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Abstract. The paper considers an approach to evaluate the noise immunity of multispectral
optoelectronic systems for transmitting information messages. The relevance of this work is
determined by the need to increase the reliability of optical communication, identification,
navigation, and control channels under background illumination, electromagnetic
interference, optical disturbances, partial channel obstruction, and nonuniform spectral
attenuation of signals. It is shown that a simple increase in the power of a single
semiconductor emitter increases the amplitude of the received signal but does not eliminate
the fundamental vulnerability of a single-spectral system to selective interference within the
chosen wavelength range. It is shown that the real advantage of the multispectral approach
is determined not only by the number of spectral channels but also by their statistical
independence, differences in the spectral characteristics of interference, and the ability of
individual channels to retain information content under difficult transmission conditions.
The proposed model can be used for numerical simulation, experimental verification, and
optimization of LED-based multispectral message transmission systems for autonomous
moving objects, unmanned aerial vehicles, robotic platforms, and local sensor networks.
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1. Introduction integration of communication with lighting and sensing,
and the use of intelligent reflecting surfaces to improve
optical channel quality [3, 4]. One promising direction to
improve the noise immunity of optoelectronic message
transmission systems is the multispectral approach. Its

essence is that an information message is transmitted not

Interference-resistant  transmission  of  information
messages is one of the key tasks of modern
optoelectronic systems for communication, identification,
navigation, and control. Optical wireless systems,

particularly visible light communication and free-space
optical communication, are considered as a promising
alternative or complement to conventional radio-
frequency channels because of their wide available
bandwidth, the possibility of combining illumination and
data transmission, low susceptibility to radio-frequency
interference, and suitability for local high-speed
information exchange [1-3].

Recent reviews confirm the active development of
Visible Light / Optical Wireless communication
(VLC/OWC) technologies, particularly in high-speed
transmitters and receivers, digital modulation methods,

through a single channel but through several spectrally
separated optical channels. These channels may
correspond to individual visible spectral bands in the
near-infrared range, or combinations of several LED and
micro-LED sources. The practical feasibility of this
approach is supported by recent works on WDM-OWC
(Wavelength Division Multiplexing Optical Wireless
Communication) and WDM-VLC (Wavelength Division
Multiplexing Visible Light Communication), where the
use of several wavelengths is considered as a means of
increasing  throughput, channel separation, and
robustness of optical transmission [5—7].
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Modern semiconductor emitters in the visible and
near-infrared ranges are characterized by sufficiently
high optical power [8, 9], energy efficiency, high speed,
and the possibility of direct electronic modulation. This
makes it possible to use them not only as illumination or
indication sources but also as transmitting elements of
optoelectronic  systems for information message
transmission. The simplest way to increase the range or
reliability of reception in such a system is to increase the
power of a single emitter. In this case, the amplitude of
the received signal increases and, under certain
conditions, the signal-to-noise ratio also increases.

However, a simple increase in the power of a single
channel does not remove the fundamental limitation of a
single-spectral system. Such a system remains sensitive
to all disturbances that affect the selected spectral range:
background illumination, solar glare, spectrally close
artificial light sources, partial obstruction of the optical
path, and attenuation of radiation by fog, dust, smoke, or
precipitation. If only the spectral channel is significantly
suppressed, increasing its power does not always provide
sufficient recovery of reception reliability, especially in
the presence of selective interference or limitations on
the permissible optical power.

In contrast, a multispectral system forms a multi-
dimensional space of spectral features. In such a system,
the receiver analyzes not only the total signal amplitude
but also the energy distribution among individual spectral
channels. In other words, a message can be recognized
not only by its intensity level but also by the spectral
“profile” of the signal. This increases the probability of
correct message reception under background illumination,
fog, dust, smoke, precipitation, partial obstruction of the
optical channel, or selective optical interference.

The use of several spectral channels -creates
additional information redundancy: if one channel is
partially attenuated or noisy, other channels may retain
sufficient information content for signal detection and
message decoding. Therefore, the advantage of the
multispectral approach lies not only in a possible increase
in the total signal-to-noise ratio but also in improving the
system robustness to nonuniform spectral attenuation and
local optical interference. Studies of MIMO-VLC
(Multiple-Input ~ Multiple-Output ~ Visible Light
Communication) also show that spatial and spectral
channel separation is an important means of improving
the robustness of optical wireless systems [10].

At the same time, the effectiveness of the
multispectral approach is not determined only by the
number of spectral channels. If the noise in different
channels is statistically independent or weakly correlated,
channel combining increases the total signal-to-noise
ratio and reduces the probability of message reception
error. If the channels contain a common noise
component, for example, due to background illumination,
electronic coupling, a common photodetection path, or
digital signal processing, the real gain from multispectral
operation may be substantially smaller. Therefore, a
correct assessment of noise immunity must consider not

only the individual signal and noise levels in each
channel but also the interchannel noise correlation.

This problem is especially important for
autonomous moving objects, unmanned aerial vehicles,
robotic platforms, transport systems, and local sensor
networks that must operate under limited availability of
the radio-frequency spectrum, intense electromagnetic
interference, or increased requirements for locality and
directivity of the transmitting channel [11-14].

This paper aims to develop a generalized model for
evaluating the noise immunity of a multispectral
optoelectronic message transmission system with an
arbitrary number of spectral channels. The main attention
is paid to calculating the signal-to-noise ratio, accounting
for the noise covariance matrix, determining the possible
gain from optimal channel combining, and estimating the
probability of message reception error. The proposed
approach allows us to quantitatively determine the
conditions under which a multispectral system has a
practical advantage over a single-spectral configuration
or a simple increase in the power of one optical channel.

2. General model of a multispectral optical channel

The photodetector, or a set of photodetectors, converts
the received optical power P, ; of the k-th channel into
photocurrent. If R, is the spectral responsivity of the
photodetector in the k-th channel, then the useful
electrical component of the signal is

S =Ry Psig,k .

Hereafter, s, is regarded as the amplitude of the
useful electrical signal after photodetection and
extraction of the information component. It can be
expressed either as a photocurrent or as a voltage after a
transimpedance amplifier, provided that the noise

variance 0,2( is referred to the same electrical quantity.

Even if the average background level is compensated, it
increases shot noise and therefore cannot be completely
ignored in the SNR calculation [8].

After determining the useful electrical signal s, and

the total noise variance o} , the signal-to-noise ratio of a

single spectral channel is written as
St
G_i.
Let the number of channels be M. Then, for the
entire M-channel system, we introduce the vector of

useful signals

SNR, =

s = [51,52, ...,SM]T.

The observation vector in the problem of optical
signal detection can be represented in terms of two
hypotheses:

Hy:y=n, H:y=s+n,

where y is the observation vector, and n is the vector of
noise and interference.
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The noise covariance matrix 2, which describes the
statistical relationship between noise components in
different channels, is defined as

2 N
G, i=]j,
Zij =1 ..
P00, I#].

Here, p;; is the correlation coefficient between the

noise components of the i-th and j-th spectral channels.
For independent noise, Py =0 for i= j; in this case,

2 is effectively a diagonal matrix. In expanded form, it
can be written as

2

G; P120102, A Py 00y
2
> —| P219201 02 A Py Gy0y
M M O M
2
PMiCuO1 Pu20mOr A Sy

Thus, an M-channel optical multispectral message
transmission system should be described not as a set of
independent scalar signals, but as a vector model in
which each spectral channel forms a separate component
of the observation vector. This approach allows us to
account not only for the useful signal level in each chan-
nel but also for the noise structure of the entire system.

The covariance matrix 2 is a key element of this
model because it simultancously characterizes the
intrinsic noise of each channel and the degree of
statistical relationship between noise components in
different channels. If the off-diagonal elements of the
matrix are zero, the channel noises may be considered
independent, and the contribution of each spectral
channel to the overall noise immunity of the system is
evaluated separately. If the off-diagonal elements are
nonzero, this indicates the presence of common noise or
interference components, for example, due to background
illumination, electronic coupling, a common photo-
detection path, or digital signal processing.

Therefore, subsequent evaluation of the noise immu-
nity of a multispectral system must consider two limiting
cases: independent spectral channels, where the total gain
is determined by adding the information content of the
individual channels, and correlated channels, where the
real gain depends on the structure of the noise covariance
matrix. This transition from a scalar description of a
single channel to a vector-matrix model of the whole
system allows us to correctly evaluate the effectiveness
of the multispectral approach, determine the contribution
of each channel, and formulate the conditions under
which a multichannel configuration provides a real
increase in the noise immunity of message transmission.

3. SNR in the absence and presence of noise
correlation

If the noise components in the spectral channels are
independent, the covariance matrix has the form

) =diag(cs]2,cs§, ...,Gi,[).

In this case, the equivalent output signal-to-noise
ratio after optimal channel combining is equal to the sum
of the individual signal-to-noise ratios:

M M2

_ _ k
SNR,,; = E SNR, = .

k=1 k=1 Ok

If all channels are identical and independent, then
SNR, =SNR, =A =SNR,, =SNR,
and therefore

SNR,,, = MSNR .

Under real conditions, the noise components of
different channels may be correlated due to common
background illumination, electronic coupling, a common
receiving path, or digital processing. Therefore, the
simple summation of SNRy is not always correct. For the
general case, we introduce a linear decision statistic

z=w'y,

where w is the vector of weighting coefficients. The
signal component at the output of the combiner is

S, =W's,
and the noise variance at the output is
oZ =w'Iw.
Thus, the output signal-to-noise ratio is
(w's)?

SNR, = .

Maximization of this generalized ratio with respect
to the vector w yields the optimal weights

Wope = €27 1s,

where ¢ is a nonzero scaling constant. The scaling
constant ¢ does not affect SNR, because multiplication of
all weights by ¢ changes the numerator and denominator
in the same way:

(cw)Ts = cw's, (eW)"Z(cw) = 2w Zw.

Therefore, the factor ¢ cancels in the ratio SNR,.

If a channel has a large useful signal sy, it should
receive a larger weight. If a channel has a large noise
variance o7 , its weight should be smaller. If the noise of
a channel is strongly correlated with the noise of other
channels, the receiver must account for this correlation
and should not treat this channel as a completely
independent source of information.

After substituting the optimal weights, we obtain

SNR,y,e = s'271s.

This relation shows that the receiver does not
necessarily have to add all channels with equal weights.
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A channel with a high useful signal level and low noise
may receive a larger weight, while a channel with high
noise or strongly correlated interference may receive a
smaller weight. In some cases, the weight of an
individual channel may even be negative if this helps
compensate for a common interference component.

For independent channels, the matrix 2 is diagonal:

Z:diag(clz,csg,...,csi,[).
Then
_ . 1 1 1
> = diag {—2,—2,...,—2J
01 O Om

and the optimal weights become

Thus, each channel is weighted in proportion to its
useful signal and inversely proportional to its noise
variance. This corresponds to the intuitive rule that
strong and low-noise channels should be weighted more
strongly, whereas weak and noisy channels should be
weighted less strongly.
of detection

4. Quantitative evaluation

probability

signal

To quantitatively evaluate the separability of the two
hypotheses of signal presence (H;) and signal absence
(Hy), it is convenient to use the Mahalanobis distance,
which considers not only the difference between mean
values but also the covariance structure of the noise
[15, 16]:

DAZ/I = (U — .“o)TZ—l(lh — o).

Here, the mean observation vectors are py=0 and
W =s. Accordingly,

DE =s"X71s.

Comparing this expression with the optimal output
SNR, we obtain

D} =SNR,,,.

Thus, in this problem, the square of the
Mahalanobis distance has a direct physical interpretation
as the optimal output signal-to-noise ratio after
combining M spectral channels.

For two Gaussian classes with identical covariance
matrices and equal a priori probabilities, the probability
of discrimination error can be estimated as

PezQ(DTMj=Q

where Q is the standard Q-function of the normal
distribution.

SNR
2

out
9

For analytical evaluation, consider the case in which
all channels have the same individual SNR,, and the
correlation coefficient between the noise components of
any two channels is the same and equal to p. The
covariance matrix can be written as

5 =02[(1—p)ly + p117],

where ), is the M x M identity matrix and 1 is a vector
filled with ones. For the matrix to be positive definite, the
following condition must be satisfied:

<p<l.

2
If s=s,1. And SNR,, :S—Oz, then, after calculation, we
o

. M
obtain SNR,,, =————SNR,.
1+(M-1)p
The quantityM . = M can be interpreted
P M = T —1)p P

as the effective gain associated with increasing the
number of spectral channels. If p =0, then M,z = M, and
the system obtains the maximum gain. If p approaches 1,
then M,; approaches 1; that is, the A-channel system
effectively degenerates into a single channel, because all
noise components are fully correlated.

If each spectral channel has SNRy=1, which
corresponds to a normalized limiting case in which the
useful signal power in each spectral channel is equal to
the noise power, then for M channels SNR,, =M,

Dy, =V M , and the error probability is determined as

ol 2
e 2 *

For the normalized case SNR, = 1, dependences of
the discrimination error probability P, and the noise
immunity margin (n, which is calculated as M,;) on the
interchannel correlation coefficient p were plotted for
multispectral systems with the number of channels
M=2,...12. The calculation was performed using the
equations given above.

Fig. 1 demonstrates that increasing the number of
spectral channels provides a significant reduction in error
probability only under weak noise correlation between
channels. At p =0, the channel noises are independent;
therefore, each additional channel increases the total
signal-to-noise ratio and reduces P,. In this case, the
multispectral system has the largest gain.

As p increases, the interchannel noise components
become more similar; that is, the channels contain a
common noise component. As a result, the effective
number of independent channels decreases, and the gain
from multispectral operation gradually decreases. In the
limiting case p — 1, the noise components of all
channels are almost completely correlated; therefore, the
M-channel system approaches a single-spectral system in
terms of efficiency.
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Fig. 1. Effect of interchannel noise correlation p on the efficiency of an M-channel multispectral system at SNR,=1:
(a) signal discrimination error probability P,; (b) gain factor of noise immunity compared with a single-spectral system.

Thus, a simple increase in the number of spectral
channels does not guarantee a proportional improvement
in system characteristics. The practical advantage of the
multispectral approach appears when the channels have
not only different wavelengths but also statistically
weakly correlated noise, different levels of background
radiation, and different sensitivity to optical interference
and medium attenuation.

5. Conclusions

A generalized model for evaluating the signal-to-noise
ratio of a multichannel multispectral optoelectronic
message transmission system has been developed. The
proposed approach shows that, when the spectral
channels are independent, a multispectral system
provides an increase in the total signal-to-noise ratio by
combining information from several channels. This
improves the energy efficiency of reception without
simply increasing the power of a single emitter. At the
same time, this gain is maximal only when the noise
components in the individual spectral channels are
statistically independent or weakly correlated.

It has been established that an additional spectral
channel is useful not by itself, but only when it contains a
sufficient level of useful signal, has an acceptable noise
level, and does not duplicate the interference component
of other channels. A channel with a weak useful signal, a
high background level, or strongly correlated interference
may have only a minor practical effect. Therefore, the
efficiency of a multichannel system is determined not
only by the number of channels but also by the quality of
their spectral separation.

It has been shown that the practical advantage of a
multispectral system is most fully manifested under
difficult operating conditions, such as fog, dust, smoke,
precipitation, artificial illumination, solar glare, or local
optical interference. Under such conditions, one spectral
channel may be partially suppressed or noisy, while other
channels may retain sufficient information content for
signal detection and reliable message transmission.

It has also been determined that a simple increase in
the power of one channel can be effective under idealized
conditions when interference is not spectrally selective.
However, such a system remains one-dimensional and
vulnerable to degradation in the selected spectral range.
The multispectral approach, in contrast, provides
additional redundancy and increases the probability of
preserving information when one of the channels is
partially lost or degraded.

The proposed model can be used as a basis for
numerical simulation, experimental verification, and
optimization of multispectral LED systems for
transmitting navigation and identification messages.
Practical applications of such systems are promising for
autonomous navigation and communication of unmanned
aerial vehicles, robotic platforms, transport systems, and
other moving objects in environments with limited or
unavailable GNSS signals.
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OuiHoBaHHSs 3aBa0CTiHKOCTI MYJBbTHCIIEKTPAJBHUX ONITOCJICKTPOHHUX CUCTEMH nepenalli MoBiTOMJIEHD

A.B. Iexyp, B.. Kopnara, M.C. KpapueHnko,
10.€. Hikonaenko, B.M. Copokin

O.C. Ouiiinuk, I'.B. Bucrpuubknii, A.B. Typykaio,

AHoTamlisA. Y cTaTTi pO3risSHYTO MiIXiJ 10 OL[IHIOBaHHS 3aBaI0CTIKOCTI MYJbTHCIEKTPAIbHUX ONTOEIEKTPOHHUX CHCTEM
nepenaBaHHs iH(GOPMaNiffHUX ITOBITOMIJICHb. AKTYalbHICTH POOOTH 3yMOBJIEHA HEOOXITHICTIO MiIBHINCHHS HAXIHHOCTI
ONTHYHHUX KaHAIIB 3B’S3Ky, imeHTHiKamii, HaBiramii Ta KepyBaHHS B yMOBaxX ()OHOBOI'O OCBITIICHHS, €JICKTPOMArHITHUX
3aBaJ], ONTHYHMX IIEPEIIKO], JACTKOBOTO MEPEKPUTTS KaHATy Ta HEPIBHOMIPHOTO CIIEKTPAIbHOTO OCIAOJICHHS CHTHANIB.
VYCTaHOBIICHO, IO MPOCTE 30LTBIICHHS MOTYXHOCTI OJHOTO HAIIBIIPOBIIHUKOBOTO BHIPOMIHIOBAaYa IiBHUIINYE aMILTITYLY
IPUUHATOrO CHTHANY, OfHAK HE YCyBae MPHUHIWIIOBY BPA3JIHBICTH OJXHOCMYTOBOI CHCTEMH IO CENEKTUBHHX 3aBaj Y
BHOpaHOMY Jiana3oHi OBKWUH XBWIb. [I0Kka3aHo, 110 peanbHa IMepeBara MyJIbTHCICKTPAIBLHOTO MIIXO0AYy BU3HAYAETHCS HE
JIUIIE KUIBKICTIO CIEKTPAJbHUX KaHANIB, a W pIBHEM IX CTATHCTUYHOI HE3AJIC)KHOCTI, PI3HHUIICIO CHEKTPATbHUX
XapaKTepUCTUK 3aBaJl i 3/IaTHICTIO OKpPEMHUX KaHaJiB 30epiraTd iH(QOPMATHBHICTh y CKJIAJHUX yMOBaX IepeaBaHHS.
3anpornoHoBaHa MOAEIb MOXKE OyTH BUKOpPHCTaHA JUIs YKMCIOBOTO MOJICIIOBAHHS, €KCIIEPHMMEHTAJIbHOI Bepudikaiii Ta
onTuMizaiii CBITIONIOMHIX MYJIbTHCIIEKTPAIbHAX CUCTEM IEpe/laBaHHs MOBIIOMIICHD Ul aBTOHOMHHX PYXOMHX 00 €KTIB,
BITJTA, poboTr3oBaHnX miaTdopM i JIOKAIbBHUX CEHCOPHHUX MEPEX.

Kur04oBi cj10Ba: MyJIbTHCIIEKTpaIbHA ONTOCIICKTPOHHA CHCTEMa, TIepEIaBaHHsI MTOBIJOMIICHB, 3aBaIOCTIHKICTh, BIJTHOIICHHS
CUTHAJI/IIIYM, CIICKTpajbHI KaHajIW, KOBapialliiiHa MaTpullid WUIyMiB, BiicTaHb MaxanaHoOica, WMOBIPHICTh ITOMUJIKH,
CBITJIONIIOJJHI BUTIPOMiHIOBaYi, ONITUYHUIN O€37]pOTOBHI 3B’ SI30K.
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