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METOD FOR INCREASING THE SPECTRAL EFFICIENCY OF
TROPOSCATTER COMMUNICATION BASED ON THE USE OF
COMPOSITE SIGNALS IN THE WALSH BASIS
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Educational and Research Institute of Telecommunication Systems
Igor Sikorsky Kyiv Polytechnic Institute, Kyiv, Ukraine

Background. In modern telecommunications, troposcatter communication systems organize long-distance communication.
These systems allow communication beyond the line of sight. An important factor that must be considered in these systems is
multipath, due to the physical principle underlying the functioning of troposcatter systems. Diversity reception and broadband
signals are used to overcome this factor's negative impact. However, broadband signals use an excessive frequency band and
are characterized by a low spectral efficiency.

Objective. The purpose of the paper is to develop a method for overcoming the negative impact of multipath by using
composite signals on the Walsh basis.

Methods. Parallel composite signals provide simultaneous packet transmission of a group of signals built based on a
complete system of mutually orthogonal Walsh-Hadamard functions. Each signal transmits one bit of information, but the
parallel transmission of a packet of mutually orthogonal signals avoids decreasing the system's information transmission rate.
To counteract the effect of multipath, pilot signals are added to the composite signal, as individual Walsh-Hadamard functions
with better auto- and cross-correlation properties are selected. The advantages of composite signals in the Walsh-Hadamard
basis include their spectral efficiency, which significantly exceeds the spectral efficiency of broadband signals. The paper
describes a method for forming a composite signal on a Walsh-Hadamard basis with pilot signals and a functional diagram of a
receiving device that provides optimal pre-detector addition of signals from four independent diversity reception channels.

Results. The method of forming the composite signal with pilot signals based on the Walsh-Hadamard basis is presented as
a functional diagram of a reception device that will ensure optimal detection of composite signals from several independent
channels of a separated receiver. The spectral efficiency of the composite signals is shown on the size of the Walsh-Hadamard
vicor basis. The introduction of the pilot signals makes it possible to ensure the synchronous composition of signals received
from several independent receiving channels.

Conclusions. The proposed technical solutions using composite signals in the Walsh-Hadamar basis make it possible to
create troposcatter communication systems that provide operation in multi-path conditions, and the spectral efficiency of which
significantly exceeds this indicator for systems using M-sequence signals, which allows increasing in the information
transmission rate at the same frequency bandwidth or increasing their noise immunity by using additional noise-resistant
coding at a fixed information transmission rate.

Keywords: Troposcatter communication;, multipath propagation, spectral efficiency, diversity technique; broadband
signal; orthogonal signals; pilot signals;, Walsh basis; Walsh-Hadamard functions, M-sequence type signals, receiving device;
information transmission rate; noise-eliminating coding.

Introduction reception and the use of signals with special
characteristics are used [1-3, 9-12].

In the transmitting/receiving equipment of
troposcatter ~communication, signal diversity in
frequency and space is usually used. In order to
increase the effectiveness of diversity reception in both
cases, spread spectrum signals are used, in particular,
signals built on the basis of M-sequences, shortened M-
sequences and segments of M-sequences [4, 5, 9-12].
Implementing algorithms for correlation processing of
signals coming from different diversity reception
channels allows for improving the quality of reception
by compensating for (or taking into account) the

In  troposcatter =~ communication,  multipath
propagation is an important factor that affects quality
indicators, communication reliability, and system
bandwidth. The nature of the multipath propagation
consists in the principle of radio signal reradiation
within the common scattering volume formed by the
transmitting and receiving beams of the troposcatter
link. To minimize the impact of the negative factor of
multipath propagation in troposcatter communication
systems and equipment, the methods of scattered
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relative delay of reception that occurs in different
channels. Despite the high efficiency of using this
multi-path propagation compensation method, this
approach has certain drawbacks. In particular, its low
spectral efficiency is a disadvantage. This drawback is
generally characteristic of most systems that use the
principle of spread spectrum expanding with the use of
spreading  sequences. Therefore, increasing the
efficiency of troposcatter communication by the method
of forming composite signals in the Walsh basis in the
conditions of existing frequency limitations and
transmitter power limitations is an urgent task.

Main part

In the search for methods and means of ensuring the
effectiveness of troposcatter communication and
reception systems in conditions of multi-path, it is
advisable to consider the possibility of using parallel
complex signals built on the basis of orthogonal binary
Walsh functions [6-8]. The Walsh orthogonal function
system is used in radio communication systems and
tools. In particular, in the mobile communication
standard IS-95, introduced in Ukraine as CDMA
cellular communication, signals built based on Walsh
functions were used in the forward and reverse
channels.

Walsh functions are binary functions that take the
value —1 or +1. One of the advantages of Walsh
functions is their orthogonality. To calculate the linear
combination of Walsh functions, well-known and well-
established discrete and fast transformation algorithms
are used. Due to the binary nature of Walsh functions,
only integer or real number operations are used in
discrete and fast transformation algorithms. It is a well-
known fact that performing a fast transformation
operation with real numbers does not involve complex
multiplication operations and requires four times fewer
elementary multiplication operations compared to
Fourier algorithms.

Using binary Walsh functions allows for parallel,
i.e., simultaneous transmission of a binary symbols
packet of length N. The dimension N determines the
basis of the system of Walsh functions and usually
takes the value N = 2". A packet of N information
binary symbols enters the input of the parallel
composite signal generator. Each information bit
performs a binary modulation of one of the Walsh-
Hadamard functions. All the modulated Walsh
functions are added and thus a multi-level composite
signal is formed, which transmits a packet of N

information bits. The composite signal built in the basis
of Walsh-Hadamard functions is defined as follows

$(0)= X0 1)

where ¢{(f) — binary symbols of the information package
that modulates the Walsh-Hadamard functions; wi(f) are
Walsh-Hadamard functions of dimension N.

To overcome the effect of multi-path, pilot signals
are added to the information packet, as several Walsh-
Hadamard functions wi(¢) are chosen. The number of
Walsh-Hadamard functions used as pilot signals n is
determined by the dimension of the Walsh basis N = 2"
and is an indicator of degree 2.

It is known that the Walsh functions and the signals
built on their basis are orthogonal on the signal duration
interval 7. But each of these functions is inferior in its
auto- and cross-correlation properties to M-sequences
and their derivatives. When choosing Walsh functions
to be used as pilot signals, special attention is paid to
their periodic auto- and cross-correlation properties.
Due to multi-path, these indicators affect the
effectiveness of estimating the relative delay in
troposcatter communication channels.

However, in Walsh's orthogonal functions, several
functions have periodic auto and cross-correlation
characteristics approach M-sequence characteristics.
These functions and the signals corresponding to them
can be used as pilot signals to synchronize the
composite signals that come from different reception
channels to the equipment in the troposcatter
communication station.

The procedure for forming a composite signal built
in the Walsh-Hadamard basis can be described using
the operation of multiplying the column matrix
containing the symbols of the information message by
the Walsh-Hadamard square matrix Hy of dimension N
x N. Fig. 1 shows the procedure for forming a
composite signal in the Walsh-Hadamard basis with
pilot signals.

A packet of information symbols of length N-n is
received at the input of the composite signal-forming
device.

C={q, ¢y, 30 Cyy)

For use as pilot signals on the Walsh basis, n Walsh-
Hadamard functions that meet the minimum level side
peak requirements of their periodic auto- and cross-
correlation functions are selected.
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Fig. 1. The procedure for forming a composite signal in the Walsh-Hadamard basis.

The numbers of selected functions in the Walsh basis
ordered using Hadamard matrices are included in a
packet of pilot signal symbols of length 7.

Z:{zl,zz,.. z }

Ly

The values of the symbols z; included in the package
Z do not change. Conventionally, it can be assumed that
the condition is fulfilled for symbols z;
z;=1l, j=Ln

Packets of information symbols C and symbols of
pilot signals Z form a 1 x N column matrix. It should be
noted that the symbols of the pilot signals are located in
the matrix-column structure by the numbers of the
selected Walsh functions that will be used as pilot
signals. The matrix-column formed in this way is the
initial array for the formation of a composite signal (see
Fig. 1). The column matrix is multiplied by the square
matrix Hy of dimension N x N. The matrix Hy is the
Hadamard matrix ordering the system of Walsh
functions of dimension N.

The algorithm of the Inverse Fast Transformation,
based on the "Butterfly" operation, can be used to form
a composite signal on the Walsh-Hadamard basis. The
composite signal formed in this way is a row matrix of
length N.

S:{sl,sz,s3,...,sk,...,sN71,sN}

In the given form, each symbol of the row matrix s;
determines the amplitude of the composite signal § at
the k time interval with a duration of At. In analogue
form, the generated composite signal has the form

S(0)= 25 (0 (1) = e () )+ 320, 0

The composite signal S(f) is the sum of two
components: a group of signals transmitting

information symbols c(?)wif) and a group of pilot
signals zwi(f). The absence of the symbol of the pilot
signal z; of the time parameter ¢ in the designation
means that these symbols are unchanged.

The composite signal S(¢) is a random process with
discrete values described by a binomial distribution
with zero mean, or mathematical expectation. The
features of Walsh's functions include the equality of the
number of time intervals, or beats, where the function
takes the value +1 of the number of time intervals
where the function takes the value —1. Therefore, the
average or mathematical expectation of each individual
function and their aggregate is equal to 0. The standard
deviation for a random variable distributed according to
the binomial distribution with an equally probable value
of +1 and —1 for each component process is determined
by the formula

oy =0.5JN

Thus, the composite signals are characterized by a
large value of the peak factor, which is

To reduce the peak factor of the composite signal
S(¢), a limiter is used in the scheme of forming the
composite signal (see Fig. 1). As a result of the two-
way limitation of the signal amplitude at the output of
the limiter, we have the following mixture of three
random processes

$(0)= 2 () 0)+ 3320, (0+4(0)

i=1

In the given expression, the process &(¢) represents
disturbances describing the violation of orthogonality
between the Walsh functions, which occurs as a result
of the amplitude limitation of the component signal.
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From the output of the limiter, the signal is fed to the
transmitter of the troposcatter radio link. Radio signals
are transmitted in dual-frequency mode at frequencies
fc1 and fcz.

On the receiving side of the troposcatter link, to
overcome multi-path, a traditional spread reception
scheme is used: with two spread antennas at two
frequencies. As a result, a fourfold difference is
achieved. Fig. 2 shows the functional scheme of the
troposcatter communication receiving device, which
uses composite signals on the Walsh-Hadamard basis
with pilot signals.

High-frequency radio signals are received by two
antennas and fed to the inputs of two low-noise

IFA

amplifiers (LNA). From the output of the LNA, the
signals are fed to the inputs of two mixers. Signals of
frequencies f; and f, from the generator of reference
frequencies are received at the reference inputs of the
mixers. To increase the stability of the reference
frequencies, the shaper input is connected to the output
of a highly stable quartz oscillator, which is a source of
highly stable oscillations and synchronization marks for
the entire troposcatter communication station. The
frequencies at the output of the reference frequency
shaper are calculated in such a way as to form signals at
the output at the intermediate frequency fir, which is the
same for all signal processing channels in the receiving
device.
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Fig. 2. Functional diagram of the receiving device of a tropospheric communication station using composite signals in the
Walsh-Hadamard basis with pilot signals

fif:fcl_fl:fcz_fz

The intermediate frequency amplifier (IFA)
amplifies the signal and transmits it to the input of the
analogue-to-digital converter (A/D).

The A/D input receives a mixture of the received
composite signal, orthogonality disturbance, and noise

N-n

sv(z):;q'(z)m(t+f,)+ilz['wj(t+f,)+
+&(t+7,)+n(1)

In the above expression, ¢;" and z;" are the adopted

information symbols and pilot symbols, & is the
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adopted implementation of the orthogonality violation
interference, and n(f) is the thermal noise. All
components of the mixture received from the
tropospheric radio link transmitter, except for thermal
noise, have the same delay 7;, which is common to the
selected reception channel and includes the multipath
delay. The index / determines the channel number and

in the case of four-channel reception /=1,4.

From the A/D output, a mixture of the composite
signal, interference, and thermal noise is fed to the input
of a matched filter and a controlled delay line. The
impulse response of the matched filter /(¢) is configured
to simultaneously receive n pilot signals included in the
composite signal. In analogue form, the reception of a
composite signal in a matched filter can be written in
the following form:

Z, :}S'l (t)h(1—Art)dt :jr'(NiC'(t)W,- (t+7)+

0 o\ i=l
+Zn:z'iwj(t+r,)+f'(z+r,)+n(t)Jh(t—At)dt
j=1

The above expression can be broken down into

components as follows:

—n

Z=Y }c'i(t)wi(twl)-h(t—At)dt+

=1

=

+

T
2w, (t+7,)-h(t—Ar)de +
0

1

~,

_|_

S —"

§'(t+z’1)-h(t—At)dt+}n(r)-h(r—At)dt

Provided that cyclic synchronization of the reception
of the component signal is ensured, the first component
in the above expression determines the cross-correlation
function between the Walsh functions transmitting
information symbols and the Walsh functions that are
pilot signals. Given that the Walsh-Hadamard basis is
constructed by orthogonal Walsh functions, this
component takes on a zero value on intervals of the
component signal duration 7. The third and fourth
components determine the influence of orthogonality
violation interference and thermal noise. The second
component is of interest. It can be represented as
follows:

n T n
Z' =ZJ.Z'Z.wj(t+rl)~h(t—At)=ZZ’1J(T])
=

J=lo

The function Z';; (7) is the response at the output of
the matched filter in the Ith reception channel to the j
pilot signal, as which the Walsh function is used.

Estimates from the outputs of matched filters of pilot
signals, which are formed in the case of detecting
responses for all n pilot signals at once, are transmitted
to the input of the Computing Device of the relative
channel delay Arz. The computing device has four
inputs for four receive channels. The computing device
calculates the relative delay of the arrival of the
estimate for each channel separately, taking the moment
of arrival of the first estimate as the reference point.
Based on the determined relative delays Az, control
signals are formed for the controlled delay lines that are
part of each reception channel.

In parallel, the estimates Z; are fed to the inputs of
the signal-to-noise ratio computing device (see Fig. 2).
This device generates estimates of the signal-to-
interference ratio for each reception channel. As a result
of the evaluation, the device generates four signals a;,
which determine the weighting coefficients and are
transmitted to the control inputs of the channel
amplifiers.

As a result of obtaining estimates of relative delays
and weighting coefficients, a final received component
signal is formed at the output of the adder

4
S'(1)= Za,S', (1—-A7)
=
The formed received component signal S'(¢) is fed to
the input of the Hadamard matrix, which performs the
direct Walsh-Hadamard transformation to determine the
received combination of information symbols C’

(. ' [ ' ' [
C —{c1,02,03,...,cN_n_l,cN_n}.

An important indicator of the efficiency of
tropospheric communication systems is spectral
efficiency. Spectral efficiency is defined as the ratio of
the number of information symbols (bits) to a unit of
frequency spectrum width of 1 Hz. For troposcatter
communication systems in which M-sequence signals
or their segments are used to counteract multipath, the
spectral efficiency is estimated by the expression

Ry _ R

1
=—|bit/Hz|.
AF,,  mAF [lt/ Z]

M =
In the above expression, Ryi is the information
transmission rate [bit/s], AFM is the bandwidth required

for transmitting signals of the M-sequence type [Hz], m
is the length of the M-sequence, AFy; is the bandwidth
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required for transmitting an information stream at a rate
of Ry without using an expanding M-sequence.

When using composite signals, each bit is
transmitted for the entire duration of the composite
signal 7= N-At, where T is the dimension of the Walsh-
Hadamard orthogonal basis, N = 2", At is the duration of
one symbol of the Walsh function, At = 1/Ru. The
frequency band required to transmit a composite signal
with an information rate of Ry is

1

AF =—=Ry;

Hz|.
L= R[]

Accordingly, the spectral efficiency of the
composite signals is

Ty ==,
APy,

This rate is significantly higher than that for systems
using signals of the M-sequence type. On the other
hand, systems with M-sequences provide better signal-
to-noise ratios. The resulting gain in spectral efficiency
allows you to increase the information transmission rate
at the same frequency band, or to use additional noise-
resistant coding at a fixed information transmission
rate.

Conclusions

The method proposed by the authors for forming a
composite signal, which is built in the Walsh-Hadamard
basis with pilot signals using the operation of
multiplying the row matrix containing the symbols of
the information message by a square Walsh-Hadamard
matrix of dimension N X N, can be taken as a basis for
minimizing the impact of the negative factor of
multipath when creating modern tropospheric lines and
new generation communication networks.

A functional diagram of a receiving device of a
troposcatter communication station using a traditional
diversity reception scheme has been developed and
described: with two diversity antennas at two
frequencies, which uses composite signals in the
Walsh-Hadamard basis with pilot signals, and provides
multipath avoidance at four-fold frequency separation.

The proposed technical solutions using the method
of forming composite signals in the Walsh basis make it
possible to create troposcatter communication systems
in the future, the spectral efficiency of which
significantly exceeds this indicator for systems using
M-sequence signals, which allows increasing the
information transmission rate at the same frequency
band, or increasing their noise immunity by using

additional noise-resistant coding at a fixed information
transmission rate.
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Kanwmuxk C.B, Hapumnux T.M.
MeTon miABUUIEHHS CHEKTPAJILHOI e(heKTUBHOCTI Tpomoc(epHOro 3B’A3KY HAa OCHOBI BHKOPHCTAHHS CKJIAJEHUX
curLajiB B 0asuci Youma

IpobaemaTnka. B cydacHuX TelleKOMYHIKAI[SIX AJIs OpraHi3aiii 3B’13Ky Ha JajeKi BiIcTaHl BUKOPUCTOBYIOThCS CHCTEMHU
TpomocdepHoro 3B’s3Ky. Ili cucTeMH 03BOJIIIOTH OPraHi3yBaTH 3B’S30K 3a MEXaMH MPAMOI BHIMMOCTI. BaxiuBum
(bakTopoM, K HEOOXiJHO BPaXOBYBATH B IIHX CHCTEMaX, € 0araTOMpOMEHEBICTh, SKa 3yMOBJICHA (Pi3NYHUM MPUHIAIIOM, IO
MOKJIaJICHUH B OCHOBY (YHKIIOHYBaHHS TpomocdepHUX cucteM. J[Isi MOoJIaHHS HETaTUBHOTO BILUIMBY LBOTO (hakTopy
3aCTOCOBYIOTBCSI PO3HECEHHH MPHUIOM Ta IIMPOKOCMYTOBI CUTHAIH. AJle ITMPOKOCMYTOBI CHIHAJIM BUKOPHCTOBYIOTh HAZAMIPHY
CMYTY YacTOT i XapaKTepHU3yIOThCsl HU3bKUM 3HAUCHHSAM CHEKTPAIBHOI €()EeKTUBHOCTI.

Merta nocaixkenb. Po3poOka MeToqy MojoNaHHS HETaTHBHOTO BIUIMBY 0araTONPOMEHEBOCTI 332 PaxXyHOK 3aCTOCYBAHHS

CKJIAJICHHX CHT'HAJIIB B 6a3uci Youma.
Metoanka peanizanii. [lapanensHi ckiiajeHi cUTHANM 3a0e3MEYyIOTh TMAKETHY Mepenadi OJHOYACHO TPYNU CHUTHAIIB, IO
noOy/10BaHI Ha OCHOBI MOBHOT CHCTEMH B3a€MHO OPTOTOHAIIBHUX (yHKUIH Yomma-Anamapa. KoxkeH curnan nepeaae oguH 6it
iH(popMalii, ajie napajenbHa rnepeaaya MakeTy B3aEMHO OPTOrOHAIBHUX CUTHAIIB J03BOJISIE YHUKHYTH 3HM)KSHHIO IIBUIKOCTI
nepenaui iHdopmarii B cucremi. [l mpoTuaii BIUIMBY 0araTOMpOMEHEBOCTI IO CKJIA[JEHOTO CHTHANY JOJAlOThCS MiIOT-
CUTHAJH, B SKOCTi skux oOpaHi okpemi ¢yHkmii Yomma-Amamapa i3 KpalldMH aBTO- Ta B3a€MHO KOPEISIiHHUMHU
BIacTUBOCTAMH. Jlo TiepeBar CKJIaJIeHUX CHIHaJiB B 0asuci Youma-AnaMapa BiTHOCHTBCS 1X CHEKTpalibHa e()eKTHBHICTb, IO
3HAYHO IICPEBHINYE CHEKTpaIbHY €(EeKTHBHICTh IIMPOKOCMYTOBHX CHIHAliB. Y CTarTi OMHCAHO MeTox (OpMyBaHHS
CKIIaJICHOTO CHTHAy 3a NpHMHIMNOM Yomma-Anamapa 3 MUIOT-CHTHaJaMu Ta (yHKIIOHAIbHA CXeMa NpHHMaabHOTO
MPHUCTPOIO, 10 3a0e3nedye ONTUMAaIbHE MEePEAIeTeKTOPHE JI0/IaBaHHs CUTHAIIB YOTUPHOX HE3aJeXKHNX PO3HECCHHX KaHAJIB
npuiomy.

PesyasTaTn pociimkens. B poboti ommcannii Meton dopmyBaHHS CKJIaJeHOro curHany B Oasuci Yomma-Anamapa i3
MIJIOT-CUTHATIaMH Ta TIpUBeeHa (QYHKIIOHAIbHA CXeMa IPHIMAIBHOTO IIPUCTPOIO, IO 3a0e3reuye ONTHMAaIbHE 10JeTEKTOpHE
CKIIQJICHHS CHTHAJIB 3 UYOTHPHOX HE3AJNECKHHMX KaHANIB PO3HECEHOTO NpHHOMYy. Bu3HaueHO 3alieXHICTh CHEKTPanbHOI
e(eKTUBHOCTI CKJIaJeHNX CHT'HAIIB Bil pO3MipHOCTI BUKOpPHCTaHOTO Oa3ncy Yoimra-Anamapa. 3acTOCyBaHHS IiJIOT-CHUTHAIIB
T03BOJISIE 320€3MEUNTH CHHXPOHHE CKJIA/ICHHS CHTHANIB, IPUHHATHX 13 YOTHPHOX HE3AICKHUX PO3HECCHUX KaHANIB IPHHOMY.

BucHoBKH. 3ampooHOBaHI TeXHIYHI PIlICHHS 3 BHKOPUCTAHHIM CKJIaJICHAX CHTHANIB B 0a3uci Yona Jaf0Th MOXKIIUBICTD
CTBOPEHHS CHCTEM TPOMOC(HEPHOTO 3B’s3Ky, IO 3a0e3MedyioTh poOOTy B yMOBaxX 0araTOIOpMEHEBOCTi, Ta CHEKTpajbHa
e(DeKTHBHICTb SKMX 3HAYHO MEPEBHUIIYE LieH MOKa3HUK JUISl CUCTEM, 1110 BUKOPUCTOBYIOTh CHTHAJIM THITy M-IOCIIIOBHOCTI, 1110
JI03BOJISIE 301IBIIMTH MIBUAKICTH Tepenadi iHpopmauii npu 0JHAKOBIH cMy3i 4acToT, ab0 MiABUIUMTH X 3aBaJIOCTIHKICTb,
BUKOPUCTOBYIOUH JI0JIATKOBO 3aBaJI0CTiiKe KOJIyBaHHs IIpH (DiKcoBaHii MIBUIKOCTI Nepeayi iHpopmalriii.

Knwouogi cnosa: Tponocepnuii  padioss’sazox;,  06azamonpomenesicmy, CHEKMpAibHA — epexmugHicms,  Memoou
PO3HECEHO20 NPULIOMY; WUPOKOCMY208ULl CUSHAT, OPMO2OHAIbHI CUSHAIY, niiom-cuenanu, oazuc Yomwa, gynkyii Yonwua-
Aoamapa; cuenaru muny M-nocrioosHocmi; npuuMaibHUll npucmpilu; wWeuokicmes nepedaui iHgopmayii; 3aeadocmitike
KOOY8aHHsL.
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