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INFLUENCE OF DOPPLER EFFECTS ON 2x2 TO 4x4 MIMO
SYSTEMS WITH DIRECT LINE-OF-SIGHT PATH
BY RICIAN FADING DISTRIBUTION
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Background. For multiplying the capacity of a radio link by using multiple antennas at the transmitter and receiver ends,
wireless communication networks use the MIMO technique. The quality of MIMO wireless communication may worsen when
either the transmitter or receiver end is in motion, or they both are in motion. To sustain high quality of links, MIMO operates,
in particular, on channel state information by using orthogonal pilot sequences.

Objective. The goal is to estimate the bit-error-rate performance of 2x2, 3x3, and 4x4 MIMO systems with orthogonal
pilot sequences for a range of Doppler shifts by the Rician fading distribution modeling the scenario of direct line-of-sight
path. The estimation is believed to answer the question on MIMO efficiency by ascertaining whether increasing the number of
antennas mitigates the Doppler effect in 2x2 to 4x4 MIMO systems with direct line-of-sight path.

Methods. To achieve the goal, 2x2 to 4x4 MIMO systems with channel state estimation are simulated. The simulation is
configured and carried out by using MATLAB® R2019a Communications System Toolbox™ functions. The 35 subcases of
the frame length and number of pilot symbols per frame are considered.

Results. The near-exponential-type decreasing of the bit-error-rate performance is almost not violated by no motion,
whereas further speed increments destroy it for 2x2 MIMO systems. It is revealed that too long packet transmissions by short
orthogonal pilot sequences (with respect to the packet length) are prone to errors. This especially concerns 2x2 MIMO
systems, where channel state estimation by short orthogonal pilot sequences appears to be ineffective or weakly effective.

Conclusions. In general, to maintain an appropriate MIMO link data rate, the packet length should be shortened as the
motion speed increases. Increasing the number of antennas additionally mitigates Doppler effects. So, 4x4 MIMO system
transmissions are indeed efficient. The shortest possible packet transmissions are not affected by Doppler effects if three or
four antennas are used.

Keywords: wireless communication system; MIMO; Rician fading; channel state estimation; orthogonal pilot sequences;
Doppler effect.

1. Rician fading distribution To sustain high quality of links, MIMO operates, in
and orthogonal piloting in MIMO particular, on channel state information [1, 4, 6]. The
channel state information is extracted from the received
signal by using orthogonal pilot signals prepended to
every packet [7]. Although the orthogonal pilot signal
approach (OPSA) for channel state estimation (CSE)
has a higher overhead, it achieves a better channel
estimation accuracy than without any known
transmitted sequence [8]. Thus, Doppler shifts and
combined effects of scattering, fading, and power decay

As of 2020, 5G networks in Ukraine are the most
promising wireless communication technology. They
are still being tested before becoming country-
widespread. For multiplying the capacity of a radio link
by using multiple antennas at the transmitter and
receiver ends, 5G networks use the MIMO technique
and massive MIMO approach [1]. The quality of
MIMO wireless communication, however, may worsen with distance are compensated by CSE.
when either the transmitter or receiver end is in motion, Obviously, longer orthogonal pilot sequences
or they both are in motion [2], [3]. This is caused by the (OPSs) are expected to ensure better MIMO

multipath scattering and Doppler effects [1], [3], [4]. performance. Nevertheless, OPSs cannot be too long as

Nevg rtheless, it may seem j[hat a scenafio of direct line- the OPS length is limited by the coherence time of the
of-sight path from transmitter to receiver (DLoSPTR) channel [9]. Besides, the reuse of OPSs of several co-

by city 'Erafﬁc §p§eds should not have b'ad influence on channel cells leads to pilot contamination worsening the
the quality. This is so due to the scenario of DLoSPTR  \rinvio performance [10].

by human-walking speeds or vehicular speeds up to In MIMO, the first OPS is usually the sequence of
60 km/h is believed to result in weak Doppler shifts and
negligible path delays without reflections. DLoSPTR is
modeled by Rician fading distribution [2], [5].

ones, which is the Walsh function of the zeroth order
(being a function-constant) [11]. The second OPS, in
the given finite binary basis ordered by Walsh [11],
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[12], is the Walsh function of the last order. This
function is an ideal meander of the highest frequency
[12]. If to consider Walsh functions from the middle of
the unit interval on which they are defined, the structure
of Walsh functions is symmetrical [11], [12]. Partially
unsymmetrical binary functions (PUBFs) which
constitute orthogonal bases are known also (e. g., sece
[13], [14]). The eight orthogonal bases of such PUBFs
(considering the seven non-zeroth-order functions in
every basis; the function-constant, which is the zeroth-
order function in every basis, is not considered) found
by Romanuke [12] were simulated to substitute the
respective Walsh functions in wireless communication
systems with the code division multiple access [15]. It
was shown in [12] and [14] that these orthogonal sets of
binary functions outperform a Walsh set, where the bit-
error rate (BER) is decreased by 3 % to 5 %. Thus, it is
thereafter assumed that BER in MIMO systems with
OPSA by DLoSPTR might be decreased by using the
similar substitution. This is believed to increase general
throughput and reliability of MIMO links, i.e., to
further develop 5G networks.

2. Goal formulation

The goal is to estimate the BER performance of 2x2,
3x3, and 4x4 MIMO systems with CSE by the OPSA
for both the Walsh (Hadamard) and Romanuke binary
functions for a range of Doppler shifts by the Rician
fading distribution (modeling the scenario of
DLoSPTR) [2], [5]. For this, various relationships of
the frame length and pilot symbols per frame will be
considered. The estimated BER performance is believed
to answer the question on MIMO efficiency by
ascertaining whether increasing the number of antennas
mitigates the Doppler effect by DLoSPTR. A
possibility of CSE by the OPSA by more appropriate
orthogonal sets is to be studied as well.

To achieve the said goal, 2x2 to 4x4 MIMO wireless
communication systems with CSE will be simulated,
where the number of transmit and receive antennas is
the same (two, three, and four, respectively). The
simulation will be configured and carried out by
using MATLAB® R2019a Communications System
Toolbox™ (CST) functions. The BER performance is
to be plotted versus a ratio of bit energy to noise power
spectral density. The range of the bit-energy-to-noise-
density ratio (BENDR) is set from 0 dB to 8 dB with a
step of 1 dB. The range of Doppler shifts is from zero to
a value at which the motion achieves city traffic speeds.

3. Simulation parameters and set-up

In the MATLAB® CST simulation, the data are
modulated and encoded as follows. For using 2 to 4

transmit antennas, the signal is modulated by applying
the quaternary phase shift keying (QPSK) method. In
the MATLAB® CST, this is realized by the
QPSKModulator object. The modulated signal is then
encoded by using the OSTBCEncoder object. The
OSTBCEncoder object encodes an input symbol
sequence using orthogonal space-time block code
(OSTBC). The block maps the input symbols block-
wise and concatenates the output codeword matrices in
the time domain.

While the modulated signal is encoded, the symbol
rate of the code is 1 for a 2x2 MIMO system, and is 3/4
for 3x3 and 4x4 MIMO systems [1], [9]. To match the
symbol rate with piloting, the frame length denoted by
F is set at

F=36-2" by n=0,7 (1)

symbols. Subsequently, the number of pilot symbols per
frame denoted by P, which commonly does not exceed
25 % of the frame length, is set at

P=2"2 by n=0,6 2)

symbols, with respect to each frame length (Table 1).
This results in the 35 subcases of the two parameters
paired for simulation.

Table 1. The 35 subcases of the frame length and number
of pilot symbols per frame by (1) and (2)

F 36 72 72 144 | 144 | 144 | 288
P 8 8 16 8 16 32 8

F 288 | 288 | 288 | 576 | 576 | 576 | 576
P 16 32 64 8 16 32 64

F 576 | 1152 | 1152 | 1152 | 1152 | 1152 | 1152
P 128 8 16 32 64 128 | 256
F | 2304 | 2304 | 2304 | 2304 | 2304 | 2304 | 2304
P 8 16 32 64 128 | 256 | 512
F | 4608 | 4608 | 4608 | 4608 | 4608 | 4608 | 4608
P 8 16 32 64 128 | 256 | 512

OPSs are formed as follows. In an NxN MIMO
system, the N pilot sequences are taken as the first N
Walsh Hadamard-ordered functions from the basis of
P functions (see an example in Fig. 1). In the case of
using orthogonal codes by PUBFs [12], [13], the N
pilot sequences are taken as the last N binary functions
from each of the eight bases of P functions (see an
example in Fig. 2).
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Fig. 1. The four Walsh Hadamard-ordered orthogonal
functions in a 4x4 MIMO system

Fig. 2. The four last PUBFs (from each of the eight bases) in
a 4x4 MIMO system



For each of those 9 BENDR points (from 0 dB to
8 dB with a step of 1 dB), maximum 5000 packets (this
amount is sufficient to achieve statistical stability of
simulation results) are transmitted through flat-fading
Rician channels [5], to which white Gaussian noise is
added by applying the CST AWGNChannel object. It is
assumed that the channel remains unchanged for the
length of the packet (i. e., it undergoes slow fading).
Besides, it is additionally assumed that the channel
undergoes independent fading between the multiple
transmit-receive antenna pairs [16].

At the receiving end, the signal is combined and
demodulated. For this, the CST OSTBCCombiner
object combines the signals from all of the receive
antennas and the channel estimate signal to extract the
soft information of the symbols encoded by an OSTBC.
The combining algorithm uses only the estimate for the
first symbol period per codeword block. The output of
the combiner is demodulated by applying the CST
QPSKDemodulator object. While an end-to-end MIMO
system is simulated, the number of errors is registered
for every BENDR point at each Doppler shift
(including no motion, i.e. by zero Doppler shift) for
every subcase in Table 1. The maximum number of
errors is 10 % of the maximum number of packets. So,
if 500 errors occur at a given BENDR, the simulation
loop for the given BENDR is broken.

Denote the speed of the motion by v and the
Doppler shift measured in Hz by S, If £, isthe

carrier frequency in GHz, then speed v measured in

oppler *

km/hr is expressed via Sy, and f, .. as[3]
G 1.08- S oier ‘ )
f;arrier

So, at the same Doppler shift, lesser carrier frequencies
correspond to faster motion. Thus, if f . =2.4 GHz

and the speed is v=45 km/hr (which is close to a
medium city traffic speed), the Doppler shift is 100 Hz.
If fomie =59 GHz, shift S, . =100 Hz builds up at

about v=18.3 km/hr. A city traffic speed of almost
55 km/hr by such a carrier corresponds to a Doppler
shift in 300 Hz.

4. Visualization of the simulation results

For a benchmark, the BER performance versus
BENDR by no motion with pairs {F , P} is plotted in

Fig. 3, where Hadamard sequences are marked with
squared points and the PUBF orthogonal sequences are
marked with circled points. The polylines for a MIMO
system with a greater number of transmit-receive
antenna pairs are visualized thicker. The same markers

INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 11 NUMBER 2 JULY-DECEMBER 2020

and line thickness will be used further. Fig. 3 shows
that, except for the six subcases of

{F=2304,P=8}, (4)
{F =4608, P =8}, (5)
{F =4608, P=16}, (6)
{F =4608, P=32}, (7
{F =4608, P =64}, (8)
{F =4608, P=128}, 9)

and the subcase of

[F=144,P=8}, (10)

the polylines for 2x2 MIMO systems are distinctly
above the polylines for 3x3 MIMO systems, and the
latter are above the polylines for 4x4 MIMO systems.
This means that the best performance by no motion is
achieved by increasing the number of transmit-receive
antenna pairs by the exception of either transmitting
very long packets (F =4608, in the bottom subplot
row) or long packets having too short OPSs in the
subcase of (4). In the subcase of (10), the polylines for
3x3 and 4x4 MIMO have unexpectedly intersected due
to probably a significant amount of errors registered at a
BENDR of 0dB. The least BER is obtained by
transmitting longer packets with the longest OPSs. In
particular, this is the subcases of

(F=2304,P=512}. (11)

At a Doppler shift of § =100 Hz, the BER

performance undergoes significant changes (Fig. 4).
This mainly concerns both transmitting long packets
with too short OPSs and transmitting very long packets
(whichever they are piloted): in the 20 subcases of

Doppler

{F =288, P=8}, (12)
{F=576,P=8}, (13)
{F =576, P=16}, (14)
{F=1152,P =8}, (15)
{F=1152,P=16}, (16)
{F=1152,P =32}, (17)

subcase (4) and the remaining six subcases by
F =2304 (the second subplot row from the bottom),
and all the subcases by F' =4608 (the bottom subplot
row), the BER distinctly worsens. On the other hand,
transmissions by
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1152,

(r-

5). Using relationship (3), this corresponds to the

motion with speeds between roughly 36 and 90 km/hr.

At such speeds, MIMO transmissions of long packets
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the
the BER performance of 4x4

above the polylines for 4x4 MIMO systems. As

The averaged BER performance versus BENDR
shown in Fig. 7 confirms that even city traffic speed motion speeds redoubles,

motion may decrease efficiency of MIMO systems.

MIMO systems at the highest BENDR successively

in Fig. 3—6 for the subcases of worsens approximately by 50 %. At lower BENDRs,

transmitting shorter packets, the polylines for 2x2

However, as

the performance, although worsening, is far less

“sensitive” to Doppler effects. Thus, the BER does not
even double at the zero BENDR in 4x4 MIMO.

MIMO systems in Fig.7 are distinctly above the

polylines for 3x3 MIMO systems, and the latter are
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Fig. 7. The averaged BER performance versus BENDR

It is quite clear that the BER performance will
further deteriorate as the motion speed continues
increasing. Nevertheless, Doppler shifts greater than
300 Hz will fall out of modeling the scenario of
DLoSPTR as distances corresponding to DLoSPTR are
passed very fast then. Such cases are modeled by using
Rayleigh fading distribution, where packets are
transmitted through flat-fading Rayleigh channels [17].

5. Discussion

Surely, selection of OPSs is crucial to maintain an
appropriate MIMO link data rate. In addition to this,
too long packet transmissions by short OPSs (with
respect to the packet length), like in the subcases of
(5)—(9), (4), {F =2304, P=16}, {F =2304, P =32},
(15)—(17), (13), (14), (12), and (10), are prone to
errors. This especially concerns 2x2 MIMO systems,
where CSE by short OPSs appears to be ineffective or
weakly effective.

A special attention should be paid to smoothness of
a BER performance polyline. It is well seen in Fig. 3 —

6 that the smoothness starts getting shattered as the
motion speed increases by transmitting longer packets
with relatively short OPSs. Besides, the near-
exponential-type decreasing of the polylines is violated
also. The averaged BER performance in Fig. 7 confirms
this as well. Thus, the near-exponential-type decreasing
is almost not violated by no motion, whereas further
speed increments destroy it for 2x2 MIMO systems.
However, herein the near-exponential-type decreasing
is less affected for 3x3 MIMO systems. The polylines
for 4x4 MIMO systems, whose transmissions are
effective, are not expected to be affected much.

Fig. 3— 7 also show that, in the case of using
orthogonal codes by PUBFs [12] instead of Walsh
Hadamard-ordered functions, the CSE is not
significantly improved. Bunches of polylines by PUBFs
and Walsh Hadamard-ordered functions are more
dispersed for MIMO systems with a lesser number of
antennas. Obviously, the worst dispersion is for 2x2
MIMO systems. Surely, a more appropriate orthogonal
set might be selected for such systems if its respective
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BER polyline was always (or in most of the studied
subcases) below the others. However, the latter is not
confirmed by the simulation results.

6. Conclusion

Based on the simulation results, it is ascertained that
the estimated BER performance of 2x2 to 4x4 MIMO
systems with CSE by the OPSA is unfavorably
influenced by Doppler effects in DLoSPTR modeled by
the Rician fading distribution. In general, to maintain an
appropriate MIMO link data rate, the packet length
should be shortened as the motion speed increases.
Increasing the number of antennas additionally
mitigates Doppler effects. So, 4x4 MIMO system
transmissions are indeed efficient. It is noteworthy that
the shortest possible packet transmissions are not
affected by Doppler effects if three or four antennas are
used.
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Bnns edekris Jlonnepa Ha cuctemu MIMO Bif 2%2 10 44 3 TpaekTOpi€l0 pagioXBUIb NPH PO3NOBCIOIKEHHI Y

Mezkax npsiMoi BUANMOCTI 32 po3noisioM 3apmMupanns Paiica

Ipob6aemaTuka. Jlns 30iMbIIEHHS MPOMYCKHOI 3AaTHOCTI pajiOKaHATy IIPH BHKOPHCTAHHI MAEKUIBKOX aHTEH Ha
nepeflaBalbHOMY Ta NPUHMANbHOMY KIiHIIIX, Mepexi 0e3ApoTOBOro 3B’S3Ky BHKOPHUCTOBYIOTH TexHiky MIMO. Skicts
6e3xportoBoro 3B’ sa3xy MIMO Moxke moripiryBaTics, KOIH TepeaaBad abo mpuitmad nepeOyBaroTh y pyci, abo BOHE 00uiBa
nepeOyBarTh y pyci. st miarpuMkn BucokosikicHoro 3B’s3ky MIMO omepye, 30kpema, iHhOpMaIli€ro Mpo CTaH KaHAIy 3a

JOIIOMOT0X0 OPTOIrOHAJIbHUX HiJ'IOTy}O‘{I/IX HOCJ'IiZ[OBHOCTCﬁ.

Merta pocaimkennsi. Mera mojsrae y ToMy, o0 OIiHUTH MPOAYKTHBHICTh 32 PiBHEM IOMIUIKOBUX 0OitiB cucteM MIMO
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2%2, 3%3 1 4x4 3 OpTOrOHANPHUMHU MIIOTYIOUUMH IOCTIZOBHOCTSIMH Ui JESKOTO Jiala3oHy IOMNIEPiBCBKUX 3CYBIB 3a
pO3MoiIoM 3aBMHpaHHs Paiica, 1[0 MOJENIOE TPAEKTOPIKO PaTiOXBHIIb IPH PO3MOBCIODKCHHI Y MEXKaX MPSIMOi BHIAUMOCTI.
Take OILHIOBAaHHS Ma€ JaTH BINMOBiAb Ha mUTaHHA mpo epekruBHicTh MIMO, 3’sicoByroun Te, yu 30UTbIICHHS KiTBKOCTI
aHTeH nom’sikmye epekt Jomepa y cucremax MIMO Bix 2x2 1o 4x4 3 TpaekTOpi€0 palioXBUIIb TPHU PO3MOBCIOHKEHHI Y
MexKax MPIMOI BHIUMOCTI.

Metoanka peamizamii. /11 TOCATHEHHS METH MPOBOAUTHCS cUMyIrlis cucteM MIMO Big 22 mo 4x4 3 OLiHIOBaHHAM
cTany KaHamiB. CuMynsauis Ta ii KoH(IirypysaHHs BinOyBaoThcs 3a jomomororo (ymknii MATLAB® R2019a
Communications System Toolbox™. Posrnsmaerscs 35 migBumajkis JoBxuHA (peiiMy Ta KiTBKOCTI IIOTHAX CHMBOIIB Y
Gbpeiimi.

PesyabTaTu jpociimkennsi. TUn TPOXYKTUBHOCTI 3a pPIBHEM MOMHJIKOBHX OiTiB, ONW3BKHH 1O EKCIOHEHINAILHOTO
CTIaJIaHHs, € Maihke HEMOpYyIIHHM 3a BIICYTHOCTI PyXy, TOIi SK MOJAJbIIi 30LTBIICHHS IIBHAKOCTI HOTO PYHHYIOTH IS
cucteM 2x2-MIMO. BusBsieHo, M0 TepelaBaHHS 3aJ0BIMX TAKETiB 32 KOPOTKMX OPTOTOHAJIBHUX MIIOTYIOUHX
TIOCITIIOBHOCTEH (BIHOCHO JIOBXHMHH TakeTa) mijgaHe mnommikam. OcoOmuBo 1ie crtocyeTbes cucteM 2x2-MIMO, ne
OI[IHIOBAaHHS CTaHy KaHATIB 32 KOPOTKMX OPTOTOHAJIBHMX MUIOTYIOYMX IOCTIJJOBHOCTEH BHTISAa€ HEee(EeKTHBHUM abo
crabKOe(EeKTHBHIM.

BuchHoBku. Y 3aragpHOMy, A TOTO, OO MiATPUMYyBaTH HPHHHATHHI piBeHb mepemadi manmx y MIMO-kanami, 3i
301TIBIICHHAM IIBHAKOCTI PyXy JAOBKWHA MAKeTa MA€ CKOPOYYBATHCh. 3OIMBIICHHS KITBKOCTI aHTEH JOAATKOBO MOM’ SKIIyE
edextn Jlomepa. Takum umHOM, mepemaBaHHS y cuctemax 4x4-MIMO e mificno edextuBHuM. Edextn [lommepa He
BIUTMBAIOTh Ha MEpeIaBaHHs SIKHANKOPOTIIHNX MaKeTiB, SKIIO BUKOPHCTOBYIOTHCS TPH a00 YOTHPH aHTECHH.

KuouoBi cioBa: cucrema 0e3mportoBoro 3B’s3ky; MIMO; posnoxin Paiica; omiHIOBaHHS CTaHy KaHANiB; OPTOTOHANIBHI
MiOTYIOUi mociioBHOCTI; edekT Homrepa.

Pomanwk B. B.
Buusinue >3¢dexron Jomiepa na cuctrembl MIMO ot 2x2 10 4X4 ¢ TpaeKkTopueil paloBOJIH IPH PACPOCTPAHEHU U
B npejesax NpsAMoii BUAMMOCTH NPU pacnpeenennu Paiica

Ipo6aemaruka. /s yBeaUYeHHUs TPOMYCKHON CIIOCOOHOCTH paJiOKaHaNa MpPH MCIIOJIb30BaHUHM HECKOJBKUX aHTCHH Ha
HepeslaroIieM U MPUEMHOM KOHIIAaX, CETH OSCIPOBOIHON CBSA3M MCMONB3YIOT TexHHKY MIMO. KadecTBo OecripoBotHON CBSA3M
MIMO mosxeT yXyAmarbces, Korjaa nepeaTauk Wik NPHEMHHUK HaXOIATCS B IBIKCHHH, WJIM OHU 00a HAXOJATCS B IBH)KCHUH.
J1s momiep:KKH BhICOKOKauecTBeHHOH cBsisu MIMO onepupyer, B 4acTHOCTH, WH(MOpMAIMEd O COCTOSIHUM KaHajia C
TIOMOIIBI0 OPTOTOHATIBHBIX MIIOTHPYIOIINX HOCIIEI0BATEIBHOCTEH.

Heas nccaenoBannsi. Lenb cocToUT B TOM, 9TOOBI OIICHUTH IPOU3BOIUTEIBHOCTD 10 YPOBHIO OITMOOYHBIX OUTOB CHCTEM
MIMO 2x2, 3x3 u 4x4 c OpTOroHaJbHBIMHM MHJIOTHPYIOLIMMH IOCIIEIOBATEIbHOCTMU s HEKOTOPOro JHUana3oHa
JIOIUICPOBCKUX C/BHTOB TIPU paclpeneleHny 3aMupaHus Paiica, KOTOpoe MOJECNHPYeT TPAeKTOPHIO PAAUOBONH IIPU
pacTpoCTpaHEeHNH B TpeIeNax MpsAMoH BHANMOCTH. Takoe OICHMBAaHME TOJDKHO JaTh OTBET Ha BOIPOC 00 3 (PEeKTUBHOCTH
MIMO, BbIsicHSSA TO, cMsiryaeT Jid dddekt Jloriepa yBennueHne KonuuecTBa aHTeHH B cucteMax MIMO ot 2x2 1o 4x4 ¢
TpaeKTOPHEH paOBOH MPH PACTIPOCTPAHEHHUH B ITpeJieIaX MPsIMOH BUIUMOCTH.

Metoauka peajauzauuu. /s qocTXEeHUS 1enu npoBoanTcs cumyisanus cucteM MIMO ot 2x2 10 4%4 ¢ onleHMBaHUEM
COCTOSIHUS KaHaymoB. CUMyJsuio u e€ KOH(QUrypupoBaHue Npou3BoaaT npu momomu ¢ynkimidi MATLAB® R2019a
Communications System Toolbox™. Paccmarpusaetcs 35 nojciyyaes mHbL GpeiiMa 1 KOMUYECTBA TUIOTHBIX CHMBOJIOB BO
Opeiime.

Pe3yabTaThl HecaeqoBanus. THIT IPOU3BOJUTEIFHOCTH 110 YPOBHIO OMIMOOYHBIX OMTOB, OJU3KHI K IKCIIOHEHIHAIEHOMY
yOBIBaHHUIO, TIOYTH HE3BIOJIEM MPU OTCYTCTBUH JABHKCHHS, TOT/IA KaK JaNbHCHIINE YBEINYCHUS CKOPOCTH €ro Pa3pyIlaroT s
cucreM 2x2-MIMO. BeisiBieHo, 4TO Tepefaya JUIMHHBIX MAKETOB IMPU KOPOTKUX OPTOTOHANBHBIX MUIOTHPYIOIIUX
TIOCTICIOBATENIPHOCTSIX (OTHOCHTEIIBHO IJIMHEI TaKeTa) ImojBepkeHa ommbkaM. OcobeHHO 310 Kacaercs cucteM 2x2-MIMO,
Ic OLCHMBAHUE COCTOSHUS KaHAIOB NPH KOPOTKHX OPTOTOHAJIBHBIX IMIIOTUPYIONIMX MOCICIOBATEIBHOCTSAX BBITIISIHT
HEIPHEKTHBHBIM HITH CI1a003(PPEKTUBHBIM.

BoiBoabl. B o0rmiem, 1 Toro, 4toObl MOJJICPKUBATH MPUEMIIEMBIH YpOBEHb mepenadn NaHHbXx B MIMO-kanane, ¢
YBEJIMYCHAEM CKOPOCTH JIBI)KCHUS JUIMHA MAKeTa JOJDKHA COKPAIIAaThCs. YBENMYCHHUE KOMMYECTBA aHTCHH JOTIOJIHHTEIEHO
cvsraaet ddgextsr Jommepa. Takum oOpasom, mepepaya B cucteMax 4x4-MIMO neiictButensHo 3¢dexTuBHA. DHPEKTHI
Jormrepa He BIUSIOT Ha Iepeiady HanOoiee KOPOTKUX MAaKeTOB, €CIIH HCTIONB3YIOTCS TPU WITH YETHIPE aHTCHHBI.

KuaroueBble ciioBa: cuctema OecnipoBoguor cBsizu; MIMO; pacnpenencnue Paiica; oneHWBaHHE COCTOSIHHS KaHAJIOB,
OPTOTOHAJEHEIE MIIOTHPYIOIINE TTOCNIe0BaTEeNFHOCTH; Y dekT Jommepa.



