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Abstract—We outline the benefits and challenges of using Light and Ambient Signal
angle diversity in nondirected wireless infrared (IR) communica- Multipath Light Light
tions systems. Multiple transmitter beams and multiple narrow \ /7 f
field-of-view receivers reduce the path loss, multipath distortion, — —F

and background noise of the channel, which leads to improved o
range. We also discuss practical considerations for multielement T
angle-diversity systems, including channel characterization and
suboptimal detection techniques. Maximal-ratio combining
provides nearly optimal performance up to 100 Mb/s for the
angle-diversity systems considered. The design and performance
of a prototype angle-diversity IR communication system are
discussed. The prototype can maintain 70 Mb/s at &. of 10—°
over a 4-m range.

Concentrator
Index Terms—Optical communication, wireless LAN. [,

. INTRODUCTION

IGH-SPEED wireless communication inside buildings To Demodulator

can be achieved using nondirected infrared (IR) links [1]. ()
Nondlrectgd Imks,_whlch con5|st_of Wlde_-b_eam transmitters Weak Ambient Strong Signal
and wide field-of-view (FOV) receivers, eliminate the need to Light and Ambient Light
point the transmitter and receiver at each other. Such links are Multipath

made more robust if they are designed to use non line-of-sight
(LOS) paths (via illumination of the ceiling or walls) instead
of, or in addition to, the LOS path [1], [2].

The conventional approach to nondirected IR links is depicted
in Fig. 1(a). A detector with a wide FOV collects unwanted am- FOV
bient light along with the desired signal. Steady light sources,
such as the sun and incandescent lamps, lead to white, nearly
Gaussian shot noise; modulated light sources, such as fluores-
cents, give rise to cyclostationary noise. Also, a wide FOV re- Concentrator/
ceiver collects not only the primary illuminated spot, but also Detector Array_/ """ \_.lndex Ne
signals that have undergone two or more reflections, and are
thus delayed. This process, while increasing the collected signal
power, introduces multipath distortion.

We consider the use of a multibeam transmitter and multiple %e;fﬁ;‘l’;e"rr - To Demodulator
nonimaging receivers [3]-[5]. As shown in Fig. 1(b), a detector
array of narrow FOV detectors, which together cover the same ®)
FOV as a single, wide FOV detector, can reject ambient |igﬁ'[g. 1. Two types of nondirected IR links: (a) a wide FOV receiver with large

. . . . ignal spot and (b) an array of narrower FOV detectors and multiple signal spots.
that does not coincide with the S|gnal. Further, the mUItlpaﬁlﬂltiple narrow FOV receivers cover a wide FOV but reject ambient light that

does not coincide with the signal, and reduce multipath distortion since most
of the delayed light from multiple bounces will not coincide with the primary
signal. Multiple transmit beams reduce path loss and increase signal-to-noise
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sources. Our goals are to characterize the effect of multipath diswWe find a spectral factorization of.(z), i.e., S.(2) =
tortion and noise on high-speed IR links, to examine transmitt@r/o2)C(z)C*(1/2*), where C(z) is chosen to be monic,
and receiver design using practical optical and optoelectromignimum phase, and causal, and we apply the noise-whitening
techniques, to demonstrate with an experimental system theféfer o2 /C*(1/~*) to the sequencelk] to obtain a more useful
fectiveness of angle-diversity IR systems, and to explore relatadfficient statisticz[k]. We can write
implementation issues.

In Section I, we outline both optimal signal detection and po- _ =
tential suboptimal alternatives. In Section Ill, we examine the w[k] = ; cllalk — 1] + n[k] )
effect of transmitter and receiver design on performance and -
channel characteristics, and evaluate signal detection choiGgerec[k] are determined bg!(z) = >z clklzF, c0] =1

Section IV describes the design, implementation, and perfgfy construction, andgk] is white with variances2. Given the
mance of a prototype angle-diversity communication systegequence]k], the optimal detector performs MLSD to estimate

Conclusions are presented in Section V. a[k]. At high SNR, the error probability of MLSD is given ap-
proximately byP. ~ CQ(dyin/20), whereC' is an error coef-
Il. SIGNAL DETECTION AND COMBINING ficient that is usually of order unity [8]. The squared minimum

The transmitted signak (¢) is transmitted on/ channels, distance is given by
using binary pulse-amplitude modulation (PAM) on a pulse
gt (t). The impulse response of channelis b;(t), which 2o - ) Z EL: m — K]
includes the responsivity factor and the time response of the min = T ercm
photodetector. The data is a sequencd.afymbolsal[l], the m=t k=1

symbol interval isZ’, and the received signal is of the form where{e, 1 < k < L} is a nonzero sequence of error symbols

I e = aV[k] — a@[k].

ui(t) = alllhs(t —1T) + Ni(2) (1) - o

=1 B. Combining and Equalization
whereh; (t) is the convolution ofy,,, (t) with b;(¢). Assuming _We consider _simple alte_rnatives to both MFC and MLSD
the symbols 0 and! are transmitted with equal probabilities With the goal being to provide near-optimal performance with
the average transmitted powdr, is (A/27) [ g..(t) dt. Here, techniques that are practical to implement. We will consider
N;(t) is a zero-mean stationary Gaussian noise process wi{ection combining (SC), equal-gain combining (EGC), max-
a power spectral density (PSB), (jw). The processesV;(t) |mal-r_at_|o combining (MRC), and minimum mean-square-error
and N,(t) are jointly independent for afl # j. This model is combining (MMSE) as alternatives to MFC. Unequalized

applicable to intensity-modulation direct-detection systems. threshold detection and zero-forcing decision-feedback equal-
ization (ZF-DFE) will be discussed as alternatives to MLSD.

A. Maximume-Likelihood Detection In MFC, we apply a filtery; (1) = w;(t) * hi(—t) to each

In this section, we describe how to obtain a single sequeriddnnel reception, and then sum the outputs. For SC and MRC,
z[k] that are sufficient statistics for maximum-likelihood seWe replace this filter bank with a combiner, i.e., a bar_1k of gains
guence detection (MLSD) ef k] [6]. Define the whitening filter Wi foIIowe_d by a summer, a_nd apply a common filtefe).
wi(t) o be the inverse Fourier transformb'fs}\,/?(jw), Where The result is an effective receiver filter for chanaelf ~;(¢) =
we assume thaV; (jw) is strictly positive everywhere, and the'Vi7(£). In EGC, thel; are equal to some constant,
matched filter ish(—t) = ha(—t)  w;(—t). Applying w;(t) * We will use a five-pole low-pass Bessel filter foft), and
h(—#) to each chénnel recépti@m(t) zsumming and bazud-rateuse cutoff frequencies that are appropriate for the data rate used
sampling yields the sufficient statisti¢k] [7] and for the O!Etec“of‘ methogl employed. L

The resulting equivalent discrete-time system is given by (4),
) where
v[k] = Z Y (8) xw; (t) * hy(—t)
=1

2
oo

(6)

)

I
t=kT kl = Wi fi[k], k] = hy(2) = o 7
and by defining I1H §=) AL flE =) sy Bl ()

! and
FIR =D (hi(®) s wi®) « hi(=) x wi( =) ,pr)  (3) .
i=1
we can arrive at the equivalent discrete-time representation Sul2) = ; Wisu(2)
v[k] = zl: alk =1 f[1] + v[k]. (4) S,,i(cj“"T) _ % m;m (Sn, (§(w + 2am/T)))
We note that the noise[k] is not white, i.e.,5,.(z) = F(=z). AL (w + 2em/T))|. (8)

We will refer to the process of generating:] asmatched-filter
combining(MFC). Here,I'(jw) is the Fourier transform of(t).
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We define the signal-to-noise ratR; of channel and the
SNR of the combined channel to be

s\, PABEOIHO) o
[ 8x.0) IGe)? do
2
Pr <Z B o)r 0))
SNR = : . (10)
> [ Sn ) LGP de
When~;(t) = W;~(t), then these simplify to
sNR, = _ PRIOBXO) an
/ S, (jeo) [T(Geo)|? deo
2
P2T2(0) <Z WiBi(0)>
SNR = : (12)

5 (w2 ([ st it as)|

We have incorporated the receive filteft) so that the SNR

is considered in the traditional way in the SC and MRC algo-
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When linear memoryless combining or MFC is employed,
the error probability of unequalized detection of on—off keying
(OOK) is given by [9]

1
> 3%
a[k]e{0,1}
k=1,--, K

(s (£79-

Pe

K
2 a k]f[k]>> (18)
k=1

where p, [k] is the inversez-transform ofS,.(z), f[0] is the
largest element off[k], and f[k], k = 1,---, K are the
remaining nonzero elements ifik]. By construction, the
sequencef[k] is causal, although the original sequerfdk] is
not necessarily so. In generdlj%] is of infinite extent, but in
practical cases, we can truncate it after tapFor the purpose
of computing (18), it is more efficient to select thgtaps with
the largest amplitudes rather than a blockso€ontiguous taps.

The probability of error of a symbol-rate infinite-length
ZF-DFE [8] is given byP, = Q(1/A2/(4¢2)), wheree? is the
geometric mean of, /|F|?> and we assume no errors in the
feedback path, which will be a very good approximation in the
low P, region of interest.

Ill. TRANSMITTER AND RECEIVER DESIGN

rithms, and so that the effects of nonwhite noise are correctly ac-

counted for. On an ideal channel with{t) = B;(0)6(¢) and ad-
ditive white Gaussian noise with two-sided P8, the optimal
choice ofy would berect(t, T'/2), a filter with rectangular im-
pulse response of width, and the probability of bit erraF, is
Q(vSNR). Then we would hav€NR = P2, B?(0)T"/Ny, or
recalling thatk, = 1/T, SNR = P2 B%(0)/(R,Np) as in [1].
MRC maximizes the SNR over all possible choice$igf(to
within a scale factor) and the maximizing weights are

W, = Bi(o) ] (13)
[ s ) nG? do
Hence
2 172 2
7[sG G a5
(14)

The MMSE combiner is the vectd¥ =
that minimizes the expectation of

= (K - Y Witk

[Wi]7i:17"'7-[7

(15)

whered[k] = 2a[k]/A — 1. The solution is¥ = R~ P and
R = [Ry], R;; = Z Ll £500 + v, [01645 (16)
4
P =[r], P; = f:]0]. 17)

Here,p,, %] is the inverse:-transform ofS,, ().

We wish to quantify the potential advantages of using mul-
tiple narrow-beam transmitters and multiple, narrow FOV re-
ceivers, namely, elimination of noise sources and multipath. We
consider two categories of link configurations: vertically ori-
ented systems that rely on reflections from the ceiling and other
surfaces, and horizontally oriented systems that primarily rely
on an LOS path between at least one transmit beam and one re-
ceiver element.

We consider transmitters with generalized Lambertian radia-
tion patterns of ordei, where the transmit power per steradian
R(¢) at an angles from the normal is given by

(N+1)

Y

R(¢)=P cos™ (¢) rect(9, 7/2)

(19)

andP is the total power. Such beams can be generated using dif-
fusers or more efficiently with computer-generated holograms
[1].

The receivers use ideal optical concentrators [10], which pro-
vide optical gain at the expense of a narrower FOV. The effec-
tive area at an angteof an optical detector of ared,.. with an
ideal optical concentrator of refractive indexand cutoff angle
6. is given by

TLQAdet
sin?(6..)

A(6) cos(f) rect (8, 6.). (20)
One implementation of a nearly ideal optical concentrator is a
compound-parabolic concentrator (CPC), which provides an ef-

fective area at an angtethat is well modeled [11] by

n?Ager  cos(8)T
sin?(0.) 1+ (8/6.)28

A(9) = (21)
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Transmitter Radiant Intensity (W/sr) Receiver Effective Area (cm?) Ceiling Lamps Feflectviies
Optical Spectral Density 0.037 W/nm Eﬁ,ﬁ?g g;
Generalized Lambertian, order 2.00 Walls 06
Window  0.04

T1/60-R1/60

i ‘l‘
o

Spectral Radiant Emittances

Window (W) 0.20 W/inm/m2
East 0.01 Winm/m?
S,N,FIr (E)  0.01 Winm/m2
SN.Fir (W) 0.02 Winm/m2
Ceiling (E) 0.01 W/nm/m?
Ceiling (W) 0.03 W/nm/m?

T1/60-R8/20

SE-NW Diagonal

Fig. 3. Room model for analysis of transmitter and receiver configurations.
The west wall is a single large window. We model the walls, ceiling, floor, and
window as Lambertian reflectors which also act as ambient light sources. The
ceiling lamps are 100-W floodlights. The location of the transmitter is indicated
by a “T.” The southeast to northwest diagonal is the location of the receiver in
Figs. 4,5, and 7.

T8/10-R1/60

centrator with 60 cutoff angle, refractive index., and an
optical filter of bandwidthAX. The second receiver (R8/20)
uses an array of eight p-i-n photodetectors, each with area
Aot /8 and ideal 20 nonimaging optical concentrators with
the same refractive index and optical-filter bandwidths as for
the single receiver. They are oriented with°4&evation an-
gles and 45 azimuthal separation angles. We will refer to
the four different configurations of transmit/receive pairings
as T1/60-R1/60, T1/60-R8/20, T8/10-R1/60, and T8/10-R8/20,
respectively.

The best performing horizontal systemis also shown in Fig. 2.
6x 30" + 2 30° s This system (T8/30-R8/31) uses six equal-powet BIPSA

transmit beams equally spaced in the horizontal plane. In addi-
Fig. 2. Transmitter radiant intensity and receiver effective area for foﬂiion’ two such beams are pointed straight up to provide connec-
vertically oriented links and one horizontally oriented link. tivity when the vertical separation of the transmitter and receiver
is such that the LOS link is not present. The receiver (R8/31)

whereT > 0.9 andR = 13. We denote the total detector are&'S€S €ight 31 optical concentrators, seven of which are hor-
of the receiver byd,., and the area of a particular detector b)i,zontally oriented and the last pointed up. The horizontal re-
Aget. Throughout this sectiom; = 1 cm? and the refractive Ceiver elements must have significant overlap in their FOV in
index of the optical concentratoris = 1.44. The total transmit the horizontal plane because of the sharp cutoff in their direc-
power P, is 0.6 W. tivity. Although there are a total of 20 possible pairings of the

The most important systems under consideration are show#fansmitters and 4 receivers considered, we have considered
in Fig. 2, which show the radiation pattern of the transmittétnly 5 pairings. The other 15 possibilities either have obviously
in watts per steradian and the effective area of the receiverdi§matched characteristics of transmitter and receiver or were
a function of angle. There are four vertically oriented systent@Sted and shown to have consistently poorer performance than
shown and one horizontally oriented system. For the verticaiSimilar pairing.
systems, we consider two options for the transmitter. The first . ]
(T1/60) has a first-order Lambertian radiation pattern and fs Modeling Rooms: Surfaces and Noise Sources

pointed directly at the ceiling. It has average transmitted op-To evaluate the effect of the transmitter and receiver design
tical power P,, and a half-power semiangle (HPSA) of°60 on multipath mitigation, we consider a room representative of
The second (T8/10) uses eight separate narrow beams vatimedium-sized open office, shown in Fig. 3. It is 6 m (east
37° elevation from horizontal and 45azimuthal separation to west) by 10 m (north to south) with 3-m ceilings, where the
angles. They are modeled as generalized Lambertian-pattenwst wall is a single large window. We assume that the signal
transmitters with HPSA of 10 The average transmitted op-source has a center wavelength of 806 nm and that optical filters
tical power of each beam iB,,,/8. We also consider two op- are employed that effectively block all light outside of the range
tions for the receiver. The first (R1/60) is a p-i-n photode#80-830 nm. The source linewidth is insignificant relative to the
tector with aread;,; and an ideal nonimaging optical con-bandwidth of the optical filters.

T8/10-R8/20

T8/30-R8/31
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We model the walls, ceiling, floor, and windéwas Lam-
bertian reflectors of reflectivities 0.6, 0.7, 0.2, and 0.04, re-
spectively. Further, these surfaces act as ambient light (noise
sources. They are modeled as planar Lambertian transmitter:
with emissions as shown in Fig. 3, based on measurement dat2

NO. 6, JUNE 2000

T T T
Delay Spread
-O- T1/60-R1/60
-@- T1/60-R8/20
-0~ T8/10-R1/60
- T8/10-R8/20
-4 T8/30-R8/31

[7]. We also include eight ceiling 100-W tungsten floodlights, § 25 -
positioned as shown in Fig. 3. Measurements of these lamps [7]& .l /1
show that an excellent model for their radiant intensities is a & A o
generalized Lambertian [1] pattern of ordag,,, = 2.0 with o 18- i
optical spectral density @fiam,p = 0.037 W/nm. 1 \“’/\\\ . | ‘ E

The background-light induced shot noise has double-sided 45 | S “j/ '\\ X/ ]
PSD Shot = gAdetRing WhereR = 0.6 A/W andiy, is the ~._) L
irradiance of the background light on the detector surface. We O s s o o 1 2 s 4 s
calculateiy,, according to SE Diagonal Position (m) NW

- Fig. 4. RMS delay spreads of the MRC-combined channel for four vertically
COs (@(% Y, R)) oriented systems and one horizontally oriented system. The receiver locus and
ibg = Z / AN S; (a:, y) = transmitter position are_shown in Fig. 3; the receiver moves along the _southeast
sixcsurfaces C; \ Y Ci wd? (z, y, R) (=) to northwest(+) diagonal 1.0 m from the floor, and the transmitter is

located in the center of the room 1.5 m from the floor. The 0.6-W transmitter is
located in the center of the room 1.5 m from the floor.

' A (Qi(a:, Y, E))

dx dy
Adet

second allowing for arbitrary receiver gain versus angle charac-
(N1amp + 1) teristics. The first was done by considering each transmit beam
27 separately, and then adding the impulse response from each. The
second was done by replacing the(#) gain dependence of the
receiver with an arbitrary function(6).
A typical set of impulse responses for the four vertically ori-
ented transmitter/receiver configurations were calculated. The

where S;(z, y) is the spectral radiant emittance (@t, y) of transmitter is located in the center of the room at a height of
7 . .
surfacei, ¢; is the angle between the normal of the emitter 1-> M- The receiver is located 3.43 m north and 2.05 m west of

and the receiver-emitter liné; is the angle between the normaf’€ transmitter at a height of 1, which places it 4 m away from
of the detector and the emitter-detector lidejs a five-tuple the transmitter in the direction of the north-west corner of the
representing the position and orientation of the receiigis  °°™M- Both the T1/60-R1/60 and T8/10-R1/60 systems have sig-

a five-tuple representing the position and orientation of la

ficant energy in their impulse responses at about 20 ns away
point noise source, d(-) is the distance between receiver ar:rg{om the peak. This spreading is due to multiple reflections from
source, and the functioA(#) is given by (20).

iffuse reflecting surfaces. The impulse responses of the hori-
We must take into account, in addition to the backgrourfd)nta”y oriented systems have large LOS components and very
noise sources, the receiver noise spectrum with photodioﬁ

e multipath dispersion.
capacitance appropriately accounted for. We assume a tran-

+ Z AX Plamp

lamp j

=

st (44, 7)) A (0, )
. dQ(I_:j, R Adet

(22)

he temporal dispersion of an impulse respol(gg can be
. - . . . . .. expressed by thehannel root-mean-square (rms) delay spread
.S'mpedia”ce preamplifier with a _b|polar Junction tran_S|sto . The T1/60-R1/60 configuration had the highest delay spread,
In the first stage, and the capacitance of the photod|ode2|% ns, and lowest SNR, 12.2 dB, of the four configurations con-
Cuet = AgetCsre Wherec,,. = 30 pF/cn?. We model the "d d Goi ’I' 'I b ' . %8/10 R1/60
double-sided PSD of the thermal noise in each receiver as [Zi: ered. Going to a multiple-beam transmitter ( _ )
increases the SNR by 3.0 dB and reduces the delay spread to

1.7 ns. The T1/60-R8/20 configuration increases the SNR com-
pared to T1/60-R1/60 by 1.6 dB for SC and by 3.3 dB for MRC.
Also, the delay spread of the channel for SC is only 0.9 ns and
the delay spread of the composite MRC channel is 1.3 ns. The
best performing vertical configuration in terms of both SNR and
delay spread is T8/10-R8/20, which achieves an SNR of 15.6 dB
for SC and 19.4 dB for MRC. The delay spreads of the hor-
izontal system T8/30-R8/31 are 0.9 ns for SC and 1.2 ns for
MRC. The SNR for this system is 19.4 dB.

We evaluate channel impulse responses using the recursiv@ better perspective on how delay spread and SNR vary
impulse response calculation described in [12], with two exvith receiver position within a room is obtained by plotting
tensions, the first allowing for multiple transmit beams and their values along a diagonal of the room, as is done in Figs. 4

. . _ and 5. The transmitter is located in the center of the room
1Although glass is a specular reflector, we model it as Lambertian reflecto

for computational simplicity. The resulting error is small since the reflectiviﬂ?{ a height of 1.5 m. The diagonal position is the horizontal

is much less than the other surfaces of the room. distance from the receiver to the transmitter along the southeast

Swa(f) = 26T/ Ry + qly + 2KT(27 [)* [ R Rrce
+ (Cact + o) (1/2gm) + 1/(Reg?))] (23)

wherel, = 19.5 uA, Ry = 2.5kQ, Cr = 1.7TpF, R, = 146 Q,
Ryase = 68 Q, andg,, = 70 mS.

B. Channel Characterization
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40 0= T1/80-R1/80 : : \ . . . — 55 — T — — T
-0~ T1/60-R8/20 SNR at 100 Mo/s Range
- T8/10-R1/60 Transmit Power 0.6 W o T1/60-R1/60
851 l-o- Ten0-Re/20 A 5 o T1/60-R8/20 |
v | Ar=1cm "
A ! v | Aot o T8/10-R1/60
R T8/30-R8/31 A%, @ T8/M10-R8/20
g 301 450 A T8/30-R8/31
T E
= [}
B o5 g
g 4l
8
= 20
u Transmit
35| Power 0.6 W
15 - Agr=Tem?
3 1 1 1 1 ) 1 1 1 1
10 10 50 100 150

SE Diagonal Position (m) NwW Bit Rate (Mb/s)

FJg. 6. Range at’. = 10~° for MFC-MLSD of four vertically oriented
‘'systems and one horizontally oriented system. The 0.6-W transmitter is located
in the center of the room shown in Fig. 3, is 1.5 m from the floor, and is sending
100-Mb/s OOK.

Fig. 5. SNR of the MRC-combined channel for the same conditions as Fig
100-Mb/s OOK is employed.

to northwest diagonal, and the delay spread is the rms delay
spread of the MRC-combined channel. The single-receiver sygNR and delay spread. The power penalty due to ISl is defined
tems exhibit a general increase in delay spread as the receinghis multiple-channel case as the additional power required to
moves away from the transmitter to the edge of the roomachievelP. = 10~? for the channel$;(¢), suitably combined,
The multiple-element receivers have lower MRC-combineglative to the power required for the chann&ig0)4(t), i.e.,
channel delay spreads than the single channel of single-elentétiSI-free channels with the same optical gain.
receivers, especially further away from the transmitter. This isThe expected relationship between power penalty of OOK
especially important due to the trend of decreasing SNR showmequalized and ZF-DFE) and the rms delay spread of
in Fig. 5. Also, the multiple-element receivers exhibit lesthe MRC-combined channel for the vertical systems holds.
east-west asymmetry in delay spread due to the low reflectividence, the power penalties agree with each other and the
of the window; for the R8/20 receiver, this is because theeiling-bounce model developed in [13]. Although the hori-
MRC-combined channel is dominated by light reflected frorpontally oriented systems show a general increase in power
the ceiling, and for the R8/31 and R8/40 receivers, it is becaysénalty with delay spread, the power penalty scatter is quite
the MRC-combined channel is dominated by the LOS path. |arge and the values do not coincide with the vertical systems
The sudden drop in delay spread of the MRC-combinest the ceiling-bounce model.
channel of the horizontal system at diagonal positions nearnwe look at two measures of error performance: range and
1 m is best explained in conjunction with the SNR curve qfower margin. Range is defined as the horizontal distance the
Fig. 5. The T8/30-R8/31 system loses its LOS link at horizontghceijver can lie from the transmitter in any direction while still
separations of less than 1 m due to the 0.5-m height differenggnieving aP. of 10-°. Power margin is the excess transmit
in the locations of transmitter and receiver, resulting in a 10-d8wer for achieving the goal af. = 10~?; a negative power
SNR drop. This explains the necessity to have some verticalyargin in decibels indicates one needs additional power to
oriented transmit and receive elements even for horizontalihievep, = 10-2.
oriented systems. The effect of the increased noise from therpe range as a function of the data rate is depicted in Fig. 6
window has opposite effects on horizontal and vertical systems, MEC-MLSD. At data rates of 10 Mb/s and less, all of the
The vertical systems exhibit decreases in SNR near the windgWtems surpassef. = 109 throughout the room and so
relative to the far side of the room, but the SNR of the horizontg hieved a range of 5.2 m. The T8/30-R8/31 system achieves
systems increase. This is because in the horizontal Systefas, argest range for data rates between 30-90 MbJ/s, and the
the signal and the increased noise are on opposite sides off8¢) 5 Rg/20 system achieves the largest range at speeds greater
receiver, anq hence go to dlfferen_t receers when the FeCeIYhn 90 Mb/s. The advantage of spreading the light on the ceiling
IS near Fhe wmdow._V_Vhen the receverisin the southeast COMElh be seen by comparing the range of the T8/10-R1/60 system
the horizontal receiving elements with a view of the transmittel .. - +1/60-R1/60 system, and the advantage of multiple re-

are also pointing at the window and so the SNR is reduced. &ving elements (at high bit rates) can be seen by comparing the

ceiling-oriented multiple receiver (R8/20) exhibits the lea ) i
effect from the window. The SNR is slightly degraded on th%;l rjl'ghz(::Jvr:/eer-rrifr(g);ir??é?%%llit;nlgjoﬂl\]/leb-/rsllﬁ? nl;ﬂ?:%sxﬂstesns

window side due to the increase ambient noise from the Ce'“rc’i%tection is plotted in Fig. 7 for the southeast to northwest diag-

and walls on the west side of the room. . -
onal. The power margin curves are similar to the SNR curves
along the same diagonal; the differences are due to the dif-
C. Range and Error Performance fering multipath characteristics. The T1/60-R8/20 and T8/10-
Previous work [2], [13] has lead to the conclusion thatkhe R8/20 systems show better power margin performance relative
performance of nondirected IR channels can be predicted by theothers than one would predict from the SNR curves. The
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Diagonal Position (m) Bit Rate (Mb/s)

1
Power Margin for Room Coverage (dB optical)

: . _ 10—9 ) ) Fig. 9. Power margin aP. = 10~ for various combining and detection
.Frglg_REgéve[rrln/g{)ggggé ;g}fo-Rg;rz(')w FaCr:](;\A #g,googg,egf 18/53(5%6?[] taethods of the T8/10-R8/20 and T8/30-R8/31 systems in the room shown in
room shown in Fig. 3, along the southeast to northwest diagonal. The 0.6 W 3. 100-Mb/s OOK is employed.
transmitter is located in the center of the room 1.5 m from the floor, and is
sending 100-Mb/s OOK. . . .

ence between horizontal systems and vertical systems in power

4 — ——— margin can be understood by examining the power margin at the

Power Margin far ends of the northwest diagonal shown in Fig. 7. Not only is
, N e | the power margin of the horizontal system higher than the ver-

O T8/10-R1/60 tical systems there, the downward slope is not as extreme.

@ T8/10-R8/20 One can evaluate the performance of combining and equaliza-
O TN TN & T&/30-R8/31 |- tion techniques by examining the power margin for room cov-

erage in Fig. 9. The power margin graph shows that MMSE
is better than MRC for unequalized operation and high data
rates. MMSE and MRC perform similarly when followed by
a ZF-DFE. The penalty for employing MRC ZF-DFE instead
of MFC-MLSD at 100 Mb/s is 0.2 dB for T8/10-R8/20 and is
0.8 dB for T8/30-R8/31.

Power Margin for Room Coverage (dB optical)

10 50 100 150
Bit Rate (Mb/s) IV. A PROTOTYPEANGLE-DIVERSITY SYSTEM

Fig. 8. Power margin aP, = 10~° for covering the room shown in Fig. 3 e have built a prototype angle-diversity IR communications
with a 0.6-W transmitter, which is located in the center of the room 1.5 m frolink that is most similar to the T8/10-R8/20 system considered
the ﬂ_oor. OOK_With MFC-MLSD is employed.“Room_coverage” is defined forpreviously. The system employs nine receiving elements and
receiver locations over the center 90% of the room in a plane 1.0 m above the . . . .
floor. eight transmit beams. The system was primarily designed to op-
erate and was tested at 70 Mb/s, but it could be operated at trans-
same asymmetry properties that appeared in the SNR curvesBfgsion rates of 10 Mb/s up to 100 Mb/s. The transmitter sends
present in the power margin along the diagonal. One can get §OK Pulses using intensity modulation and the receiver em-
sight on why the range at 100 Mb/s is best for the T8/10-Rg/#PYyS direct detection. The system was tested in the two rooms
system from this graph. Although on the northwest diagonal, tHEPicted in Fig. 10. The first is a conference room with large
T8/30-R8/31 system has a better margin and on the southeaslfiRdows on the south and west walls, and the other, a brightly
agonal, the T8/10-R1/60 system has a better power margin, fh@ptical laboratory.
T8/10-R8/20 system achieves the highest “range” on the diag- i
onal. Of course, the true range is the minimum over all suéh SyStém Design
rotational slices of the power margin surface, and so the rangélhe transmitter described in [14] was modified to produce
along the diagonal will be greater than the true range. eight steerable, collimated beams. The maximum fully modu-
The MFC-MLSD OOK power margin as a function of datdated average transmitted optical power of each laser is 75 mW,
rate is plotted in Fig. 8. The power margin is for coverage dbr a resulting total power of 0.6 W. The center wavelengths
the center 90% of the room. By this measure, the horizontafl the transmit beams vary from 805 to 808 nm and the 10-dB
system clearly outperforms the vertical systems—it is at ledstewidths vary from 2.4 to 3.4 nm. The transmit beams have
2 dB better than any of the vertical systems considered at all dataelevation angle of PQwhich when aimed at the ceiling pro-
rates between 10-150 Mb/s. The maximum data rate for roaace a ring of eight spots with diameter 1.9 m in Room 400 and
coverage for the reference transmit power of 600 mW variésl m in Room 173.
from 12 Mb/s for T1/60-R1/60 to 65 Mb/s for T8/30-R8/31; the The implementation of a single-receiver element is depicted
T8/10-R8/20 system achieves 25 Mb/s. The significant diffein Fig. 11(a). The receiver optics consist of an optical filter, a
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pF/cn? for this photodetector, and, .. = 0.21 cm?. Hence,
the total source capacitance is 24 pF due to the addition of stray
capacitance to the detector capacitance. The model predicts a
two-sided input-referred current noise density of 2.55Az
near DC; the measured values of the nine receivers range from
2.51 pAA/Hz to 2.66 pA4/Hz with a mean of 2.57 pA/Hz.
t 8.41m As discussed in [15], one could get better performance by in-
—3.52 m4+| creasing the thickness of the photodiode, thus decreasing its ca-
! pacitance but at the same time decreasing its bandwidth due to
transit-time limitations.
The nine receivers are arranged such that one points vertically
R toward the ceiling, and the other eight are in a ring witl 45
elevation and 4% azimuthal separation angles. The combiner
array is implemented using an array of Comlinear 522 vari-
< 631 m N able-gain amplifiers, and the gain of possible tap weights is
0.01-4.1, a 52-dB dynamic range. The combiner array weights
@ are controlled with nine analog voltages in the rarge1-1.0
2.74 m ceiling V, which are g_enerated using a personal cqmpl_Jter analqg output
I board employing a parametric channel estimation technique [7].
286m Although fluorescent lights do not contribute significantly
to shot noise in the receiver, due to their electronic ballasts,
l_ they produce periodic interference [16] in the spectrum from 22
kHz to 1.0 MHz. If not mitigated, this interference can cause
d 7.09m 2.0-dB optical power penalty in this system when the signal
R spots are near ceiling fluorescent light fixtures [7]. A 1.6-MHz
r first-order high-pass filter removes the interference, and quan-
r tized feedback (QF) mitigates the baseline wander caused by the
filter. The measured penalty from the QF system is 0.2 dB, and
when the QF loop is employed, the penalty due to fluorescent
—— light noise is reduced to 0.1 dB. The QF system is depicted in
e s03m—] Fig. 11(b).

The detection and error estimation implementation is also

T‘I ceiver noise is modeled as in (23), except thgt. = 105

(b) shown in Fig. 11(b). We perform unequalized detection using
Fig. 10. (a) Room 400, Cory Hall. (b) Room 173, Cory Hall. The transmitte? five-pole low-pass Bessel filter with 35-MHz bandwidth. The
location is indicated by “t” and the receiver locations by “r” or “R.” error estimate is formed by using a four-quadrant multiplier with

differential inputs that subtracts the received signal from the
concentrator, and a photodiode. The optical filter has a noming@mparator output and squares the result. This squared error is
center bandwidth of 814.5 nm, a 26-nm half-power bandwidthsampled at the eye opening by multiplying with a narrow-pulse
maximum transmission of 0.80, an effective refractive index @fock signal and low-pass filtered with a 2.6-kHz first-order
2.0, and provides E-5 blocking (i.e., transmissibn< 107°) filter. The estimation technique is implemented using a 4-kHz
between 200-1200 nm outside of the passband. The concaialog-to-digitial sampler.
trator is a Janos solid CPC with a 19-mm input diameter and
5.0-mm exit diameter made of PMMA, which has refractiv®. Channel Characterization

index 1.44. Itis 45.4 mm long and has cutoff angle= 22°. The system was tested in the room depicted in Fig. 10(a),
The photodetector is an EG&G FFD-200 silicon p-i-n photoy conference room with large windows on the south and west
diode, n-illuminated with 5.1-mm diameter, 150-MHz bandysalis. The 3-dB cutoff frequencies of the strongest two chan-
width, and 22-pF capacitance. A reverse bias-84 Vis used. nels are 80 and 65 MHz, respectively. The weaker channels
The filter is mounted to the CPC with= 1.51 optical cement, naye 3-dB cutoff frequencies of about 10 MHz, but since the
and the CPC is mounted to the photodiode with: 1.44 ther- - gNR in these channels is low, the additional multipath in these
moplasticz The photodiode has a silicon dioxide antireflectioghannels does not affect the overall magnitude response of the
coating with a quartgr-wavg .thickn'ess at 830 nm. combined channel, which has a 75-MHz 3-dB cutoff frequency.
The photocurrentis amplified using a 2.8-kransimpedance The shape of the main lobe of these impulse responses is dom-
amplifier based on the Comlinear 425 operational amplifighated by the windowing function used to estimate the impulse
The receiver 3-dB bandwidth is 70 MHz, limited by the timgesponse from the noisy frequency response. The delay spread
constant of the feedback resistor and stabilizing capacitor. Rg-the windowing function is 2.4 ns, so this limits our ability
2The optimal refractive index of the thermoplasticis= 1.54 [7]; then = to measure smaller delay spreads. The delay spreads of the two
1.44 material was the best available. strongest channels are 2.8 and 4.7 ns, respectively. The delay
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Fig. 11. Experimental angle-diversity receiver. (a) A single optical receiving element. (b) Overall system.

104 ' ' ' ‘ fluorescent lights were both present in this test, but the mea-
P, of 70 Mb/s OOK suredP, curves with the sun blocked and fluorescent lights are

10° FLN and skylight essentially the same as those shown. Shadowing was done as in
O Shadowed

[14], by placing a human figure 30 cm away from the receiver
in the direction of the transmitter. The performance with shad-
owing could be improved by providing additional spreading of
the transmit beams and by increasing the elevation angle of the
receivers, but this would result in a reduction in the unshadowed

O On-axis unshadowed
A Off-axis unshadowed

-
<
>

T T T T T T T T T T T

Probability of Error
=
~!

L0 e e T G

107 range.
: Probability of error versus received irradiance for SC, EGC,
107 g and MRC is shown in Fig. 13. MRC increases the sensitivity by

TTTTT
L

1 dB over SC and by 2 dB over EGC. In the presence of bright

-10l L L 1 .
1078 1 2 3 5 skylight, EGC would perform even more poorly.
Distance (m)
Fig. 12. Probability of error as a function of receiver-to-transmitter distance V. CONCLUSIONS

along room diagonal in the room depicted in Fig. 10(a). Fluorescent light and ) . .
bright skylight from two windows are present. The bit rate is 70 Mb/s, and OOK Multiple transmit beams and narrow FOV receiver elements

is employed. can improve the performance of nondirected wireless IR links.

This performance improvement is due to the reduction in back-
spreads of the other channels range from 9 ns to 11 ns. De¥und noise and from reduced multipath distortion in such sys-
spread can also be estimated through the ISI power penalty &hs. The improvement is manifested in all of the metrics con-
the 3-dB frequency, both of which have strong dependence upsilered here—reduced delay spread, increased SNR, increased
delay spread. Both of these estimates imply that the actual de@wer margin for room coverage, and increased range.

spread of the first channel is 1.0 ns. Vertically oriented systems are ideal at high data rates when
range is the primary consideration. They are best suited when
C. Range and Error Performance LOS links are apt to be blocked. They are also useful in very

Probability of error as a function of distance is shown ifarge rooms where one cannot cover the entire room with a
Fig. 12. The range achieved at 70 Mb/s is 4.2 m, and is indangle transmitter and so one would need to use multiple trans-
pendent of orientation angle of the receiver. Bright sunlight amditters in a cellular pattern. The rapid drop in SNR that these
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1078  Pe 0f 70 Mb/s OOK [8] E. A. Lee and D. G. MesserschmitDigital Communication 2nd
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1385-1395, May 1995.

[12] J. R. Barry, J. M. Kahn, W. J. Krause, E. A. Lee, and D. G. Messer-
schmitt, “Simulation of multipath impulse response for indoor wireless
optical channels,lEEE J. Select. Areas Commuwol. 11, pp. 367-379,
Apr. 1993.
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T. D. Nguyen, “Receiver Design for Infrared Wireless Communications
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R. Narasimhan, M. D. Audeh, and J. M. Kahn, “Effect of electronic-
ballast fluorescent lighting on wireless infrared linkBroc. Inst. Elect.
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[17] X. Ning, R. Winston, and J. O'Gallagher, “Dielectric totally internally
reflecting concentratorsAppl. Optics vol. 26, pp. 300-305, Jan. 1987.

Fig. 13. Probability of error as a function of the average irradiance at théls]
receiver, in the room depicted in Fig. 10(b), which also shows the location 0{16]
the transmitter “t” and receiver “R.” The room has bright fluorescent lights and

no skylight.

systems exhibit is a benefit in this context as intercell interfer-
ence will be reduced. The horizontally oriented systems, which
employ multiple directed horizontal beams, provide the best
power margin for covering medium-sized rooms. However, the
rely on an LOS path for successful operation.

The prototype nondirected IR system achieves a 4.2-m ra
at 70 Mb/s. The improvements in performance predicted
analysis are also exhibited by this prototype, and the met : . .
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