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ANALYSIS OF THE PROPERTIES OF NON-ORTHOGONAL METHODS
OF SIGNAL PROCESSING IN MIMO SYSTEMS

Conflicts of the last decades (the Chechen war (Russian Federation), armed confrontation in the countries of the Middle
East and North Africa, anti-terrorist operation in the territory of Donetsk and Lugansk regions (Operation of the United
Nations)) go beyond the existing (traditional) forms and methods of warfare, conducted on the background of information
and psychological operations and the active using of electronic emitters. One of the directions of increasing the noise
immunity of radio communication devices is using of multi-antenna radio communication systems. They are complex
technical systems. There are many approaches to increasing the impedance of multi-antenna systems, but the authors of this
article limited themselves to considering only the methods of signal processing, namely, non-orthogonal spatial-temporal
codes. During the research, the authors used the basic provisions of the theory of communication, the theory of antennas,
the theory of noise protection and signal-code structures. In the course of the research, it was found that non-orthogonal
methods of spatial-temporal signal processing have more spectral efficiency than orthogonal ones, with an equal number of
transmitting antennas, but they lose in energy efficiency the orthogonal methods of space-time signal processing. Using of
non-orthogonal codes leads to the increasing the number of computational operations in the receiver of the radio
communication device. All this results in further research on the development of the spatial-temporal signal coding method
in multi-antenna radio-communication systems with high energy and spectral efficiency, and it is necessary, that the
proposed method has an acceptable computational complexity.

Keywords: signal-interfering environment; information transfer speed; bit error probability; spatial-temporal processing;

MIMO system; parallel channels.

Introduction

Conflicts of the last decades (the Chechen war
(Russian Federation), armed confrontation in the
countries of the Middle East and North Africa, anti-
terrorist operation in the territory of Donetsk and
Lugansk regions (Operation of the United Nations)) go
beyond the existing (traditional) forms and methods of
warfare, conducted on the background of information and
psychological operations and the active use of electronic
emitters. Therefore, the provision of sustainable
communication is one of the priority directions of
scientific research. One of the directions to increase the
noise immunity of radio communication devices is using
of the multi-antenna radio communication systems.
MIMO (Multiple Input Multiple Output) technologies
have been found to be practical in many modern
telecommunication systems, in particular, wireless LANs
of the IEEE 802.11n standard, as well as WIMAX and
LTE mobile wireless networks, and others [1-5].

The essence of MIMO technology is similar to the
method of spaced reception, when several uncorrelated
copies of the signal created on the receiving side due to
the diversity of antennas in space, in polarization, in the
distribution of signals at the frequency or in time. Spatial
multiplexing was implemented in MIMO radio systems:
the data stream on the transmission was split into two or
more sub-streams, each of which was transmitted and
received using various antennas [1-6, 10-12].

The transmission of signals in the MIMO system
results in inter-symbol interference (ISI) on the
receiving side and may cause errors in the receiver
output. In order to compensate for these distortions,
channel alignment or evaluation of its impulse response

must be performed, which will allow the most faithfully
recovered symbols.

The authors of this article in the previous research
have established [13] that it is most expedient to use
non-orthogonal processing methods to increase the
frequency effectiveness of multi-antenna systems.

The purpose of this article is to analyze the
properties of non-orthogonal methods of signal
processing in the MIMO system.

Presentation of main material research

Let's formalize the work of the MIMO system. In
general, the structure of the MIMO system has in its
composition M, transmitters (transmit antennas) and M,
receivers (receiving antennas) (Fig. 1). Transmitted
signals after the influence of the relay fading and white
Gaussian noise (WGN) in the radio channel, arrive at
the M, receiving tracks [1-10].

Consider the MIMO system M,xM,, depicted in
Fig. 1. High-speed data flow was divided into M,
independent sequences at 1/M,, which was then transmitted
simultaneously from several antennas, respectively, using
only 1/M, of their primary band.

The data flow converter at the transmitter end of the
communication line converts the serial stream into parallel,
and at the receiving terminal, it performs the inverse
transformation.

In such a system, signals on the transmitting side
were emitted simultaneously and in the same band of
frequencies through the M, transmit antennas. The
transmitted signals, after the effect of the fading of the
signal and the additive white Gaussian noise, arrive in the
M, of the receiving paths. Each additive tract receives an
additive mixture of transmitted signals.
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Fig. 1. The block diagram of the MIMO system

You can increase the bandwidth of communication
channels by using non-orthogonal spatial-temporal codes.

The symbolic speed with non-orthogonal encoding
can reach values corresponding to the number of
transmitting antennas M, that is K, , time intervals can be

transmitted from a block L, =K,-M of information

symbols.

This condition corresponds to the coding scheme
V-BLAST (Vertical Bell Labs Layered Space Time). For
the V-BLAST, the following generating matrix is used

(a;) ()

where a; - information symbols.

For the WiMax systems with two transmitting
antennas of the IEEE 802.16e standard, that is
recommended not to orthogonal code, the so-called code
“C”, the symbolic speed of which also coincides with the
number of transmitting antennas:

1 o+ jrag  roptag
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/1 + r2 a)—raz jrop+aoy

where r =(\/§—1)/2.

Fig. 2 shows the maximum likelihood demodulation
characteristics for systems with 4 transmitting and
receiving antennas using the V-BLAST code and the “C”
code in the case of QAM-16 (Quadrature Amplitude
Modulation).

Code "C" allows better protection of the system than
the V-BLAST code. At the same time, the cost of
increasing energy efficiency is the complication of the
signal processing procedure on the receiving side.

Another example of a non-orthogonal code is the
double-code of Alamouti, which generates a matrix, which
can be represented as

o —ap
’
o o
i 3)
a3 —a4
Oy (2%

The specified pair consists of two blocks, each of
which is a matrix of Alamouti for two pairs of information
symbols oy,a, and as,o4. The specified code is used in

systems with 4 transmitting antennas.

Fig. 3 shows the maximum likelihood demodulation
characteristics for systems with 4 transmitting and 4
receiving antennas using V-BLAST and the Alamouti dual
code while using QAM-16.
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Fig. 2. Dependence on the probability of a bit error
from the signal/noise ratio for the BLAST code and the “C”

From the above graph, it can be seen, that
demodulation of the code V-BLAST with a symbolic
rate of 4 requires a signal-to-noise ratio of more than 5
dB while demodulating the double code of Alamouti.
Increasing the spectral efficiency in the MIMO system
was achieved by using the spatial-temporal code with a
higher symbolic speed for a given number of
transmitting and receiving antennas leads to the increase
in the energy efficiency of the MIMO system.
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Fig. 3. Dependence on the probability of false reception
from the signal/noise ratio for the double code
of Alamouti and V-BLAST
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In the case of orthogonal spatial-temporal codes,
the procedure for calculating the transmitted symbols
that are optimal for the criterion of maximum likelihood
with linear computational complexity, that is, the
number of arithmetic operations is directly proportional
to the number of transmit antennas, is implemented on
the receiving side. In non-orthogonal coding, the
maximum likelihood algorithm is complicated.

In general, the process of demodulation in systems
with spatial-temporal coding mathematically reduces to
the solution of the equation

Z =HA + B, 4
where Z is the vector, each component of which z,

i= L_V is the countdown of the complex output at the i-
th input of the demodulator STC; A is the vector, whose

component is a;, j=1,§ is a complex information

symbol belonging to the set {a'”, ..., a®}is transmitted,
K is the multiplicity of quadrature amplitude
modulation, QAM (Quadrature Amplitude Modulation);
H is a matrix, each element of which 7; is a complex
transmission coefficient of the path of propagation of
the signal emitted by the j -th antenna and taken by the i
-th antenna; B is a vector, every component of which b;
is counting the complex Gaussian noise at the i-th input
of the STC demodulator, having a zero mean and a
dispersion of 26°.

However, in the expression (4) is a random
component in the form of Gaussian noise, then
traditional methods for solving linear equations can lead
to errors.

Different methods can be used to compute
estimates of transmitted symbols: Zero Forcing,
Successive Interference Cancellation (SIC), Maximum
Likelihood Method (MLM), and Spherical Method
Decoding (SMD) and so on.

Consider the spatial-temporal codes, that is used in
the standards of wireless communication.

In IEEE 802.16, IEEE 802.11 standards governing
the radio interface for broadband radio access systems,
it is recommended to use orthogonal and non-
orthogonal spatial-temporal codes.

Tables 1 and 2 show the basic codes of spatial and
temporal signal processing for broadband radio access
systems.

As it can be seen from tables 1 and 2, most spatial-
temporal codes are non-orthogonal.

Conclusions

In this article, the authors analyzed the parameters
of non-orthogonal spatial-temporal codes, that are used
for signal processing in MIMO systems.

Thus, having conducted a comparative analysis of
orthogonal and non-orthogonal codes, it should be
noted, that the cost of increasing spectral efficiency in
systems with non-orthogonal spatial-temporal coding is

Table I — IEEE 802.16 spatial-temporal codes

Formation matrix Number of |- Code Code class
antennas | speed
o —ah
, 2 1 Orthogonal
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o -
1 > > Non
oy orthogonal
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on-
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a3
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Table 2 — IEEE 802.11 spatial-temporal codes
Formation Number of Code
. Code class
matrix antennas speed
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the complication of processing procedures on the
receiving side, as there is no algorithm that is optimal
for the criterion of maximum likelihood and with linear
computational complexity.

Since non-orthogonal codes have not always
provided sufficient diversity of transmitted signals, this
led to the decreasing the energy efficiency of MIMO
channels.

Consequently, an urgent scientific problem arises,
which was solved in further studies by the authors,
which consists of developing spatial-temporal signal
processing methods with acceptable computational
complexity and high energy and spectral efficiency.
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AHaJIi3 BJIaCTHBOCTEH HEOPTOrOHAILHHUX METONIB 00p00KH cHrHaTIB B cuctemax MIMO
P. M. )Kusotoscekuii, O. C. Momit

Kongunikru ocrannix necstunith (HeueHcbka BiitHa (Pociiicbka Denepanist), 30poiiHi NPOTUCTOSHHA B KpaiHax biusbkoro
Cxony Ta IliBHiuHOI Adpuky, AHTHTEpOpHCTHYHA omepaiis Ha Tepuropii [Jlonenpkoi Ta Jlyrancekoi obmacreit (Onepatist
006’ enanux Cuin)) BUXOIATh 32 PaMKHU iCHYrOuHX (TpaauuiiHux) GopM Ta criocoliB BeieHHs O0OHOBUX i, IPOBOAATHCA HA (OHI
iH(OpMAaLHHO-TICUXOJIOTIYHUX Ollepaliii Ta aKTUBHOIO BMKOPHCTaHHS 3ac00iB paiOelIeKTPOHHOro moiasieHHs. OpHuM 3
HAaIpsIMKIB HiJIBUILICHHS 3aBa103aXUIIEHOCTI 3aCO0IB pajio3B’s3Ky € BUKOPHUCTaHHS 0araTOaHTEHHUX CHUCTEM pajiio3B’s3Ky. BoHu €
CKJIQTHUMHU TEXHIYHAMHU cHUcTeMaMH. IcHye GaraTo miJXoAiB O ITiBHINEHHS 3aBa/I03aXHIICHOCTI 0araTOaHTEHHUX CHUCTEM, IIPOTe
aBTOPH 3a3HAYCHOI CTATTi OOMEXMIIHCS PO3IJIALOM JIMILIE METONIB OOpOOKM CHUI'HAJIB, a caMe HE OPTOrOHAIBHUX IPOCTOPOBO-
4acoBHUX KoJiB. B xomi nociipkeHHs aBropamu Oyinu BUKOPHCTaHi 6a30Bi MOJIOXKEHHS TEOpil 3B 13Ky, TeOpii aHTeH, Teopii 3aBaio-
3aXMILEHOCTI Ta CUTHAJIbHO-KOIOBUX KOHCTPYKLIH. B X0z npoBeeHoro 10ciipKeHHs BCTAHOBJICHO, 110 HE OPTOrOHAIbHI METOIU
IIPOCTOPOBO-4aCOBOI OOPOOKM CHTHAIIIB MalOTh OijIblle CHEKTpalbHy e(EeKTUBHICTD y NMOPIBHAHHI 3 OPTOrOHAIBHUMH, IIPU PiBHIH
KUIBKOCTI Tepe/laBaJIbHUX aHTEH, MPOTe BOHM IPOrParoTh B CHEPreTH4HIN e()eKTHBHOCTI OPTOrOHAJIBHUM METOIaM IPOCTOPOBO-
4acoBoi 00poOKM cUrHaIiB. BHKOpHCTaHHS HE OPTOrOHAIBHUX KOIIB NMPH3BOJWTH O 30UIBIIEHHS KiJBKOCTI OOYHCIIOBAJIBHHX
omepariii B mpuiiMadi 3aco0y paaio3B’si3Ky. Bce 1ie o0yMOBIIOE MOJaibIle IMPOBENCHHS IOCTIIKEHb 3 PO3POOKH METOIy
IIPOCTOPOBO-YaCOBOI'0 KOJIyBaHHsI CUI'HAJIB B 0araTOAaHTEHHUX CHCTEMAaX Pajlio3B’sI3Ky 3 BUCOKOIO €HEPreTHYHOIO Ta CIIEKTPATIbHO0
e()eKTUBHICTIO, IIPH LIbOMY HEOOX1/1HO, 11100 3aIPOIOHOBAHUIT METOJ MaB IPUIHATHY OOUHCITIOBAIIBHY CKIIQHICTb.

Karo4doBi cioBa: curaaibHO-3aBajjoBa 00CTaHOBKA; IIBUAKICTH Iepesaul iHpopManii; IMOBIpHICTH GITOBOI MOMMIIKY;
MIPOCTOpPOBO-YacoBa 00podka; cucrema MIMO; mapaiiesibHi KaHaI.

AHaJIN3 CBOHCTB HEOPTOrOHAIBLHBIX METOA0B 00pa0O0TKH CHTHAJIOB B cictemax MIMO
P. H. )KuBoroBckuii, A. C. Momut

Kongmixrel nocnemnux pecsarmwneruid (Ueuenckas BoiHa (Poccuiickas ®deneparys), BOOPY)KEHHbIE HNPOTHBOCTOSIHUS B
crpanax bmmwknero Bocroka n CeepHoit Adpuxu, AHTHTEppOpHCTHUECKas onepauus Ha Teppuropun Jlonenkoit Ta JyraHckoi
obnacreit (Onepauus OO0benuHeHHbIX CHIT)) BBIXOIAT 32 PaMKH CYLIECTBYIOIIMX (TpaJMIMOHHBIX) (OpPM Ta CIIOCOOOB BEICHHE
OOEBBIX JIEHCTBUI, NPOBOAATCS Ha (poHE HMH(OPMAIOHHO-IICHXOIOIMYECKUX OIllepaliii Ta aKTUBHOTO HCIOJIB30BaHHUE CPEICTB
PaaMONIEKTPOHHOro nofasineHus. OIHMM W3 HANpaBiICHWH IIOBBIMIEHUS IOMEXO3ALIMIIEHHOCTH CPEICTB PAJHUOCBS3U €CTh
HCHOJIb30BAHUS MHOTOAHTEHHBIX CHCTEM pajuocBs3u. OHU SBISIOTCS CIOXKHBIMH TEXHMYECKUMH cucreMamu. CyliecTByeT MHOrO
TIOJIXO/I0B K IOBBILICHHUIO IOMEX03aIMIIEHHOCTH MHOIOAHTEHHBIX CUCTEM, TEM HE MEHEE aBTOPbI YKa3aHHON CTaThbU OrPaHUUMINCH
PAacCMOTPEHUEM JIMIIb METOAOB 00paOOTKH CUIHAJIOB, @ UMEHHO HEOPTOrOHAIIBHBIX IPOCTPAHCTBEHHO-BPEMEHHBIX KOIIOB. B Xxoze
HCCIICZIOBAHMS aBTOPaMM ObLIM MCIIONb30BAHHbIE Oa30Bble IOJIOKEHHS TEOPUM CBSI3U, TEOPUM AHTCHH, TEOPHM IOMeXa
3alUIEHHOCTH U CUTHAJIBbHO-KOJOBBIX KOHCTPYKIMH. B Xo1e npoBeieHHOro uccie10BaHus yCTaHOBIIEHO, YTO HE OPTOrOHAJIbHbIE
METO/Ibl MPOCTPaHCTBEHHO-BPEMEHHOH 00pabOTKM CHUTHAJIOB MMEIOT OOJIBIIYI0 CHEKTPabHYIO 3((EKTHBHOCTh B CPaBHEHHH C
OpTOrOHAJIBHBIMHU, IIPH PABHOM KOJIMYECTBE MEpE/ArOIUX aHTEHH, TAKKe OHM HMPOMIPBIBAIOT B SHEPreTndeckoi 3ddekrusHocTH
OPTOrOHAJIBHBIM METOJIaM IPOCTPAaHCTBEHHO-BPEMEHHOI 00paboTku curHanoB. Vcronb3oBaHHE HEOPTOTOHAIBHBIX KOIOB
MPUBOAUT K YBEIMUYEHUIO KOJIMYECTBA BBIYMCIMTEIIBHBIX ONEpalyii B IPUEMHUKE CpeJCTBa pajuocBsa3u. Bee aro oOycnasimBaer
JlabHelIee MPOBEACHNE MCCISOBaHNN 110 pa3paboTke MeToa IPOCTPaHCTBEHHO-BPEMEHHOrO KOAMPOBAaHUS CHTHAJIOB B
MHOTOAHTEHHBIX CHCT€MaX PaJMOCBSA3H C BBICOKOH SHEPreTHYECKOH M CHEKTPabHOH 3(P(EKTMBHOCTH, IIPU 3TOM HEOOXOIMMO,
4TOOBI PEUIOKEHHBII METOJI UMeIT IPUEMIIEMYIO BBIYMCIUTEIIBHYIO CIIOKHOCTb.

KaoueBble ciioBa: CHIHAIBHO-TIOMEXOBAas OOCTaHOBKA; CKOPOCTH Iepefadyd MH(POPMAIUK; BEPOSATHOCTH OWUTOBOW
OIIMOKH; ITPOCTPAaHCTBEHHO-BpeMeHHas 00padotka; cucrema MIMO, napauiesibHbIe KaHAJIBI.
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