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Abstract. The Doppler effect in 2x2, 3x3, and 4x4 MIMO wireless communication systems with
channel state estimation is studied. The orthogonal pilot signal approach is used for the channel estimation,
where the Hadamard sequences are used for piloting along with the eight Romanuke orthogonal sets similar
to the Walsh set. The Doppler effect is additionally aggravated by the pilot signal de-orthogonalization, where
two negative-to-positive symbol errors are assumed to have occurred while signal is transmitted. MIMO
transmissions are simulated for 10 cases of the frame length and pilot symbols per frame by no Doppler shift
to 1100 Hz Doppler shift with a step of 100 Hz. By assuming that the carrier frequency is 5,9 GHz, the step
corresponds to a motion speed of about 18.3 km/hr. Based on the simulations, it is ascertained that the
Doppler effect negatively influences transmissions of long data packets. It is impracticable to apply MIMO
transmissions of long packets at speeds exceeding 100 km/hr. To maintain an appropriate MIMO link data
rate, the packet length should be shortened as the motion speed increases. On the other hand, the MIMO
performance is substantially improved by increasing the number of antennas, except for the case of
transmitting long packets. Besides, under the de-orthogonalization caused by two negative-to-positive
symbol errors, the MIMO Walsh pilot sequences are outperformed by MIMO Romanuke pilot sequences, so
the latter are considered as an improvement of MIMO orthogonal sequences. However, the performance
difference between the Romanuke and Walsh pilot sequences decays as a greater number of transmit-
receive antenna pairs is used and the motion speed increases.

Key words: wireless communication system; MIMO; channel state estimation; orthogonal pilot signal
approach; Walsh binary functions; Romanuke binary functions; Doppler effect; de-orthogonalization.

AHoTauif. BuByaetbeca edekt Hdonnepa y cuctemax 6e3nposigHoi komyHikauii MIMO Big 2x2 po
4x4 3 OUiHIOBaHHAM CTaHy KaHaniB. [ns oOuiHIOBaHHS KaHamniB 3acTOCOBYETbCS MiAxi OpPTOroHanbHUX
NinoTy4YMX curHanis, Ae Ana ninoTyBaHHSA BUKOPUCTOBYOTLCS MOCHiJOBHOCTI Agjamapa pasoM 3 BicbMoMa
OpTOroHanbHMMK Habopamu aBTopa, KOTpi € nofidbHumu o Habopy Yonwa. Edekt Jonnepa gogaTtkoBo
3aroCTpeHuin geopToroHanisauielo NinoTytunx curHanis, Ae NpunyckaeTbes, WO Nig Yac nepegadi curHany
BUHWKNW OBi NOMUITKW CUMBOMIB TUMY MEpecKoKy Bif Big'€éMHOro Ao gogaTtHoro 3HadveHHsa. MIMO-nepefadi
cumyntoloTbes ansa 10 BunagkiB JOBXUHM Gnoka gaHux Ta ninoTyr4vMx CUMBOSIB y Grioui, novmHatoum Big
BUNagKy BigCyTHOCTI JONNepiBCbKOro 3CyBYy 40 BMNaaKy gonnepiscbkoro 3cyBy B 1100 My 3 kpokom y 100 Iy,
Mpunyckaroun, Wo 4YactoTo HocinHoi € 5,9 T, uel Kpok Bignosigae wBuakocTi 6nusbko 18,3 km/roga.
I'DYHTYIOUMCh HA CUMYMSILSX, BCTAHOBIMIOETHCS, WO edekT [onnepa HeraTMBHO BMNMBae Ha nepeaadi



JoBrux naketiB AaHux. 3actocyBaHHss MIMO-nepegay AOBrvx NakeTiB € HEOOUMbHUM Ha LUBUMOKOCTSX, L0
nepesuwytoTe 100 km/rog. Ans Toro, wob nigTpymyBaTu NPUAHATHY LWBUAKICTb nepedadi gaHux y MIMO-
3'eQHaHHSAX, JOBXMHA NakeTiB 3i 36iNbLUEHHAM LWBWAKOCTI NepeMilleHb NOBMHHA CKOPOYyBaTMCb. 3 iHLIOro
oKy, npoaykTmeHiCTb MIMO CyTTEBO MOKpaLLYETbCS, 3a BUKIMIOYEHHAM BUNagKy nepedaBaHHA OOBrUX
nakeTiB, npu 30iNblUEHHi KiNbKOCTi aHTeH. Kpim TOoro, npu pgeopTtoroHanisaudii mocnigoBHOCTI Yonwa
nporpatTb Yy NPOAYKTUBHOCTI MOCMiAOBHOCTAM aBTOpa, Tak WO OCTaHHI po3rnsgalTbCs SK NOKpaLLeHHSA
opToroHanbHUX nocnigosHoctern MIMO. T[lpoTe pisHMUS Yy  NPOAYKTUBHOCTI  MiX  MifOTYyHOYUMMU
nocnigoBHOCTAMM aBTopa W Yonwa 3racae 3 BMKOPUCTaAHHAM OinblUoi  KiNbKOCTI  nepepaBarnbHO-
NpUAManbHUX aHTEH Ta 3POCTaHHAM LUBUAKOCTI MepecyBaHHs.

KnrouoBi cnoBa: cuctema 6e3npoBigHoi koMyHikauii; MIMO; ouiHlOBaHHSA CTaHy KaHanis; niaxig
OpTOroHanbHMX MNINOTYUYMX curHanis; GiHapHi dyHKuUil Yonwa; G6iHapHi dyHkuii aBTopa; edekT Hdonnepa;
peopToroHanisauis.

AHHoTauuma. Vayyaetcsa acdekt Jonnepa B cuctemax 6ecnpoBogHor kKommyHukauun MIMO ot 2x2
0o 4x4 Cc oueHMBaHMEM COCTOSHMSI KaHanoB. [ns oOueHUBaHUS KaHanoB MNPUMEHSIETCS noaxon
OpPTOrOHasnbHbIX MUIOTUPYIOLWNX CUrHANOB, rae Ans NUIOTUPOBAHWS MCMOMb3YTCS NOCNeAoBaTeNbHOCTH
Adamapa BMecTe C BOCEMbK OpTOroHamnbHbIMM Habopamu aBTopa, SABnsAOWMEcH NoJobHbIMKM Habopy
Yonuwa. 3ddekt Jonnepa AononHUTENBHO 0O6OCTPEH AeOpTOroHanusaumen NUIOTUPYIOLLMX CUTHAroB, rae
npegnonaraeTcs, YTO BO Bpemsl Nepedayn curHana npousoLwnn Ase ownbku CMMBOJIOB Tuna Nepeckoka oT
OTpMLATENbHOrO K MONoOXMTeNbHOMY 3HadeHunto. MIMO-nepegaun cumynupytotes ana 10 cnyvyaeB AnuHbI
6roKka AaHHbIX U NMUNOTMPYHOLLMX CMMBOJIOB B B110Ke, HaUMHas OT cry4vasi OTCYTCTBUSA AOMNIEPOBCKOro casura
0o cnyyasa gonneposckoro cagura B 1100 Ny ¢ warom 100 Iy, MNMpeanonaras, 4To YacToTa Hecyllen paBHa
5,9 Tu, 3TOT wWwar cooTBeTCTBYeT cKopocTu npubnuantensHo 18,3 km/4. OCHOBbIBasiCb Ha CUMynALMSX,
yCTaHaBnmBaeTcs, 4YTo adpdpekt [donnepa HeraTMBHO BAWUSIET Ha nepefadn AMWMHHBIX NAKeTOB [aHHbIX.
MpumeHeHne MIMO-nepegay ANMHHbBIX NAaKeTOB HeLenecoobpasHo Ha CKOPOCTSX, npeBbiwatowmnx 100 km/y.
Ona Toro, 4tobbl NOgAepXMBaTh NPUEMIIEMYKO CKOPOCTb Nepefadv AaHHbiX B MIMO-coeavHeHusix, AnvHa
NakeToB C YBENUYEHMEM CKOPOCTU MEpPedBMKEHUN [JormkHa cokpawlatbes. C  OpyronM  CTOPOHBI,
npousBoguTensHocTe MIMO cCyLLeCTBEHHO yny4llaeTcs, 3a MCKIIOYEHUEM cryyasd nepefayvv AnvHHbIX
nakeToB, Npu yBENUYEHUN KONU4ecTBa aHTeHH. Kpome Toro, npu geopToroHanusaumm nocrneaoBaTenbHOCTH
Yonwa npourpeiBaloT B MNPOU3BOAUTENBHOCTU MOCMNEAOBATENBLHOCTAM aBTopa, Tak 4YTO nocnegHve
paccMaTpyBalOTCsl KaK yIydlleHWe OpTOoroHasnbHbIX nocnegosaTensHocter MIMO. OpgHako pasHOCTb B
NPOVN3BOAMTENBHOCTU MeXOYy MUIOTMPYLWMMKM NocneaoBaTenbHOCTAMM aBTopa M Yonwa yracaet C
NCMNonb30BaHNEM BObLUErO KONMYECTBA aHTEHH M BO3pacTaHMeM CKOPOCTU NepeaBuKeHUA.

KniouyeBble cnoBa: cuctema ©OecnpoBogHOW KommyHukauum; MIMO; oueHuBaHME COCTOSIHUS
KaHarnoB; MOAXOH OPTOrOHAalbHbIX MUMOTUPYIOLWMX CUTHanoB; OvHapHble dyHkuuM Yomnwa; GuHapHble
dyHKUUKM aBTOpa; achdekT [donnepa; geopToroHannsaums.

Orthogonal piloting and de-orthogonalization in MIMO. Currently, information
exchange is very intensive owing to using wireless communication technologies. In Ukraine, as of
2020, the 5G wireless communication technology is the most promising and is still being tested
before becoming eventually 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]. It is well known that, due to the Doppler effect, the quality of
wireless communication may dramatically worsen when either or both the transmitter and receiver
end is in motion [2, 3]. However, the influence of Doppler shifts on the MIMO performance at
human-walking speeds is negligible. Nonetheless, at vehicular speeds the influence is experienced
to be more significant, especially when the vehicle makes accelerations [3, 4]. To sustain high
quality of links under Doppler shifts and combined effects of scattering, fading, and power decay
with distance, MIMO operates, in particular, on channel state information (CSI) [1, 5, 6]. The CSl is
extracted from the received signal by using orthogonal pilot signals prepended to every packet [7].
Thus, the orthogonal pilot signal approach (OPSA) for channel state estimation (CSE) has a higher
overhead, but it achieves a better channel estimation accuracy than without any known transmitted
sequence [8].

Obviously, longer orthogonal pilot sequences are expected to ensure better MIMO
performance. Nevertheless, it is very important to remember that orthogonal pilot sequences cannot
be too long as well. In practice, the length of orthogonal pilot sequences is limited by the coherence
time of the channel [4]. Besides, the reuse of pilot sequences of several co-channel cells leads to
pilot contamination that worsens the MIMO performance [9]. Another problem is that a loss of a
symbol (this is, in other words, a symbol error) in a pilot sequence leads to the pilot signal de-
orthogonalization. The pilot signal de-orthogonalization occurs due to channel noise and



interference. Obviously, the pilot signal de-orthogonalization may additionally worsen the MIMO
performance.

The orthogonality in MIMO is based on Walsh functions [10] generated from the Hadamard
matrix [11]. This is done as well in other wireless communication systems exploiting orthogonality
[1, 4, 11, 12]. In MIMO, the first orthogonal sequence of pilot symbols is usually the sequence of
ones, which is the Walsh function of the zeroth order (being a function-constant) [10]. The second
orthogonal sequence of pilot symbols, in the given finite binary basis ordered by Walsh [10, 11], is
the Walsh function of the last order. This function is an ideal meander of the highest frequency [11].
Considering Walsh functions from the middle of the unit interval on which they are defined, the
structure of Walsh functions is symmetrical [10, 11, 13]. Partially unsymmetrical binary functions
which constitute orthogonal bases are known also (e. g., see [11, 13, 14]). The eight orthogonal
bases of such unsymmetrically-structured binary functions (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 [11] were simulated to substitute the respective Walsh
functions in wireless communication systems with the code division multiple access [15, 16]. It was
shown in [11] 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 affected by both the Doppler effect and pilot signal de-orthogonalization might
be decreased by using the similar substitution. This is believed to increase general throughput and
reliability of MIMO links.

The goal and tasks to achieve it. 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 wide range of Doppler shifts by the pilot signal de-orthogonalization. For
this, various relationships of the frame length and pilot symbols per frame will be considered by
when the negative value of a binary function at a random place is switched into the positive value.
Such a switching (implying a symbol error) is assumed to have occurred twice within a definite set
of orthogonal pilot sequences used for CSE. 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 aggravated by the pilot signal de-orthogonalization. A possibility of
CSE by the OPSA by more appropriate orthogonal sets is to be studied as well.

To achieve the 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 moving object (implying the vehicle itself or a motion of antennas)
achieves express train speeds or so.

Simulation parameters and set-up. 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. To match
the symbol rate with piloting, the frame length denoted by F is set at 36, 72, 144, 288 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 integers shown in Table 1, with respect to each frame
length. This results in the 10 subcases of the two parameters paired for simulation.

Table 1 — The 10 subcases of the frame length and number of pilot symbols per frame
H 8 1 3 6 8 1 3 8 1 8
6 2 4 6 2 6
R 2 2 2 2 1 1 1 7 7 3
88 88 88 88 44 44 44 2 2 6

Inan 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 Romanuke functions [11], 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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Figure 1 — The four Walsh Hadamard-ordered
orthogonal functions in a 4x4 MIMO system

Figure 2 — The four last Romanuke binary
functions in a 4x4 MIMO system

In the 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. 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.

For each of those 9 BENDR points (from 0 dB to 8 dB with a step of 1 dB), maximum
50,000 packets are transmitted through flat-fading Rayleigh channels [17], 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 [18].

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 5,000 errors
occur at a given BENDR, the simulation loop for the given BENDR is broken.
Denote the speed of the motion (of either a moving vehicle itself or antennas) by V. Denote

the Doppler shift measured in Hz by Sy, ... If f_ .. is the carrier frequency in GHz, then speed V
measured in km/hr is expressed via Sp, and f, ;. as
1.08 Spoppier

y=— opper 1

: (1)

carrier

So, lesser carrier frequencies correspond to faster motion. By assuming that the carrier
frequency is 5,9 GHz, speed V is approximately estimated by (1) as
V'=0.18305" Spppier - (2)

Relationship (2) will be further used for interpreting various Doppler shifts, i.e. for
translating them into understandable speeds in order to compare and discuss possible motion
limitations (if any) for the sake of maintaining reasonable MIMO performance.

Visualization of the simulation results. To begin, it is necessary to have a benchmark. For
this, the BER performance versus BENDR by no motion is plotted in Fig. 3, where Hadamard
sequences are marked with squared points and the Romanuke 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 and line thickness will be used further.
Fig. 3 shows that the polylines for 2x2 MIMO systems are above the polylines for 3x3 MIMO
systems, and the latter are above the polylines for 4x4 MIMO systems, i. e. the best performance by
no motion is achieved by increasing the number of transmit-receive antenna pairs. It is also seen
that the least BER is obtained by transmitting longer packets with long pilot sequences. In
particular, these are subcases of F =288 by P=32 and P=64.

According to relationship (2), an approximate motion speed at a 100 Hz Doppler shift is
about 18.3 km/hr. The BER performance for this case (Fig. 4) is very similar to that in Fig. 3.
Moreover, the BER performance at a 200 Hz Doppler shift (Fig. 5) appears to be similar to them as
well. The case of urban speeds (Fig. 6) does not differ much from these cases of relatively slow
motion. Indeed, the polylines for the subcases of {F =144, P=32} and F =288 by P =32 and

P =64 are still stuck together, whereas the others are disjoined. A noticeable deterioration of the
performance is seen in Fig. 7. At highway speeds (Fig. 8), the BER worsens significantly.
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Flgure 8 BER performance versus BENDR by a 500 Hz Doppler shlft (hlghway speeds)

Compared to no motion and slow-motion speeds, the worst BER performance deterioration
at highway speeds is already seen in Fig. 8 for 4x4 MIMO systems transmitting longer packets with
long pilot sequences. These are all subcases with F =288. Thus, the BER at a BENDR of 0 dB of
4x4 MIMO, piloted with 64 symbols, by no motion is about 0.065 (Fig. 3), and it becomes about
0.13 by a 500 Hz Doppler shift (Fig. 8) by the same piloting. Therefore, the link quality of 4x4
MIMO systems at highway speeds (even not necessarily reaching 100 km/hr) may become twice as



worse if the signal is weak. Meanwhile, the influence of the Doppler effect on 2x2 and 3x3 MIMO
systems at such speeds is far less negative. Moreover, the MIMO systems transmitting the shortest
packets (by the shortest pilot sequences), where F =36 and P =8, is almost not affected (for this,
it is sufficient to compare the left upper corner subplot in Fig. 8 to that in Fig. 3). Furthermore, the
MIMO systems with F =72 and P =8 are affected minimally.

It is worth noting that, as of highway speeds up to 100 km/hr (Fig. 8) and faster (Fig. 9), the
polylines for the subcases of F =288 by P=32 and P =64 are growing slightly disjoined (not
stuck together as previously). However, the polylines for the subcase of F =144 and P =32 are
still stuck together even at highway speeds reaching 128 km/hr (Fig. 10).

Another fact is that the topology of the polylines for the subcases of

{F=36,P=8}, {F=72,P=8}, {F=72,P=16} 3)
and
{F =144, P =8}, {F =144, P =16}, {F =144,P =32} 4)
remains roughly the same till the Doppler shift of 700 Hz corresponding to highway speeds
reaching 128 km/hr (Fig. 10). This topology is summarized in Table 2, where an advantage of pilot
sequences (by which the BER performance is better) is highlighted with dark color (the stronger
advantage is highlighted with darker color). The tiny advantage is mentioned also.

Table 2 — The polylines topology (advantage of pilot sequences, if any) for subcases of (3)
and (4) by no motion (Fig. 3) to highway speeds reaching 128 km/hr (Fig. 10)

Pilot sequences 36 72 72 144 144 144

by functions of 8 8 16 8 16 32

22 MIMO ronanske I Rty
33 MIMO R(;/rvnzlrftr}ke tiny tiny
x4 MIMO R(;/rvnzlr?l:]ke tiny | tiny tiny | tiny

At an 800 Hz Doppler shift (Fig. 11), the topology is starting to grow shattered for the
subcase of {F =144, P =8}. Indeed, the polyline for the 2x2 MIMO Walsh pilot sequences does

not resemble a smooth exponential decay (like it is at speeds not exceeding 100 km/hr), and the 2x2
MIMO Romanuke pilot sequences (from those eight orthogonal bases) appear disjoined. The
polylines for MIMO systems transmitting longer packets (i. e. for all subcases with F =288) are
completely distorted. At such speeds close to express train speeds, it is impossible (and
impracticable) to apply MIMO transmissions of long packets (even at high BENDR). Fig. 12
confirms this.

Nevertheless, the polylines topology in Table 2 remains almost the same even at really fast
motion exceeding 180 km/hr (Fig. 13) and 200 km/hr (Fig. 14). The subcase of F =72 and P =16
at such express train speeds appears to be clearly the best: the BER is 0.235 to 0.255 for 2x2
MIMO, but it is 0.17 to 0.18 for 3x3 MIMO and it is 0.13 to 0.14 for 4x4 MIMO. This subcase is
better than the subcase of F =144 and P =32, and the latter is outperformed by about 9 % to
18.5 %. Amazingly enough, at highway (100 km/hr and faster) and express train speeds (see
Fig. 9 — 14), transmissions of very short packets become efficient at high BENDR.
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Figure 14 — BER performance versus BENDR by a 1100 Hz Doppler shift (express train
speeds)
The averaged BER performance versus BENDR presented in Fig. 15 confirms that 2x2
MIMO Romanuke pilot sequences are significantly better than 2x2 MIMO Walsh pilot sequences,
although it is impossible to determine the best basis of the binary functions. The average difference
in the BER performance is about 7 to 15 %, but the difference decreases as the Doppler shift
increases. Besides, 3x3 MIMO Romanuke pilot sequences outperform 3x3 MIMO Walsh pilot
sequences also, where the difference is over 4.1 % by no motion and it decreases (the decrement is
considered to be on average, it is not smooth, because some fluctuations occur due to small
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Figure 15 — The averaged BER performance versus BENDR

percentage) down to over 1.5 % at express train speeds exceeding 200 km/hr. Moreover, 4x4
MIMO Romanuke pilot sequences have lesser BER as well: the difference is about 2.7 % by no
motion and it decreases (on average) down to over 0.5 % at express train speeds exceeding
200 km/hr.

Conclusions. In 2x2, 3x3 and 4x4 MIMO wireless communication systems with CSE by
the OPSA, the Doppler effect negatively influences transmissions of long packets. At speeds
exceeding 100 km/hr, it is impracticable to apply MIMO transmissions of long packets. In general,
to maintain an appropriate MIMO link data rate, the packet length should be shortened as the
motion speed increases. Moreover, the MIMO performance is substantially improved by increasing
the number of antennas (not considering the case of long packets). Besides, under the de-
orthogonalization caused by two negative-to-positive symbol errors, the Walsh pilot sequences are
outperformed by MIMO Romanuke pilot sequences, so the latter are considered as an improvement
of MIMO orthogonal sequences. However, the performance difference between the Romanuke and
Walsh pilot sequences decays as a greater number of transmit-receive antenna pairs is used and the
motion speed increases.
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