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ABSTRACT

A maximal-ratio ange-diversity recever is composed of multiple sedors with relatively small field-of-views. Each sedor
estimates the signal-to-noise ratio (SNR) of the mlleded signal and its gain made propational to the relation i / g2, where i
and o represent the average signal and the shot noise root mean square (rms) values, respedively. The output signals of all
sedors are then combined through an adder circuit. This paper presents the design and implementation of a maximal-ratio
recaver using discrete aomponents. A major challenge is the design of the variable gain amplifier (VGA) which requires a
large dynamic range becaise of the large fluctuations of both signal and noise in a typicd office room environment. This
problem was overcome through the utili sation of a cacade of two VGAs where the sssgnment of gains to eah VGA
minimises dynamic range requirements throughan innovative topdogy. The first one provides a gain inversely propationa to
the rms dhot noise and the seaond ane again propartional to the SNR referred to the input of the front-end. Measurements on
an implemented prototype show results close to the ided gain of a maximal-ratio recéver making the proposed techniques
suitable for maximal-ratio angle-diversity recavers.

Keywords: infrared wirelesscommunicaions, angle-diversity recever, diversity, infrared, indoa wirelesscommunicéions.

1. INTRODUCTION

The performance of wirelessindoar infrared (IR) communicaion systems is impaired by severa aspeds. One of the most
important is the eistence of opticad noise sources in the transmisson channel. In typicd rooms there ae, usualy, large
quantities of IR ill umination originated from sun light, incandescent lamps and fluorescent lamps which induces optica noise
into opticd recevers'™. Also, indoar IR transmisson systems are degraded by multi path dispersion.

Usudly, recavers for IR communicaion systems are based on a single opticd detedor. This may be a good
configuration in environments where both, signal and noise ae isotropic. However, in most environments the transmitted
signdl ill uminates the recaver from privileged dredions. Also, the anbient light noise ananates from particular diredions
coinciding with the pasition of lamps or windows. Moreover, these light sources are, usualy, in the recever field-of-view
(FOV). These daraderistics provoke large variations on the signal-to-noise ratio (SNR), depending on the position,
orientation and radiation pattern of both signal and noise sources and on the pasition, orientation and FOV of the recever.

To minimise the dfeds of SNR fluctuations, several recever techniques were proposed™®. Gfeller* propased an
adaptive data rate recaver, where the data rate is continuously adjusted with the purpose of maintaining full network
connedivity, trading-off speed and range. Valadas® proposed the use of an ange-diversity recaver which was own to
reduce significantly the optica penalty induced by ambient noise®’. More recently, Tang® studied the ambined use of multi-
bean transmitters and angle-diversity recevers, based on a single imaging concentrator coupled with a segmented
photodetedor, showing also significant opticd gains. Angle-diversity showed, aso, to be very effedive in combating
multi path dispersion®.
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An ange-diversity receaver is composed by multiple sedors (opticd recevers) with a relatively small FOV. Each
sedor estimates the SNR of the wlleded signal. The gain of a sedor is propartional to i/c®, where i and o represent the
average signal and root mean square (rms) noise values, respedively. In the cae of a maximal-ratio recaver, the output
signals of al sedors are combined through an adder circuit. This contrasts with best sedor recevers where only the sedor
with the best SNR is ®leded.

The structure of the maximal-ratio ange-diversity recaver isill ustrated in figure 1. This recever comprises one front-
end, one drcuit to estimate the SNR and a variable gain amplifier (VGA) per sedor. The output signals of all sedors are
combined throughan adder circuit.

This paper presents the design and implementation of a maximal-ratio ang e-diversity recaver prototype. In this paper
we @ncentrate on an implementation of a single sedor using discrete components. Sedion 2 presents the design and
implementation aspeds of the sedor. In sedion 3, we present and dscussthe results achieved with the implemented VGA.
The main conclusions of thiswork are presented in sedion 4.
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Figure 1. Structure of amaximal-ratio angle-diversity recever.

2. DESIGN OF THE OPTICAL SECTOR

The design of the opticd sedor comprises the projed of the opticd front-end, SNR estimation circuits and variable gain
amplifiers. During the design of the opticd sedor we will i gnore the opticd interference induced by the atificia light, the
photodetedor bulk and surfacedark currents and the thermal noise as<ciated with the bias resistor. So, the photodiode output
current can be described by

(=IO +1,, +iy &

where i (t) isthedesired signal, | isthe stationary photocurrent and i (t) is the shot noise aurrent with the mean square
value, o2, propational to the arrent I, - Considering that the shot noise from ambient light is the dominant noise source
and negleding al other noise sources, the signal at the front-end output can be described by

V(D) =vs (1) + vy (D) 2
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where v (t) isthe desired signal and v (t) is the shot noise voltage & the output of the front-end. We will aways refer the
amplitude of the desired signal by V. For simplicity, instead of i (t), i, (t), vg(t) and v (t) wewill useig, iy, vg and
v, » respedively.

The goal of the maximal-ratio angle-diversity recaver is to reduce the penalty induced by stationary photocurrent
arising from the ambient light sources ignoring the opticd interference produced by artificial light. Moreira® verified that
fluorescent lamps driven by conventional ball asts produce very strong opticd and eledricd interference with spedra up to
several kHz and that the interference produced by fluorescent lamps geared by eledronic ball asts extends to more that 1 MHz.
Consequently, the assumption of a stationary quantum noise is the major limitation of this work. In truth, during the bit slot
time the quantum noise muld be mnsidered stationary, but it could vary significantly during the interference period. During
the design of the optica sedor, it was assumed that the penalty associated to the opticd interference ®uld be reduced through
the utili sation of an appropriate encoding method, and throughthe utili sation of adequate dedricd and opicd filtering'®*™.

2.1 Design of the optical front-end

In addition to therma noise, shot noise and ogticd interference there is another signal degrading fador caused by the
eledromagnetic interference (EMI). To reduce the dfeds of the EMI, the infrared recever was sparated in two
complementary low noise transimpedance anplifiers. The design of the opticd front-end followed the one presented by
Tavares’. It was projeded to operate & 1 Mbps using Manchester line mding. A block diagram of the IR recever is sown in
figure 2. The IR recaver includes two arrays of PIN photodiodes, two dfferential low noise transimpedance anplifiers and a
differential amplifier followed by a VGA. Each photodetedor array is composed by five PIN photodiodes (A, = 7 mnf,
FOV = 60°) corresponding to a total adive aeaof 0.35cn’ per photodetector array. The IR recéver is ®parated in two
differential low noise transimpedance amplifiers with a transimpedance gain of about 550kQ. Foll owing ead transimpedance
amplifier, there is a second order low-passfilter. This adive filter is an approximation to a raised cosine shaping filter to
minimise the intersymbal interference. The diff erence between the complementary outputs is accomplished by a differential
amplifizer. The purpase of the VGA which follows the differential amplifier is to exhibit an output signal propartional to
(SNR)~.
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Figure 2. Block diagram of one sedor.
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2.2 Design considerations of the VGA

The gain of ead sedor in a maximal-ratio recever must be propartional to the relation i / g2, and can be described by

T ©)

where (i S> and o? arethe average desired signal and the shot noise mean square values referred to the input of the front-end,

respedively, and k is a scde fador charaderistic of the recaver. Thus, the signal amplitude obtained at the output of eadh
sedor is propartional to the square of the SNR and can be given by

Vg = k%laﬁg = k x (SNR)? (4)

The variance of the input-referred noise (shot noise), acmurting the pulse shaping after the preamplifier, is
propartional to the average value of the dc (dired current) photocurrent | N and is given by*

o®=2ql,l, B (5)

where q is the dedronic charge of an eledron, B is the bit rate and I, is a noise bandwidth fador depending of the transmitter
pulse shape and egualised pulse shape only. For our recaver implementation 1, = 0.562 Once the shot noise mean sguare
valueis propational to the dc photocurrent, the gain of the VGA, represented by equation 3, can be given by

G:kfl—s> )

Pdc

To implement the desired gain it is necessary to evaluate | o Since the complementary photodiode arays are placeal
nea enough the dc photocurrent induced on both photodiode arays is amost identicd. So, the measurement of | o, CAN be
only performed on one branch of the differential front-end. Figure 2 ill ustrates the evaluation of | o which was exeauted
throughtheinclusion of a arrrent mirror into the photodiode bias circuit.

During the projed of the desired VGA it must be taken into acmunt that the optica transmisson channel has a large
opticd range both in terms of signal and noise. These tharaderistics demand a large dynamic range in the VGA. A series of
measurements of the photocurrent density were presented by Gfeller' showing that a predominantly daylight environment
generates an induced dc photocurrent density of about 150 uA/cn into a sili con photodiode with an adive aeaof 1 cnf and
FOV =50°. This value was measured nea windows but with the photodiode not exposed to dired sunlight. The same dc
photocurrent was also oltained with the photodiode placed under a 75 W tungsten desk lamp at a distance of 65cm. Also,
these measurements owed that, under a well ill uminated room, the ambient light noise varies over several orders of
magnitude. This ill umination could produce an induced photocurrent density varying from 3 puA/cn?’ up to 1 mA/cn. Another
set of measurements of the photocurrent density were presented considering typica well ill uminated environments® and was
verified that the dc photocurrent induced into a PIN photodiode was larger than 12 pA/cn. When the photodiode was placed
nea windows this value increased to about 1.2 mA/cn?. These measurements were exeauted with a PIN photodiode with an
adive aeaof 0.85cm? and FOV = 85°. So, taking into acaunt these measurements™, the VGA must be projeded to operate
rightly for an induced dc photocurrent from about 12 uA/cn? up to about 1.2 mA/cn?. Then, considering a signal irradiance
corresponding to an eledrica dynamic range of about 40 dB and that the dc photocurrent varies between the range previously
presented, it isrequired a VGA with afunctional dynamic range of
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DR = % x GE"‘X =80dB (7)
Srin

min

which is difficult to implement. This problem can be relaxed through the utili sation of a cacade of two VGAS. Figure 3
ill ustrates this option and identifies me signals used during the design of the VGAs.

W= ko

on

Figure 3. Block diagram of one sedor with two VGAs.

Now we have to dedde on which gain should be asdgned to ead VGA. As the VGA is controlled by two dstinct
signals, (ig) and | ., » the eaiest option would beto have G, = k(i) and G, =k/o? , where G, and G, are the gains of the

first and of the second VGA, respedively. However, this option still requires a large VGA dynamic range. Indeed, the
required VGA dynamic range would be of 40 dB in ead1 VGA. Aningenious dternative isto define

k1
Gl = ; (8)
and
G, =k, xVg ©)

where VSZ is the anplitude of the signal at the input of the second VGA. This option is more complicated becaise it requires

a square root circuit but, as we demonstrate, the obtained profits compensate the wmplexity. With this implementation, the
dynamic range of thefirst VGA (VGA,) will be
g v I P
max __ dc_max

DR/ = =
GA 7 [
min | pdcimm

which can be eaily implemented. Then, the average output signal of VGA,, <v% > , will be propartional to the SNR

=20dB (10)

(v ) =(is) AcG, =k (BNR (11)
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where A is the front-end gain. Obviously, the shot noise rms value & the output of VGA;, <sz > will be the same for all

sedors
<sz > =0A::G; =K (12)

In the particular situation where dl the branches of a maximal-ratio sedored recever have the same input noise the
ided gain in ead sedor must be G =k [4is>. Since these mnditions happen at the input of the second VGA (VGA)) it is
obvious that the gain of VGA, must be propartional to the amplitude of itsinput signal, as given in equation 9. In other words,
the gain of VGA, is propartional to the SNR. So, the required dynamic range of VGA; is only limited by the maximum and

minimum SNR which will be reasonable to consider. In opticd transmisson systems it is usual to define the recaver
sensitivity as the minimum irradiance required to achieve abit error rate (BER) of 10°. In our recever this BER corresponds

to SNR = 6/ J2 (referred to one input of the differential front-end). We will use this value @ a reference value during the

design of the second VGA. For a SNR double and half of the reference value, the crresponding bit error rate is about
1.8x 10°* and 1.3 x 10°, respedively. These values can be mnsidered large axd small enoughto define the maximum and
minimum SNR where the gain of VGA, must increase linealy with the SNR. So, the required linea dynamic range of VGA,

would be of about 12dB (20 [l]og(SNRMA%NRMW )) . However, the resuilts presented in a previous paper® showed that there was a

difference of about 8.2 dB between the theoreticad and the measured sensitivity. This difference was caused by the opticd
interference produced by artificia light sources (fluorescent lamps). So, taking into acmunt these results’, we dedde to
increase the maximum SNR, previously defined, by a fador of 6.6 (8.2 dB). Thus, the gain of VGA, must increase linealy

from SNR = 3/4/2 until, at least, a SNR of about 56 and, the dynamic range of VGA, will be of about 28 dB. This dynamic
range may be excessve. This sibjed isfor further study.

Finally, through the utili sation of the cascade of the two VGAS, the global gainis

, L K
(e o klow] SENEE g
. 2

(s) (i) (s) {is) o

asit wasrequired and described in equation 3. In equation 13, VSl isthe amplitude value of the Vg signal.

2.3 Project and implementation aspects of the first VGA

As it was previoudly referred, the gain of VGA; (equation 8) is inversely propartiona to the rms value of the shot noise
current which means that G, is inversely propartional to the square root of | P So, the @m of the VGA; isto implement, as

close & posgble, the foll owing equation

G =——— (14

Figure 4 shows the block diagram of the first VGA containing threemain blocks: a divide drcuit, a square roct circuit
and an off set voltage alder circuit. The square roct circuit is implemented by the introduction of a multiplier circuit, with its
inputs conneded together, in the feedbadk path of an operational amplifier. This block implements the foll owing square root
function

V, =./10V, (15)
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Divide Circuit

Square Root Circuit \ ><

\élc: K, ||%c V= kB\{ajr 0.05v

Figure4. Block diagram of the VGA,.

In the divide drcuit a multiplier is placead on the feedbad path of an operational amplifier. One of the multiplier input is the
denominator, Vg, and the other one is conneded to the output of the amplifier. This block implements the divide function
presenting the foll owing output

Vg =K

N (16)

<|M<

B

To guaranteethat the denominator of the divide drcuit is different from zero even when ro ill umination is present (1, = 0),
a dc reference voltage (Vrg) Was added, to the dc voltage V,, through an off set adder circuit. To increase the acaracy of

the square root circuit, the offset voltage must be @& gnal as possble. However, insignificant values of the opticd
illumination and small values of the offset voltage can provoke the saturation of the divide drcuit. The projed of this
reference voltage was done trading-off the optimum design and the pradicd implementation and asauring that the offset
voltage causes asmall deviation between the ided sguare root function and the implemented one. Choosing an off set voltage
of 0.05V, for a dc photocurrent of about 12 pA/cn” the result of the implemented square root operation will be deviated by
about 12% from the ided sguare roct value. For larger values of | o the diff erence between projeded and theoreticd square

root values is reduced increasing the acarracy of the implemented gain G, (first branch of equation 17). In sedion 2.2, we

referred that the VGA would operate rredly between 12 pAlen? and 12 mA/en? which is preserved with this
implementation. In our design, for SNR =198 the output of the VGA, saturates and the resulting gain G, can be expressed

by the seaond branch of the foll owing equation
kC

0
: ér J1ok kg, 10.05)
0 264x10

] {is)

where the constants ka, kg and k¢ resulting from the projed are éout 22 x 10°, 2.17and 10 respedively.

if SNR <198

G, (17)

P

if SNR>198
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2.4 Project and implementation aspects of the second VGA

Figure 5 ill ustrates the block diagram of the second VGA which consists of two main blocks: a pe&k detedor and a multi plier
circuit.

5 Xﬂﬁz%

e

Figure5. Block diagram of the VGA,.

The ped& detedor estimates the amplitude value of the signdl, Vg, Present at the output of the VGA;. So, the gain of the
VGA; is propational to the SNR, as required. In our implementation k, (036 and the resulting G, is defined by the first

branch of equation 18. To satisfy the design considerations presented in sedion 2.2, the gain of VGA, was made propartional
to Vg for a SNR < 60 (corresponding to Vs, = 2.75V). For a SNR larger than 60, the gain of the second VGA remains

constant and is described by the second branch of the foll owing equation

[036xVy if Vg <27% (or SNR<60)

G, =0

o 0985 if Vi >278/ (or SNR>60) 18

2.5 Global VGA

The global gain adhieved with the implementation of VGA; and VGA, can be defined by equation 19. It is expeded that for
SNR < 60 and for dc photocurrents larger than 12 pA/cn, this implementation approximates to the ided gain described by
equation 6.

O :
0 1274x10° x(ig) _
0 - 3 if SNR<60
0 477x10°1, +005
985 .
G, = if 60<SNR<198 (19
0 j10(477x10°1 ,_ +005)
O 6
26x10°
E i if SNR>198
IS

3. EXPERIMENTAL RESULTS

3.1 Experimental resultsof thefirst VGA

Figure 6 presents the gain of the first VGA versus dc photocurrent considering that this current varies from about 0 to
300 pAlen?. This figure shows the aurves of theided gain (G,), the implemented gain (G, ) and the measured gain.
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Gain of the first VGA
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Figure 6. Gain o thefirst VGA versus dc phaocurrent.

The measured values are in agreement with the expeded implemented gain. The diff erence between the expeded gain and the
measured values does not exceal 10%. The difference between the measured gain and the ided gain of VGA; is acceptable
(< 9.1%) for induced dc photocurrents larger than about 20 puA/cn?. Regarding to the design considerations presented in
sedion 2.2, it is sown that the implemented VGA; presents a measured gain nea the ided values for a large range of
ill umination environments.

3.2 Experimental results of the second VGA

Figure 7 displays the gain of the second VGA versus its amplitude input voltage, Vs, which is propational to the SNR. This
figure showsthe aurves of the ided gain (G), the implemented gain (G, ) and the measured gain of VGA,.

Gain of the second VGA

3 F T T T T T 7
Measured gain o~
Ideal gain™=----
Implemented-gain-----
25+ 4
2 r ]
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8 15+ i
1r 9/“'@—& —————— E SRR B i S oo <]
g
/%{
Py
05} & il
e
5
O | | | | | | | |
0 1 2 3 4 5 6 7 8

Vin (V)

Figure7. Gain o the seamndVGA versusitsinpu voltage.
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The obtained results show that the measured values are in agreement with the expeded gain G, . The difference between the
expeded gain and the measured gain values does not exceal 18%. For Vs, larger than 2.75V the projeded and measured gain

values of VGA, are in disagreement with the ided gain described by equation 9. However, as it was explained in sedion 2.2,
for large values of the SNR the gain of the second VGA does not nedd to fit theided gain.

3.3 Experimental Results of the Global VGA

Figure 8 presents the gain of the global VGA versus <is>/02. It presents the aurves of the ided gain (equation 3), the
implemented gain (equation 19) and the measured gain values of the global VGA.

Gain of the global VGA
T T T T T
Ideal gain —
Implemented gain for Ip_dc=4.7uA----
Measured gain for Ip_dc=4.7u”e
Implemented gain for Ip_dc=12.7uA- -
Measured gain for Ip_dc=12.7uAr
Implemented gain for Ip_dc=27.6uA——
Measured gain for Ip_dc=27.6uAz
Implemented gain for Ip_dc=54.6uA---
Measured gain for Ip_dc=54.6uAx
Implemented gain for Ip_dc=92.7uA---
Measured gain for Ip_dc=92.7uls

12

10

Gain
»

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
<i>/lp_dc

Figure8. Gain o the global VGA versus <is>/02 :

These measurements were exeauted under different conditions of SNR considering five typicd dc photocurrents. As an
outcome of the previous results, the measured values for the global gain must be in agreement with the ided gain for
|,. >20pA/en? and SNR < 60. Indeed, for |, =134 uA/en? and SNR < 60, the measured values are distant from the

Pac

ided values from about 22.2% to about 27.2%. For the other cases considered (I by 2 36 pA/ cmz) the diff erence between the

ided gain and the measured gain values does not exceed 10%.

4. FURTHER STUDIES

During this work it was assumed that in a typicd room the shot-noise is the main source of noise and that it is always higher
than the recaver thermal noise. However, under some anbient light conditi ons, the thermal noise can be higher than the shot-
noise. Thus, the contribution of the recaver thermal noise must be included during the gain definition of the variable gain
amplifier. Also, the definition of the required dynamic range of the second VGA, presented in sedion 2.2, may be excessve.
Indead, asuming that the opticd interference is lved through the utili sation of appropriate signal processng, the dynamic
range of the second VGA may be, largely, reduced.
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5. CONCLUSIONS

We have presented the design and implementation of a maximal-ratio ange-diversity recever for opticd wireless
communication systems. The overall gain of the VGA was implemented by a cacade of two VGAS minimising dynamic range
reguirements through an innovative topdogy. The first one provides a gain inversely propational to the rms shot noise and
the second one again propartional to the SNR referred to the input of the front-end. The global VGA produces the required
gain which is propartional to the average desired signal and inversely propational to the shot noise mean square value.
Measurements on the implemented prototype show very good agreement with the projeded gain and are dose to the ided
gain of amaximal-ratio recever making the proposed techniques suitable for maximal-ratio angle-diversity recavers.
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