+1) complementary cumulative distributio_n function (ccc_if) of the
R(¢) = Pis .08 o cos™ ¢ (10) SNR. We then use the ccdf to determine the transmitter power

required to achieve a BER not exceeding 1®vith 95% prob-
whereP,; 1.0s is the total average power of the transmitieis  ability. Fig. 4(a) shows the transmitter power requirement in
the angle with respect to the transmitter surface normaland.OS/SE and LOS/IMG links operating at 30 Mb/s fér= 4

is related to the half-power semianglg ,, of the transmitter m andd = 8 m, as a function of the number of pixels in the

by n = —In2/In(cos(®,/,2)). Furthermore, we assume thedetector array. For botth = 4 m andd = 8 m, using either SB
transmitter has a half-power semiandle;, equal to 43, cor- or MRC, the simplest imaging receiver (seven pixels) requires
responding to am = 2. 3.7 dB less transmit power than a single-element receiver. As the

We analyze LOS links employing either single-element rewumber of pixels in the imaging receiver is increased, the power
ceivers (LOS/SE) or imaging receivers (LOS/IMG). Both typesequirement decreases further. At 1141 pixels, it reaches 13 dB
of receivers acceptance semiangles= 45°. For both types of for both values of! and both combining techniques. Fig. 4(a)
links, we assume the geometry shown in Fig. 3. We fix the posihows that the transmit power requirement with MRC is always
tion and orientation of the receiver. For a given transmitter—rkess than or equal to that with SB. While the advantage of MRC
ceiver separatiod, we vary the position and orientation of theover SB increases with the number of pixels, it is less than 1 dB
transmitter. We le®, the angle between the transmitter surfada all cases.
normaln,.,,; and the line connecting the receiver and the trans- Fig. 4(b) shows the transmitter power requirements in
mitter, is uniformly distributed betweer? @nd % ,,. Also, we 30-Mb/s LOS links, as a function of the transmitter—receiver
let ¢ (the angle between the receiver surface normal and theparationd, for a single-element receiver and for imaging
line connecting the receiver and the transmitter) be uniformtgceivers of 37 and 1141 pixels. Féranging from 1 to 8 m,
distributed between®GandV¥ . The single-element receiver haghe 37-pixel imaging receiver using MRC requires at least
rotational symmetry, so that the azimuthal angjle irrelevant. 6.8 dB less power than the single-element receiver. With SB,

Pixs Los sz cos® ¢Tr (¥) fi(1, 0)Te ua (1) cos ¥, 0<y <V,

0, P > V,. (11)

Prosmag,: = {
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3 Transmitter Single-Element
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b Reflector
- - - IMG (Select Best)
S| — IMG (Maximal-Ratio Combining) i Concentrator
Entrance
L . ) Area A
o Multi-Beam
! 710 100 1000 (Quasi Diffuse) Single-Element
Number of Pixels in Detector, J Transmitter or Imaging
Receiver
(@
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Gy
-—--- SE
35 1
- === IMG (Select Best) (b)
IMG (Maximal-Ratio Combining) SE | ) . ) ) .
30 | -] Fig. 5. Non-LOS infrared links. (a) A diffuse transmitter illuminates the
-7 ceiling (or other surfaces) with a single wide beam. (b) A quasi-diffuse
-7 ) transmitter illuminates the ceiling with multiple narrow beams, which form a
25 - IMG (37 pixels)

regular lattice of spots on the ceiling.

against blockage, but suffer from high path loss and signifi-
cant multipath distortion. The second type of transmitter, the
quasi-diffuse transmitter, illuminates the ceiling with multiple
narrow beams, as illustrated in Fig. 5(b). These beams form
a regular lattice of spots on the ceiling, as shown in Fig. 6.
Quasi-diffuse transmitters offer lower path loss than diffuse
transmitters, because the narrow beams experience very little
path loss travelling from the transmitter to the illuminated re-
flective surfaces [10]. We consider two types of quasi-diffuse
transmitters, referred to as “Type I” and “Type IlI,” and illus-

(b) trated in Fig. 6(a) and (b), respectively. With a Type | trans-
Fig. 4. Transmitter power required to achieve a BER not exceeding iith mitter, at least one S|gr_1al spot always ||e_S W_Ithm th_e rece_lver
95% probability in LOS links using single-element (SE) and imaging (IMG-OV. The Type | transmitter does not provide immunity against
receivers: (a) as a function of the number of pixels in the detector array apfbckage of the path between the transmitter and ceiling or be-
(b) as a function of the distance between receiver and transmitter. All links Wheen the ceiling and receiver. The T pe I transmitter is de-
on-off keying and operate at 30 Mb/s. . L y . L

signed so that at least two signal spots always lie within the re-

ceiver FOV, making it possible for the link to operate if a single

the reduction is at least 6.1 dB. When the number of pixels $8°t IS obstructed.

1141, the power requirements are decreased by 12.4 and 11.8 gBOth single-element and imaging receivers can be used
with MRC and SB, respectively. in conjunction with diffuse and quasi-diffuse transmitters in

non-LOS links. In our analysis, we will consider the following:

C. Non-LOS Link Analvsi (a) diffuse transmitters with single-element receivers (DIF/SE);
- Non- INK Analysis (b) quasi-diffuse transmitters with single-element receivers
Unlike LOS links, non-LOS links do not require an uninter-

rthed. LOS bewveer,] the transmitter and rece",’er’ bu.t rely Orilt should be noted that, although the quasi-diffuse transmitter uses narrow

reflections of IR radiation from surfaces. In this section, Wgeams, eye safety can always be insured by making the beam diameter suffi-

consider two types of transmitters used in non-LOS links. Tlgiently large. Furthermore, the power required in each beam is relatively low

first type of transmitter is the diffuse transmitter. which em(_ofthe order of milliwatts) and modest beam divergence is acceptable [12].

. . . . ’ 4The spot lattices shown in Fig. 6 assume that the transmitter is far from any
ploys a single wide beam to illuminate surfaces, as sho

f : ) . - . .V\Walls. When the transmitter is placed sufficiently close to a wall, some of the
in Fig. 5(a). Diffuse transmitters provide excellent immunityeams will illuminate the wall, instead of the ceiling.

Required Transmitter Power (dBm)

0 n ) L 1 ; L

1 2 3 4 5 6 7 8
Transmitter-Receiver Separation, d (m)
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) L e~ . ° FOV of flood lamps

/ \ _~ Receiver
\
° L3 ¢ )

[ 4 ®
L Signal Spot

@)

(b)

Fig. 6. Lattice of spots formed on the ceiling by quasi-diffuse transmitters. The

configurations shown minimize the number of spot required per unit area. (a)

Type | quasi-diffuse transmitter, which is not immune to shadowing (blockage

of the signal spot). At least one signal spot is always in the FOV of the receiver.

(b) Type Il quasi-diffuse transmitter. Because at least two signal spots always

lie within the receiver FOV, the Type Il transmitter can tolerate blockage of one N

signal spot. Transmitter

—

A

(QDIF/SE); and (c) quasi-diffuse transmitters with imaging re- P
ceivers (QDIF/IMG) “/dh \
1) Link Configurations: The room shown in Fig. 7(a), rep- Receiver

resentative of a typical medium-sized office [6], is used to an- - x

alyze non-LOS links. The room has length, width, and height w

given beMAX =6m, Yyax = 10 m, andZpyax = 4

m, respectively. The west wall of the room is a single large (b)

window. All room boundaries are modeled as Lambertian rey. 7. Room model used for analyzing non-LOS links: (a) The west wall is a
flectors. All surfaces have reflectivities of 0.7, except the floosjngle, large window. Eight, 100-W incandescent flood lamps are mounted on
which has a reflectivity of 0.2. The room boundaries act as Larf€ ceiling. (b) Position of transmitter and receiver within room.

bertian sources of background ambient light. According to mea-

surements [6], in the receiver optical filter passband near 833goth single-element and imaging receivers have acceptance
nm [12], the west and east walls have spectral radiant emiemianglest, = 45°. As shown in Fig. 7(b), the receiver is
tancesSw = 0.20 W/(m’nm) andSg = 0.10 W/(m’nm), placed at a fixed position &X r, Yr, Zg) = (1.5,1.25,1), di-
respectively. The spectral radiant emittance from the ceilifgctly under one of the flood lamps, and faces upwar@sl-
(Sc) is assumed to vary linearly from 0.03 WAnm) at the cylations indicate that this location is subject to the highest am-
west edge to 0.01 W/(fmm) at the east edge. The spectral rasient light noise within the room (or very nearly so), thus rep-
diant emittance from the north wdlb), the south wal(Ss),  resenting a worst-case receiver location. As before, the imaging
and the floor(Sr) vary linearly from 0.02 W/(rfinm) at the receiver has an azimuthal orientation as in Fig. 2, while the az-
west edge to 0.01 W/(fmm) at the east edge. Eight tungstefmuthal orientation of the single-element receiver is irrelevant.
flood lamps are placed on the ceiling of the room, at coor- The transmitter (diffuse or quasi-diffuse) is kept at a fixed
dinates(z,y, 2) = (1.5,1.25,4), (1.5,3.75,4), (1.5,6.25,4), height of 1 m above the floor. For a given horizontal trans-
(1.5,8.75,4), (4.5,1.25.4), (4.5,3.75,4), (4.5,6.25,4), and mitter—receiver separatiody,, the z andy coordinates of the
(4.5,8.75,4) These lamps can be modeled as Lambertian trangansmitter are modeled as random variables, which are uni-
mitters of ordern = 2.0 with a total power spectral densityformly distributed on that portion of the circumference of a
Plamp = 0.037 W/nm within the receiver filter passband [6]. Wegircle of radiusi;,, lying parallel to thes-y plane and centered at
denote the region occupied by thith flood lamp asRiamp,j, (X, Yz, Zr), that lies within the room, as shown in Fig. 7(b).
which is taken to be a circular region of raditis., = 5 €M, \We model the azimuthal orientation of the quasi-diffuse trans-
over which the powepia.,, is distributed uniformly. mitter (around its surface normal) as a random variable, uni-

5We do not consider combining diffuse transmitters with imaging receivers in
this paper. Imaging receivers are significantly more complex to implement than
single-element receivers, while quasi-diffuse transmitters are not much morélt should be noted that, because the receiver faces upwards and has an ac-
complex than diffuse transmitters. With imaging receivers, quasi-diffuse trarceptance semi-angi&, = 45°, no region of the floor will be in its FOV. Con-
mitters provide much better performance than their diffuse counterparts, sequently, the floor does not directly reflect any signal or ambient light to the
cause the former transmitters concentrate the signal in a small spot, makieceiver, and can be neglected in our calculations. However, the floor is taken
possible enhanced rejection of undesired noise, multipath and cochannel initel account when calculating the impulse respogg that describes multi-
ference. path propagation in the room.
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formly distributed between 0 artlr, while the azimuthal ori- whereR¢ e ; is the region on the ceiling in the FOV of the
entation of the diffuse transmitter is irrelevant. ith pixel, andy> and¢ are equal, and are given by (15).
2) SNR Analysis of Non-LOS Link&or the link configura-  The background noise detected by a single-element receiver
tion shown in Fig. 7(b), we first calculate the ambient light noisitom the jth flood lamp is calculated using (16) by omitting
in SE and IMG receivers, then determine the signal power ré{«, ¢) and replacingR¢ mc ; With Rc sg, the region on the
ceived in DIF/SE, QDIF/IMG, and QDIF/SE links. Using theseeiling in the FOV of the single-element receiver.
noise and signal components, we evaluate the SNR and transmithe total ambient light noise in a receiver is the sum of contri-
power requirement for each of the three link designs. butions from the room boundary surfaces and the flood lamps.
Let Rsuriace,iMa,; denote the region of the room boundaryn the imaging receiver, the total ambient light power in itre
within the FOV of theith pixel of the imaging receiver. The pixel is given by

ambient light power from room boundaries detected byithe 8
pixel is given by Py vc i = By surtace,IMG i + Z Py tamp,jivGi- - (17)
J=1
Py surtace,IMG, i The total ambient light power in the single-element receiver is
B Ssurtace@, ¥, DANATR ) f,0), )T ac®)  obtained using an expression analogous to (17).
o / 7l(x — Xg)2+ (y — Yr)?2 + ( — Zgr)?] We consider the diffuse transmitter in conjunction with a
(wy,2)C single-element receiver. The diffuse transmitter is modeled as

Rsurtace, IMG i

- cos(¢) cos(i) ds (14) having a generalized Lambertian radiant intensity given by (10)

with ordern = 2. It is positioned as illustrated in Fig. 7(b) and
é)ointed upward at the ceiling. The illuminated regions of the
ceiling and walls are assumed to act as Lambertian reflectors.
The average signal power reflected by the ceiling and detected

where Sswace (T, ¥, 2) IS the spectral radiant emittance of th
surface andls is a differential surface element. The anglés

given by ) RN
by the single-element receiver is given by (18), shown at the
y 1< 2 — Zn ) (15) bottom of the page, wheréXr,Yr, Z7) is the position of
p = cos™ 15)  the transmitterg. is the reflectivity of the ceili i
X ,)2 V.2 — 72 c y ingPees p1r 1S
VE=XpP +(y=Yr)* + (7~ Zn) the average power emitted by the diffuse transmitter, sarnis!
for all surfaces. For the ceiling; equalsy; for the walls, = given by (15). Similarly, the average signal power reflected by
90° — 2. a wall and detected by the single-element receiver is given by

We let Rsiace se denote the region of the room boundarg19), shown at the bottom of the page, whéit@.u sk is the
lying within the FOV of the single-element receiver. The amegion of the wall lying in the FOV of the receiver, agidn is
bient light power from room boundaries detected by a single-élte reflectivity of the wall.
ement receiver is calculated using (14) by omittjig), 8) and We consider quasi-diffuse transmitters with both imaging and

replacingRsurtace, MG, ¢ With Rurtace SE- single-element receivers. As previously mentioned, the quasi-
The power from theath flood lamp detected by thih pixel diffuse transmitter emits multiple narrow beams, which illumi-
of the imaging receiver is given by nate a regular lattice of spots on the ceiling, assuming that the
transmitter is far from any walls (see Fig. 6). In our analysis, the
Py lamp,j,IMG,i guasi-diffuse transmitter is positioned as illustrated in Fig. 7(b).

It emits a total average powet.s gnrr, Which is equally di-
vided amongM beams. The value of/ depends on whether

(w,y,2)€ the transmitter is of Type | or Il, and on the horizontal trans-
Riamp,;NRe.mva.: mitter—receiver separatiody,. For a Type | transmitter) is
) 3P1amp AAATw () fi(¢, 6)Te mic () chosen so that for any position of the receiver within a circle
2m 2 Mamp[(x— XR)? + (y—YR)? + (Zmax—Zr)*]  of radiusd, centered at the transmitter, at least one spot lies
- cos(¢)? cos(¢)) ds (16) within the receiver FOV. Likewise, for a Type Il transmitter, two

Pcprrse
_ / BATr (V)T se(¥)oc Poas DIr Zyiax s (18)
J 2 (Gyiax = Zr)* + (2 = Xn)? + (v = YR)*P[(Zuax — Z0)* + (@ = Xr)* + (y = Yr) P/
s
Pyan,pir,sE = 3Aowan s, DIF
Ly ()T 50(0) = XnP + = YaP e = Z) @ = S T =Y~ 2P, o
X A2 — X )2 —Ys)2 — 7)2]2 — X)2 —Y)2 — Z)2]15/2 s ()
2 [(x — Xgr)* + (y — Yr)* + (2 — Zr)*PP[(x — X7)* + (y — Y1)* + (2 — Z1)?]

(x,y,2)€
Rwan sk
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spots are required to lie within the receiver FOV. At each value 40 C '

of dj,, we find that the value oM/ required for a Type Il trans- th =8m

mitter is close to twice that for a Type | transmitter. In the case of % )
the Type | transmitter, the contribution from all illuminated } oy = 4m

. . ; ) 3
signal spots is considered. By contrast, in the case of the Type 0

[l transmitter, one spot lying in the receiver FOV is randomly
discarded, in order to emulate signal blockage (shadowing).

Each signal spot can overlap with regions of the ceiling and
walls, which are assumed to act as Lambertian reflectors. We
denote the region of the room boundary surfaces illuminated by
the mth spot by Rsurtace spot,m- 1he average signal power re-
flected by the room boundary surfaces is given by (20), shown at
the bottom of the page, whesg ., race (2, ¥, 2) IS the reflectivity

25 +

20 |

A DIF/SE (Unshadowed)
° QDIF/SE (Type |, Unshadowed)

Required Transmitter Power (dBm)

of the room surfaces, and the sum is taken over values@sr- 5} | 77~ QDIFMG (Type |, Unshadowed, SB) ]

responding to unobstructed spots. Hefés given by (15), and —___ QDIFIMG (Type |, Unshadowed, MRC)

¢ is equal toy if the surface is the ceiling, and equala@® — « 0 — ' .

if the surface is a wall. 1 710 100 1000
With a single-element receiver, the average detected signal Number of Pixels in Detector, J

power calculated using (20), omitting the facffof:/, 6) and re-
placingR¢ va,; With Re s, the region on the room boundary
surfaces lying in the receiver FOV.

We consider transmission at 30 Mb/s using OOK. As shown
below, at this bit rate, in the room depicted in Fig. 7, multi-
path ISI causes SNR penalties less than 1 dB (0.5 dB optical
power penalty) in the three types of links considered. For each
value of transmitter—receiver separati) we consider a large
ensemble of transmitter positio(is, ) and azimuthal orienta-
tions (for the quasi-diffuse transmitter), and thereby estimate the
ccdf of the SNR. We then use the ccdf to determine the trans-

@)
40 T T T T T ¥

SE Receiver

Required Transmitter Power {(dBm)

mitter power required to achieve a BER not exceeding®10 5~ - ) mGpESf:‘KfAc y
with 95% probability. i / '

Fig. 8(a) shows the transmit power required in 30-Mb/s 10t / .
non-LOS links at transmitter—receiver separatiahs of 4 |~ < |-~ DIF/SE (Unshadowed)
and 8 m, as a function of the number of pixels in the detector 5| — QDIF Trans. (Type Il Shadowed) | |
array. Type | quasi-diffuse transmitters, which do not provide ~ T~ QDIFTrans. (Type |, Unshadowed)

immunity against shadowing, are considered. In the absence Y ; : ' : : :
of shadowing, replacing a DIF/SE link by a QDIF/SE link ! 2 3 4 5 6 7 8
reduces the power requirement by 1.2 and 3.8 dB,at 4 and Horizontal Transmitter-Receiver Separation, dh (m)

8 m, respectively. Replacing a DIF/SE link by a QDIF/IMG ®)

link employing a 7-pixel receiver and MRC reduces the power

: _ ; Fig. 8. Average transmitter power required to achieve a BER not exceeding
requirement by 5.9 and 8.5 dB@{ = 4 and8 m, respectively. """ 9595 probability for DIF/SE, QDIF/SE and ODIF/IMG links. Al

For a 1141-pixel receiver, the corresponding reductions ajks use on—off keying and operate at 30 Mb/s. (a) With no shadowing, for
14.3 and 16.2 dB, respectively. In QDIF/IMG links, linksvarious numbers of pixels in the detector array. Quasi-diffuse transmitters are

. . ; Type | design. Imaging receivers employ SB or MRC. (b) With and without
using MRC always require less transmit power than SB. TI@ adowing, for various horizontal separations between the transmitter and

advantage of MRC increases with the number of pixels, andrigeiver. Imaging receivers employ maximal-ratio combining. Unshadowed

as hich as 2.6 dB for an imaging receiver with 1141 pixels 8DIF transmitters are of Type | design. Shadowed QDIF transmitters are of
dy, =8m Type |l design; to simulate shadowing, one signal spot within the receiver FOV
, = .

. . . . is randomly discarded. Results with the diffuse transmitter do not take account
Fig. 8(b) shows the transmit power requirements in 30-Mbé$shadowing, which is expected to raise the transmitter power requirement by

non-LOS links, as a function of the transmitter—receiver hor?-5 dB over the values the values shown [4].
zontal separatiod;,. Link designs include DIF/SE, QDIF/SE, sign; in the latter case, shadowing of one signal spot is consid-
and QDIF/IMG. QDIF transmitters are of Type | or Type Il deered. The imaging receivers employ either 37 or 1141 pixels

Ptrs,QDIF Z AaSurface (.’IZ’, Y, Z)TF(z/})fz(z/}a Q)TC,IMG(w)

M 7w — Xn)2+ (g — Yr)? + (s — Zay] o9 cos(¥)ds

Psurface,QDIF,IMG,i =

m
(#,4,2)C
Rsurface,spot,mMNBsurface, IMG

(20)
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with MRC. We first discuss results in the absence of shadowing. 1.25

In this case, QDIF transmitters are of Type | design. Replacing DIF/SE, d,=8m
a DIF/SE link by a QDIF/SE link reduces the transmit power 11

requirement by 0.5-8.1 dB, fek, between 1-8 m. Replacing

a DIF/SE link by a QDIF/IMG link with a 37-pixel receiver re- 075

duces the transmit power requirement by 8.5-14.4 dBdfor
between 1 and 8 m. For a 1141-pixel receiver, the power reduc-
tions range from 14.1 to 21.6 dB. 0.5
In the presence of shadowing, we consider Type Il quasi-
diffuse transmitters and block a randomly chosen signal spot
within the receiver FOV. Examining Fig. 8(b), we note that for
very smalld;,, this leads to a large increases in the transmit M
power requirements, as compared to unshadowed links. The 0 . . . : .
increases for QDIF/SE, 37-pixel QDIF/IMG, and 1141-pixel o 5 10 r15 20 25 30
QDIF/IMG links are as large as 11.3, 9.5, and 10.8 dB, respec- (ns)
tively. Fortunately, larger values @f, are of practical interest. (@
For values ofi;, of 3 m or larger, the increases in power require- 1.25 " - v
ment caused by shadowing for these three link designs are no QDIF/SE, o, = 8 m
more than 4.4, 5.4, and 5.5 dB, respectively. Note that we have
not calculated power requirements of DIF/SE links in the pres-
ence of shadowing. According to [4], shadowing typically in-
creases the power requirements of DIF/SE links by 2-5 dB. We 0.75 |4
conclude that for values @, of interest, even in the presence of )
shadowing, QDIF transmitters and imaging receivers offer sig-
nificant transmit power reductions.
3) Multipath-Induced ISl in Non-LOS Linkdn our analysis
of non-LOS links, we assume that the receiver does not equalize 0.25
the received signal to mitigate the effects of multipath ISI. In
this section, we quantify the impact of this ISI, following the 0 , ; 4 .
derivations given in [20] and [4]. 0 5 10 15 20 25 30
We assume the use of OOK at bit rdée= 1/7". In the kth t(ns)
symbol interval, the transmitted symbagl € {0, 1} modulates (b)
the a_lmplltuc_je of the transmitted pu_lse ShM)'Wh.ereb(t_) IS Fig. 9. Simulated channel impulse responses for the room used in our
a unit-amplitude rectangle of duratidn The transmitted signal anaiysis. The single-element receiver is locatedlas, 1.25,1), while the
passes through the channel with impulse respaiisg and is transmitter is located 8 m away and 1 m above the floor. Maximum values of
passed thiough the receiver ftgft). The recever fery(1) -1 TS fssponses hiove ben permalies o iy () Diuse vanenter
is chosen such that in the absence of multipath distortion, the
received pulse will have a raised-cosine spectrum with 100%
excess bandwidth. Decisions are made by the receiver baseda@es within the room. Fig. 9(a) and (b) presents the impulse
the samplegy, = Aax ® hy + nx, Wherehy, is the link impulse responses of DIF/SE and QDIF/SE for a transmitter—receiver
response given b§, = b(t) @ h(t) @ g(t)|;=xr (@ssumed to horizontal separatiod;, = 8 m. Using (21) with impulse re-
have the normalizatioy, h;. = 1), andny = n(t)@g(t)li=xr SPONses obtained within this room fd;, up to 8 m, we have
are zero-mean Gaussian noise samples with variaic&@he found that forBER, = 10~° and an optical power penalty due
receiver sampling time is assumed to be shifted such that tedSI of 0.5 dB (1-dB loss in electrical SNR), the maximum al-
zero-sampléy, is maximized. As shown in [4], at low BERs, lowable bit rate is 30 Mb/s.
the optical power penalty caused by ISl is well approximated The channel impulse responses shown in Fig. 9 have been cal-
by culated for a single-element receiver. Use of an imaging receiver
is expected to reduce the power penalty due to ISI considerably.
Q-}(2"BERy) This is b(_acause the del_ayeq signals that cause I_SI are received
~ 10log,, < = 0 ) (21) from a wide range of directions. Roughly speaking, these de-
(2ho —1)Q~'(BERo) layed signals are divided among a number of pixels that is of
whereL is the length of the impulse response tdil— 6; )k, the same order a$, the total number of pixels. If the imaging
BERy is the desired BER, in our case 1 and@Q~!(z) isthe receiver processes signals from three pixels, then the delayed
inverse of the functior)(x) discussed previously. signal amplitude should be of the order 3f.J times that in
We have used the numerical technique described in [20]assingle-element receiver. Therefore, we can safely assume that
simulate the impulse responggt) of non-LOS links in the withimaging receivers in the link configurations considered, the
room shown in Fig. 7(a). Our simulations include the contribweptical power penalty due to multipath ISI is below 0.5 dB at a
tions from light diffusely reflected up to three times from surbit rate of 30 Mb/s.

h(

0.25

Optical Power Penalty (dB)
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IV. SDMA

In the context of IR wireless communications, optical mul-
tiplexing techniques allow simultaneous transmissions at the
same subcarrier frequency and within the same space [3]. One
form of optical multiplexing is SDMA, which involves the use
of angle-diversity receivers to distinguish between signals re-
ceived from different directions. SDMA can be implemented ’ﬁ
with imaging receivers and quasi-diffuse transmitters. Multiple «
quasi-diffuse transmitters form lattices of signal spots on reflec- @
tive surfaces, such as a ceiling. Signal spots lying within the

P(BER<

FOV of a receiver are imaged onto the receiver pixel array. It

0.65 |
is hoped that the signal spots from different transmitters will
. s . . 4 QDIF/IMG, MRC
image to disjoint sets of pixels (or nearly so), thus allowing the 06 [ Type I Shadowed
receiver to detect S|gnals.from different transmitters with ac- 055 | - — ~ Typel, Unshadowed
ceptably small cochannel interference.

Below, we provide a simple analysis of the error probability of 05 ! ‘ L
SDMA with two users, and describe a representative numerical 10712 109 10® 103 1

example of a two-user system.

A. Error-Probability Analysis for Two Users

X

Fig. 10. Cumulative distribution function of the BER in an SDMA system
with two quasi-diffuse transmitters and an imaging receiver. The position of

We assume that two receptions are incident within the r%s_lch transmitter is uniformly distributed within a circle of radius 5 m centered

ceiver FOV. The desired and interfering receptions are des

at the receiver. Each transmitter emits an average power which, in the absence of
idchannel interference, is sufficient to achieve a BER not exceedinyi@h

nated by the subscripts 1 and 2, respectively. To simplify tl96% probability at a transmitter—receiver separation equal to 5 m, as illustrated
analysis, the symbol clocks of the desired and interfering Sig-':'g' 8(b). In the case of Type Il transmitters, to simulate shadowing, one of

nals are assumed to be synchronized at the receiver, which rg|

e desired signal spots within the receiver FOV is randomly discarded. The
Bsiver employs maximal-ratio combining.

resents the worst case. We assume that in both transmissions,

the amplitudes 0 and 1 are equiprobable. Timepixel in the

imaging receiver detects these two signals with average pow 4

Py ; and P ;, respectively. This pixel has an additive Gaussia]
noise of variancer, ;, which is statistically independent of the

ference has a variane€,, ; + v*P; ;. The receiver implements
MRC, wherein the signals from thepixels are combined using
weightsw; = Py ;/(08, ; +°P3,;),1 < i < J. We define
the SNR for the desired signal as

J 2
(Zizl wﬂ’Pl,i)

i=1 wio—t?ot,i,
and the signal-to-interference ratio (SIR) as

(Sl wmrbus)

2ima WirPLi
-

(Ej:l w;rP; 2)

The BER for reception of the desired signal is given by

SNR = (22)

SIR =

(23)

1 SNR
1 SNR
+5Q <\/SNR - —SIR> . (24)

B. Two-User Example

iables, which are uniformly distributed within that portion of
éue circular region of radius 5 m, centered at the receiver, that
Ies within the room. The imaging receiver is taken to have ei-
g}(_ar 37 or 1141 pixels. We consider Type | transmitters, which
are unshadowed. We also consider Type Il transmitters, in which
case, we randomly discard one of the spots offégredtrans-
mission that lies within the receiver FOV. Each transmitter has
sufficient power to achieve a BER not exceeding 1@ith 95%
probability in the absence of cochannel interference at a hori-
zontal transmitter—receiver separation of 5 m. As presented in
Fig. 8(b), for Type | transmitters used with imaging receivers
with 37 and 1141 pixels, the required powers are 231 and 59.7
mW, respectively. For Type Il transmitters, the required powers
are 638 and 146 mW, respectively. The symbol clocks of the de-
sired and interfering signals are assumed to be synchronized at
the receiver.

We have considered a large ensemble of different transmitter
locations to estimate the cumulative distribution function (cdf)
of the BER, which is shown in Fig. 10. It is seen that the perfor-
mance is improved by using a Type Il transmitter and/or a re-
ceiver having a larger number of pixels. A BER not exceeding
10~? is achieved with a probability between 72.9% (unshad-
owed Type | transmitter and 37-pixel receiver) and 88.3% (shad-
owed Type Il transmitter and 1141-pixel receiver). A BER not
exceeding 10°% can be achieved with a probability between
86.5% and 94.8% for these two link configurations, respectively.

We consider a numerical example involving two quasi-diffuse Our results indicate that SDMA using quasi-diffuse transmit-
transmitters and an imaging receiver. Within the room shownfers imaging receivers may be a promising means to increase
Fig. 7(a), the receiver and both transmitters face upwards, ghd capacity of IR networks. However, SDMA alone may not

are kept at a fixed height of 1 m above the floor. Thandy

achieve reliability sufficient for many applications, particularly

coordinates of the transmitters are modeled as two i.i.d. randasithe number of users increases. One way to enhance system
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reliability is to employ an adaptive, two-tiered multiplexing [10] G. Yun and M. Kavehrad, “Spot diffusing and fly-eye receivers for
scheme. The default would be to employ onIy SDMA. When indoor infrared wireless communications,” Rroc. 1992 IEEE Conf.

Selected Topics in Wireless Communicatjorencouver, BC, Canada,

it is detc_ermmed that the system is unablgito achieve _sufﬁ— June 25-26, 1992, pp. 286-292.
cient reliability using only SDMA, an additional, electrical [11] A. P. Tang, J. M. Kahn, and K. P. Ho, “Wireless infrared communica-
multiplexing technique [3], such as time-division multiple tion links using multi-beam transmitters and imaging receivers?tac.

IEEE Int. Conf. Communication®allas, TX, June 23-27, 1996, pp.
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