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Y cyuacHux 0e3mMpoBiTHMX Mepe:kax BaKJMBY PoJib y 3a0e3nedeHHi BUCOKUX MPOMYCK-
HMX 3JaTHOCTeHd KaHAJXIB BigirpaloTb MeTogu JiarpaMOyTBOPEHHSI Ta TMPOCTOPOBOrO
pO3HeceHHS KaHATIB NepeAaBaHHsA. B CyKyNmHOCTI 3 TEXHOJIOTi€I0 OPTOrOHAJIBLHOT0 YACTOTHOI O
myasTuniiekcyBanusgs OFDM, BoHU 1a10Th 3MOTy JOCSATITH NMPUIiHATHUX 3HAYeHb KoedilieHTa
oitoBux momujok BER 3a menmoro cmiBBimHomenns curnai/zaBaga SNR. EdexTuBHicTh
3a3HAaYEeHHUX KOMIIOHEHTIB IIMPOKOCMYTOBUX 0e3NMPOBIAHUX Mepexk 3MIiHIOETHCSl 3aJIe/KHO Bif
TOro, /¢ po3TalioBaHi a0OHEHTH BiIHOCHO 0a30BHMX CTAHUiil — y NpUMilleHHAX YU Ha Bij-
KpuTiiA MicmeBOcTi. Y cTATTi 3anpoNoOHOBAaHO Pe3yJbTAaTH JOCHIIKEHHSI Ta aHANi3y pisHHMX
cnoco0iB po3MIMpPeHHsA KYTa BHIPOMIHIOBAHHSl aHTeH 0a30BMX cTaHUiil y mpomeci mepena-
BaHHA Ta mnpuiiManHa curHaiaiB. [lomaHo TOPIBHSVIBHY XapaKTepMCTHKY MeTOIiB
NPOCTOPOBOr0 PO3HECeHHs MepenaBajibHUX aHTeH (fransmit diversity) Ta niarpamoyTBopeHHst
(beamfor ming). OTpumano pe3yJbTaTH MojaeaoBaHHs cuctemMu LTE i3 3acTocyBaHHSIM ABOX
3a3HaYeHUX MeToAiB. JloBemeHo, 10 i3 BHUKOPHCTAHHSIM CHOCOOIB pO3LIMPEHHA KyTa
BUNPOMIHIOBAHHSA aHTeH 0a30BOi cTaHLil 3MeHINYETbC 3HAYeHHs KoedinienTa O6iToBHX
NOMHMJIOK 32 He3MiHHOro CHiBBiIHOIIEHHSI CHTHAJI/3aBaja s 000X BHIAAKIB B3a€EMHOI0
po3MilleHHA 0a30Boi cTaHUii Ta 00JagHAHHS KOpHCTyBaya. Y 1mpoueci MoJeTl0BaHHA
BPaXOBAaHO OCHOBHiI mapaMeTpu CHUTHaly, IO (OPMYEThCH MLIAXOM OPTOrOHAJIBLHOIO
YaCTOTHOr0 MYJbTUIJIEKCYBaHHsA. BuOpaHi 3HaYeHHs] INMPUHU CMYTH KaHAIY BiINoOBiIalTh
crangapry LTE. BpaxoBano, mo 1 00poTb0M 3 4YacTOTHO-CeJeKTHBHUM deaiHrom
3aCTOCOBYEThCS HUKIIYHMI npedike. Takoxk y npoueci Moae0BaHHs BiToOpaskeHo, 10 JJIs
3aKpPMTHX MNpPUMilleHb PO3LIMPEHHs] KYTa BUNPOMIHIOBAHHA € BeJIMKHM 32 PaxXyHOK
po3ciloBaHHsA, a 1Jisl BiIKPUTOI MicleBOCTi Le 3HAYeHHs Ha mopsaAok MeHule. Iloxka3ano, 1o
AJISl 3aKPUTHX NPUMIlleHb JOUJbHille BUKOPHCTOBYBATH MNMPOCTOPOBO-4acoBe KOAYBAaHHS
0J10KiB.

Karwuogi cioBa: splines, Savitsky-Golay filter, L SS- decomposition.
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The implementation of beamforming and spatial diversity in Orthogonal Frequency
Division Multiplexing (OFDM) systems reveals challenges in terms of complexity, feedback,
and scenario dependencies. In this paper we discuss the differences and limitations of OFDM
transmission over scenarios with different angular spread, which can viewed clearly from the
base station antenna (BSA), signals departing to or arriving from the UE appear to be spread
over arange of angle and evaluate the issues arising from the implementation of beam-forming
and spatial diversity in OFDM systems.

Key words: OFDM, BER, Beamfor ming, Transmit Diversity, STBC, SFBC.

I ntroduction. OFDM (Orthogonal Frequency Division Multiplexing) is a modulation technique that
is very effective in mitigating adverse multipath effects of a broadband wireless channel [1]. The
robustness against frequency selective fading, as well as narrowband interference, combined with an
efficiently use of spectrum, have pushed OFDM to be the primary physical layer adopted in several
standards. Moreover, afford able implementation complexity of OFDM became a reality following the
latest developments in integration technology that made the FFT (fast Fourier transform) chips economic
to apply in receivers and transmitters. There are many techniques used with transmit diversity one of these
techniques are Space-Time Block Cading (STBC) [2] is an open loop transmit diversity scheme where the
diversity is achieved at the receiver without the knowledge of the channel at the transmitter. A
complementary to this kind of transmit diversity scheme is beamforming (BF) [3]. When the wireless
channels between transmit and receive antennas are correlated to each other, then transmit diversity
scheme is not expected to perform well, i.e. if independent fading among the antenna signals cannot be
achieved, BF is preferred over transmit diversity. In BF we exploit the fact that the antenna elements are
close together so that appreciable coherence between the antenna signals is present. In both transmit
diversity and beamforming, data rates are mainly bandwidth limited when SNR reaches a certain level [4].
In downlink of a cellular system Beamforming is the closed-loop transmit diversity and considered as a
particular case of spatial multiplexing with only one code word and one layer [5].

Transmit diversity consists of applying an space-frequency block coding (SFBC) scheme according
to the number of antennas of the eNodeB. We consider a MISO configuration of the spatial link, with Ny

transmit antennas, and a single receive antenna N,. It is a reasonable choice for downlink cellular systems
to place the complexity of handling multiple antennas at the transmitter side, especially for portable
receivers, where current drain and physical size areimportant constraints.

Beamfor ming. Beamforming uses antenna arrays to increase the signal power for different direction and
array of antenna dements is weighted in order to shape the radiation diagram of the antenna pattern. Here, we
focus on transmit beamforming. Thus, the Direction of Departure (DoD), i.e, the direction of spread wave from
the transmitter, is the angle of interest. In a multi antenna transmission, data symbols are mapped to the
antennas, and the signal at each antenna is weighted by a certain factor. In beemforming, the choice of weights
depends on the algorithm used to optimize the radiation pattern. Here, the Minimum Mean Square Error
(MMSE) criterion is used to compute the optimal weights of the Beamformer as shown in equation (1) below.

_p1
Wopt = RyyTyd » ()

where R,y — is the correlation matrix [Nr xNr] of the received signal, and r,q iS the cross correlation vector
between the transmitted data and the received signal.
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The computation of weights in beamforming requires the knowledge of the channel coefficients. In
slowly time-variant fading, the channel of a downlink Time Division Duplex (TDD) system is estimated in
the uplink frame without loss of performance. On the other hand, Frequency Division Duplex (FDD)
systems require a feedback channel to obtain the channel estimate at the transmitter side, since the array
response is frequency dependent.

In OFDM, downlink beamforming can be implemented either before or after the Inverse Discrete
Fourier Transform (IDFT) operation, i.e., either in the frequency or time domain, respectively. The first
scheme is referred to as a pre-IDFT downlink beamforming, and the latter scheme is referred to as a post-
IDFT downlink beamforming.

The implementation of a beamforming system that tracks each terminal individually in an OFDM
system has several constraints in terms of complexity. FDD systems require feedback to obtain the channel
knowledge at the transmitter, and the frequency domain beamforming, the antenna weights are computed
for group of subcarriers or each subcarrier, greatly increasing the complexity.

Spatial Diversity. While beamforming boosts the signal strength in a particular direction using an
antenna array, antennas that are physically separated by a few wavelengths experience independent fading
channels that can be used for diversity or multiplexing. For 3Gpp Transmit diversity used SFBC technique
with better from STBC technique special when channels increased therefore we can say that special
diversity used when link adaptation is weakly and so when low (SINR).

Space Time Block Coding (STBC). First we must talk brief of STC which is representing a hybrid
technique that applies both space and time diversity in a combined way [6]. The most common form of
STC used for diversity is STBC. STC was first introduced by Alamouti [7] when presenting a two branch
transmitter diversity scheme that achieves full diversity.

The STBC proposed in [7] transmits two symbols over two antennas and two symbol durations
according to the transmit matrix:

&5 S’]+1¢
S+ S B

Under the assumption of constant fading over two consecutive symbols, the scheme achieves
diversity order of two. Extending the concept of STBC, Tarokh [8] proposed transmission blocks for more
than two transmit antennas that achieve full diversity, such as the code for four antennas and spatial rate
3/4 periods:
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Space Frequency Block Coding (SFBC). Space frequency block coding was first proposed in
Dehghani as an extension of traditional space-time block coding for OFDM systems. In SFBC, the basic
idea of the Alamouti scheme is applied in frequency domain instead of time domain. Figure 1 illustrates
the SFBC operation for the particular two-antenna configuration. SFBC operation is performed on pairs of
complex valued modulation symbols. Hence, each pair of symbols has an associated pair of frequency
resources (i.e., a pair of OFDM subcarriers). Modulation symbols are mapped directly onto the available
resources of the first antenna. However, mapping of each pair on the second antenna is reversely ordered,
sign reversed, and complex conjugated, asillustrated in Figure 1.
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For a proper reception of the transmitted modulation symbols, the mobile terminal must be informed
about SFBC transmission and a simple linear operation has to be applied to the received signal. Contrarily
to cyclic dlay diversity, SFBC provides diversity on the level of modulation symbols.
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Fig. 1. Cyclic delay diversity for SFBC for two-antenna configuration

Space-Frequency or Space-Time Processing and Scheduling. This section discusses feasibility
issues of the resource allocation of the OFDM frame in multiuser systems, combined with beamforming
and spatial diversity. The scheduler assigns the OFDM subcarriers and symbols to the users based on the
channel conditions
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Fig. 2. Time domain beamforming in OFDM (a),
Freguency domain beamforming in OFDM (b)

In time domain scheduling, each OFDM symboal is allocated to one user at a time, Time Division
Multiple Access (TDMA). The beamformer determines the radiation pattern to the user alocated to that
time dot. In such system, all the subcarriers are used by one user at a given OFDM symbal, thus, a post-
IDFT beamformer is recommended.

Figure 2.(a) shows the block diagram of the time domain beamforming. After the IDFT operation in
the transmitter, the time domain signal is transmitted through a wideband Beamformer, e.g., a multi-tap
beamformer. In order to implement spatial diversity ina TDMA system, the STBC requires that the block
of symbolsis allocated to one user only.

For codes with high number of channd uses, the SFBC permits more flexibility, asit is implemented
across OFDM subcarriers [9]. In an Orthogonal Frequency Division Multiple Access (OFDMA) system,
the scheduler allocates the available subcarriers to the users at each OFDM symbol. The pre-IDFT
beamformer allows the system to steer the beams to each user independently in OFDMA.

Figure 2 (b) shows the frequency domain beamforming implemented on the OFDM subcarriers with
blocks of weights for each antenna. Since in OFDM each subcarrier experiences a narrowband single-tap
channel, narrowband beamformers can be applied. However, the number of beams is constrained by the
number of transmit antennas that dictate the degrees of freedom of the beamformer. If a large number of
users is uniformly distributed over the cell, then the beamforming technique fails at steering the beams
toward each user. A possible solution isto create clusters of users who are collocated by spatially grouping
the users that are close to each other. In addition to spatial clustering, the scheduling algorithm can also
constrain the number of users allocated per time slot, and separate the allocation in frequency and time
domains. The BS steers the beam that covers the usersin that set and avoids interference to other directions
inthe cell.
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If the subcarrier allocation is kept static for at least T OFDM symbals, STBC can be implemented
for each narrowband subcarrier. Otherwise, SFBC can also be applied, if the users are allocated contiguous
subcarriers, and the number of subcarriers assigned to one user is a multiple of the code block size. Figure
3 depicts the implementation of STBC or SFBC encoding in the transmitter of OFDM.
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Fig. 3. STBC and SFBC in OFDM

Results. To compare beamforming and spatial diversity, indoor micro-cell and outdoor macro-cell
scenarios are considered for the downlink of a single-user scenario. The simulator was developed as an
extension of the MATLAB software for OFDM performance simulation provided in [10].Table (1) shows
the parameters for these scenarios.

Table 1
Par ameters used in simulation
Parameters Indoor | Outdoor

No. of sub-carrier 64 1024
User velocity 3km/h | 40km/h
Max delay spread 0.5us | 5us
Angular spread 240° 20°
Bandwidth 20MHz | 20 MHz
frequency 5GHz | 5GHz
Symbol duration 4us 4us
Coherencetime Tc ms 30 15
CP length, Ng 16 200

We assume that the synchronization requirement of the OFDM receiver is perfectly met, and the
transmit beamforming weights are computed based on the uplink frame of a TDD system or via a dday
and error-free feedback channel in an FDD system. Spatial Correlation Angular spread is a measure of the
angular depressiveness of the wave front of the signal between the transmitter and the receiver. The
angular spread is usually high in an indoor scenario, owing to the proximity of scatters, and low in an
urban scenario.

A low angular spread limits the available spatial diversity, therefore beamforming is more
appropriate to use. On the other hand, in indoor channels, due to a broader angular spread, spatial diversity
can effectively exploit the uncorrdated signals.

For transmit diversity, the physical separation between antenna elements is assumed five times the
wavelength, 51. A large separation makes the antenna elements uncorrelated, and it is feasible at the BS
due to lower constraints on size. The implementation of beamforming requires the antenna elements to be
placed closely, i.e., the wave front should be phase-coherent over the antenna aperture. Hence, we use a
spacing of A/4, which is a common value considered in literature within the correation condition of
d<n2.

In the wideband signal, the L multipath signals depart from the array with different angles. The

signal vector representation is the sum of all signals shaped by the steering vector, a(O, ) .
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The spatial-temporal fading channel is modeled with the correlated fading coefficients of the N
antenna elements of thel tap in accord with [11]
W =R"h, (@)
where hy is the channel vector with N; independent coefficients. The spatial covariance matrix R is
given by

chJ' H
R=18" a)a(a) ®
=1

a(o) = SLGXP( ja ),1/4,6Xp( (N - D)a, )H

a :2|_|Od sinq,

where a(6;) is the steering vector dependent on azimuth direction 0, of the 1" signal.
The steering vector is the N -dimensional complex vector containing the responses of the antenna
elements to a narrowband source of unit power.

Performance and Effect angular spread on BER. The results of un-coded BER for transmit
diversity and frequency domain beamforming for various values of angular spread in a single-user OFDM
system.

Spatial diversity is obtained with the orthogonal half rate STBC for four antennas. STBC is used in
the indoor scenario, while the diversity for outdoor scenario is obtained with SFBC. Here we can modulate
using QPSK. The Figure 4 illustrates the BER curves for the transmit diversity configuration in outdoor
(SFBC) and indoor (STBC) scenarios, shows the BER performance of transmit diversity and beamforming
techniques in indoor scenario, while present the results for outdoor scenario.
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Fig. 4. BER performance of transmit diversity for different angular spread

The high angular spread of indoor scenarios, combined with the low mobility, presents STBC as the
best technique. In fact, the high angular spread induces a low corrdation of the antennas, and the low
mobility makes the channel quasi-static, necessary conditions for the STBC to exploit diversity. In outdoor
scenario, owing to a high mobility of the MS, STBC is not effective due to the loss of quasi-static
characteristic of the channel. Therefore, SFBC is used for outdoor. In outdoor, the BER curve presents an
error floor at high SNR on account of the high frequency selectivity of the channel.

Beamforming provides a robust performance at lower angular spread values. The spatial diversity
increases consistently the performance in terms of BER as the angular spread widens both in indoor and
outdoor environments. Transmit diversity outperforms beamforming in indoor scenarios with very high
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angular spread, but otherwise the array gain of beamforming delivers better performance. Although the
strength of beamforming comes at the cost of a higher complexity, the advantage in outdoor scenario
suggests its implementation in macro cells.

Conclusion. In this paper provided an insight into the performance of spatial diversity and
beamforming in different wireless environments. The comparison is based on BER performance for
various spatial channel correlations, as aresult of angular spread conditions. We have discussed frequency
and time domain approaches for transmit diversity and beamforming in OFDM-based systems. Results
show that STBC is more suitable for indoor environments with high angular spread, whereas in outdoor
scenario, the array gain of beamforming is more effective than diversity. SFBC provides diversity over
frequency in time selective scenario where the STBC proves inefficient. The performance of SFBC erodes
when the transmitted block is longer than the coherence bandwidth of the channdl. However, due to the
flexibility of the OFDM design, the subcarrier spacing can be shortened, according to the frequency
selectivity of the scenario, by increasing the number of subcarriers.
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