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ABSTRACT

To investigate short-distance, point-to-point, infrared channels, a
test-bench and circuits were constructed to determine the limita-
tionsof existing optoelectronics. Theresults of thesemeasurements
are used to formulate a channel model which is employed for the
subsequent analysis of candidate bandwidth efficient modulation
schemes. A new multilevel modulation scheme, Adaptively Biased
QAM (AB-QAM), is proposed which has an asymptotic 3dB SNR
improvement over PAM and a 4.5 dB improvement over QAM for
large constellationswhile maintaining the samebandwidth efficiency.
Expressions are derived for the performance of each modulation
scheme and are verified in simulation.

1. MOTIVATION

In recent yearsthere has been aproliferation of portable, hand-held
devicesfor data collection and processing. Digital cameras, palm-
top computersand PDAsallow usersto accumul ate, accessand pro-
cesstheir data away from the desktop. Although these devices are
convenient, connectingthem back into the desktopenvironment for
dataexchangeremainsachallenge. Mechanical connectorsonsuch
devicesare expensivedueto their small size, and are proneto wear
and breakage. RF alternatives for this short distance are also ex-
pensive and near-field effects become prevalent at present carrier
frequencies. Free-space optical communications are ideally suited
to this application due to the availability of low-cost components,
unregulated bandwidth, compact size and the absence of physical
connectors.

Commercial infrared (IR) linkscurrently exist on thesedevices
for data exchangeat 4 Mbps, with proposalsfor 16 Mbps links on
the horizon [1]. Thispaper presentstheinitial stepsin the develop-
ment of a point-to-point IR wirelesslink capableof providing data
ratesupto 1 Gbpsover short distances. Suchalink would providea
useful meansfor connecting portable devicesto network and video
data stores as well as to better user interface peripherals.

For this solutionto beeconomical, low-cost optoel ectronic com-
ponents must be used. The goal of this paper is to present a sim-
plified channel model of the intensity modulated channel and to
present the performance of multilevel modulation schemesin this
environment.

Section 2 discussesthe characteristics of typical optoelectronic
components as well as the results of the experimental setup con-
structed to view some basic channel properties. The constraints
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Figure 1: A simplified channel schematic (a), and model (b) used
for the analysisof proposed modulation schemes.

imposed by the optical intensity modulated channel are also pre-
sented. Section 3 explores the impact of such channels on some
popular modulation schemes currently in use on optical channels.
The need for higher bandwidth efficiency leads naturally to the use
of multilevel modulationtechniques. Section4 presentsanew mod-
ulation scheme, Adaptively Biased QAM, and verifiesperformance
claimsin simulation. Section 5 presents some concluding remarks
aswell asdirections for future work.

2. CHANNEL MODELLING

Thefirst stage in the development of a high-speed link isto under-
stand the channel characteristics. This section describesthe initial
stepstaken to propose and extract a sufficiently accurate model for
the short-distance IR link.

2.1. Channel Definition

The basic configuration of a free-space optical channel consists of
transmit side circuits which drive a light-emitting device (e.g., an
LED) and a photo-receiving device (e.g., a photodiode) with some
receive side signal processing circuits (Figure 1(a)).

LEDs produce light over arelatively wide spectral range and
areavailable at avariety of frequencies. They offer the advantages
of increasedreliability, greater stability, higher linearity andincreased
eye-safety over laser light sources. Theoptical intensity versusdrive
current for typical LEDsis arelatively linear function provided the



Figure 2: A photograph of the experimental setup.

current densitiesremain low [2].

At the receive side, the photodiode converts the optical inten-
sity signal into a signal current. This current is produced by the
generation of electron-hole pairs in the depletion layer of the de-
vice by the incident photons. These carriers are swept out by the
large electricfield intheregion. Theoutput current hasbeen shown
to vary linearly with the incident optical power over more that six
decades of output current [2].

To characterize the physical channel, transmit side and receive
side electronics were designed to drive commercial optoelectronic
components. The receive and transmit circuits were produced on
two custom PCBsand mountedin acustombuilt test fixture asshown
in Figure 2. The experiments were conducted under normal back-
ground light with the distance between the transmitter and the re-
ceiver set at 1.5cm. To determine the spuriousfree dynamic range
(SFDR) of the channel, the noise floor and the distortion products
were measured. Over the bandwidth of the channel, the total noise
power at the receiver output was -45 dBm. Measurementswith a
-35 dBm output sinusoid indicate that the second order distortion
productsdominateand have a power of -70 dBm. Combining these
two results, and correcting for the frequency characteristics of the
channel yields a SFDR measurement equal to 20 dB.

Since the amount of distortion when operating in this rangeis
less than the noise floor of the channel, the channel is assumed to
belinear and noise limited in the remainder of this paper. Further-
more, the noise present in the output signal is due almost entirely
due to the thermal noise current present at the receiver side (since
theamount of noisepower measured did not vary greatly with back-
ground illumination). So for the purposes of the analysisto be pre-
sented the noise can be considered as Gaussian and white with zero
mean and variance o2 .

These results can be combined to justify the channel model in
Figure 1(b). This model assumesallinear channel with awide fre-
guency response to alow for the determination of the bandwidth
efficiency of the modulation schemes proposed. The factor R is
the responsivity of the photodiode, and represents an optoel ectri-
cal conversion factor (from intensity signal to current signal). The
sampled output of the matched filter is used to produce a received
symbol which is detected using maximum likelihood (ML) rules
(assuming symbolsequally likely). Theaverageoptical power trans-
mitted in each schemeis set at P and the bit-error rate (BER) for
each schemeis determined.

2.2. Thelntensity Modulated Channel

The transmission of information using optical intensity channels
differsin significant ways from conventional channels. Unlike RF
technologies, wherethe carrier amplitude and phasearevaried, wire-
less IR relies on the intensity modulation of a terahertz range opti-
cal signal. Theresponseof the photodiodeis theintegration of tens
of thousands of wavelengths of incident light. Using incoherent,
diffuse light sources (for eye safety reasons) only the intensity of
the input signal can be determined and therefore transmitted opti-
cal signals may assumeonly positive values, while in conventional
channels both positive and negative values are supported. If #(t)
istaken to represent the optical intensity signal, the constraint can
be summarized as

o(t) > 0. €

This implies that any modulation scheme for an optical intensity
channel must have a DC component which transmits no informa-
tion but consumes energy.

The use of afree-space optical channel imposes arequirement
that the average optical power transmitted must belimited for eye-
safety reasons. Sincetheinput signal is avarying intensity (power
signal), this requirement imposes a restriction on the average am-
plitude of the transmitted signal. If the average optical power per-
mitted is set at P, this requirement takes the form :

z(t)dt < P. )

3. CONVENTIONAL MODULATION SCHEMES

Thissection discussespresent modul ation schemesemphasizingthe
advantages and shortcomings of each scheme.

3.1. Binary Modulation Schemes

Most schemes for data transmission on land-line or wireless opti-
cal channelsrely on binary levels to transmit data. Schemes such
as on-off keying (OOK or 2-PAM) and pulse position modulation
(PPM) rely on the use of two levelsto transmit data. The specifics
of each modulation scheme are discussed in [3, 4] and will not be
repeated here. Themain advantageof theseschemesisthat they are
highly power efficient sincethey have high peak to average power
ratios. This separatesthe symbolsin the signal space and reduces
the probability of error. The price paid by these schemesistheirin-
efficient use of bandwidth. Intraditional, fibre optic systemsbinary
schemesare popular due to the abundanceof bandwidth available,
however, inexpensivefree-space links do not share this luxury.

3.2. Multilevel Modulation Schemes

Inan effort toimprovethe bandwidth efficiency, multilevel schemes
are a prime candidate. These methods improve the bandwidth ef-
ficiency by transmitting more information per symbol. Although
these schemesallow greater amountsof datato betransmitted through
the channel, they are more sensitive to the channel non-linearities
and noise than the binary schemes. The two main multi-level mod-
ulation schemesare PAM and QAM.
L-PAM

In each symbol interval apulseissentwheretheamplitudetakes
ononeof L possiblelevels. Figure 3(a) shows the pulse shapefor
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Figure 3: A comparison of three multilevel modulation schemes: (a) PAM, (b) QAM, (c) AB-QAM. Expressionsare valid for L odd.

this modulation schemeaswell asthe expressionfor theoptical in-
tensity intime. Dueto the structure of the pulse, #(¢) remains pos-
itive for al time. Assuming that the input symbols are uniformly
distributed, the average power is set to P by evenly spacing the L
levels between 0 and 2P. Using atraditional PAM constellation
the BER can be shown to be*

_2L-1) RP  [log, L
BERpam ~ Llog, L @ (L— 1V 2Ry |-

Figure 3(a) also showsthe power spectral density of PAM. Us-
ing the convention presented in [4], the bandwidth of this scheme

1Q(.) isthe integral of the standardized Gaussian probability density
function N (0, 1) and can be represented as:

1 * 5
Qz) = E/x exp(—z°/2)d=.

istaken as the frequency of thefirst spectral null. A measureof the
bandwidth efficiency can be obtained by determining the ratio of
the bit-rate (R bits/s) and the bandwidth requirement (B Hz) and
can be shown to take the form :

% = log, L. 3)
L?-QAM

For L?-QAM, in each signalling interval a composite symbol
of in-phase(l) and quadrature (Q) signalsissent. Figure 3(b) presents
the two signals as well as an expression for the optical intensity
waveform. In order to satisfy Equation 1, a DC bias is added to
the signals such that Equation 2 is also satisfied. Regardless of the
input data stream, the average optical power on the link is fixed
at P. Asaresult, the swing available for | and Q signalsis lim-
itedto P/+/2. The BER for .>-QAM can be determined using the
channel model in Figure 1(b) by matching the receivefilter to the
zero-bias sinusoids (the DC level carries no information) and has
the following form:
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Thebandwidth efficiency of L?-QAM and L-PAM isthe same
and is given in Equation 3 (as is also the case in a conventional
channel). However, the power efficiency of QAM is 1.5 dB worse
than PAM dueto the added DC bias of =(¢) which is excessivefor
small swing values[4].

4. ADAPTIVELY BIASED QAM (AB-QAM)

The essential features of AB-QAM are illustrated in Figure 3(c),
where the basis functions, time domain response and power spec-
tral density are presented.

AB-QAM providesan asymptotic SNR gain of 3dB over PAM
by implementing two main concepts : (i) the amount of DC bias
added to each symbol is minimized such that the output signal re-
mains non-negative (constraint imposed by Equation 1) and (ii) the
information contained in this symbol average is used to provide
a degree of diversity in the receiver, which further improves the
power efficiency.

As mentioned above, QAM adds afixed DC biasto each sym-
bol to ensurethat the output remains non-negative. Althoughasim-
ple solution, this scheme provesto be inefficient for small valued
signals, since power iswasted in the excessive DC hias. AB-QAM
adds an adaptive DC bias to each symbol, such that the minimum
value of each symbol is fixed at zero. Asaresult, the average of
each symbol will vary according to the probabilistic distribution of
the data symbols transmitted. Thisvarying symbol averageis ex-
ploited to increase the allowed swing of the symbol asis donein
PAM.

Unliketraditional intensity modulation schemes, wherethe DC
bias of each symbol isignored, in AB-QAM the correlation of the
symbol bias to the data being sent is used to improved the mini-
mum distance between symbols. Matched filtering to ¢1 and ¢-
provides sufficient statistics to extract the in-phase and quadrature
symbols, however, the use of the correlated information in the ¢s
dimension provides a degree of signal-space diversity. The built-
in redundancy of the PAM signal resulting from adaptive biasing
can be exploited to improve the power efficiency further. From ge-
ometrical reasoning, it can be shown that by exploiting this diver-
sity, the dmin Of the constellation isimproved by afactor of /2 or

equivalently a 1.5 dB improvement in the SNR.
termined by combining the impact of the effects aboveandis given
by the expressionbelow. (valid for L? odd, where L? isthe number
SNRaB—qam V2L (
T oagmRAl Ve 222 — 101
SNRpa V2 = 3dB — 10log;,
Thisimprovement can betranslated into a BER expression for
L?-AB-QAM, and is given in the following expression:
Asshownin Figure 3(c), the bandwidth efficiency of this scheme
isthe same as QAM and PAM. However, it must be noted that AB-

Thetotal SNRimprovement of AB-QAM over PAM can bede-
of elementsin the AB-QAM constellation)
L+ 1)
L+1 L
617 — 8L + 14 2LRP [log, L
BERas-—qam ~ =775 log, L Q (L2 —1\ 2R, |-
QAM has more side lobe power which is not accounted for in the
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Figure 4: Simulation results of AB-QAM versus PAM and QAM
baselinedata. Plots of bit-error rate against bandwidth efficiency.

bandwidth measure of [4]. Pulse shaping techniques are currently
being investigated to reduce this out-of-band power.

Figure4 containsacomparison of thebit-error rate versusband-
width efficiency for theoretical PAM schemeand simulation results
of QAM and AB-QAM. Simulationresultsfor AB-QAM and QAM
were obtained in MATLAB using the channel model in Figure 1(b).
The variation in the improvement of AB-QAM for even and odd
constellation sizesis dueto fact that even constellationsdo not have
a zero symbol which introduces an unfavourable boundary condi-
tion in the three dimensional constellation.

5. CONCLUSIONS

Thispaper hasdiscussedthe need of multilevel modulation schemes
for free-space optical communications. The advantages of binary
modulation schemes are outweighed by their poor bandwidth effi-
ciencies. The use of PAM and QAM schemesis investigated and
expressions for BER and bandwidth efficiency are developed. A
new modulation scheme, Adaptively Biased QAM, was proposed
with an asymptotic 3 dB improvement in SNR over PAM for the
same bandwidth efficiency.

Currently, pulse shaping techniques are being investigated to
reduce the amount of power in the side-lobes of AB-QAM.
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