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Abstract— This document gives an overview of recent achievements of Il. PROPAGATION CHARACTERISATION
various research teams, both academic and industrial, in the characteri- o .
sation and the exploitation of the essential properties of multiple antenna  Although the characterisation of wireless channels started

systems. It is organised into two main parts. The first part looks at re- some decades ago, and has since been the subject of intense
cent modelling activities of Multiple-Input Multiple-Output (MIMO) radio - - . .
channels, while the second tackles advanced antenna processing suggeste'Exes_earCh activities, I_t still attraCtS,l()ts of |_nterest. One of th_e
in the Multiple-Input Single-Output (MISO) and MIMO perspectives. In ~ Main reasons for this continuing interest is the fact that, until
the second part, a strong emphasis is given to the standardisation of the some years ago, most of the modelling activities have focused
evolution of the Third Generation (3G) cellular systems within the Third on the time-domain aspects This has led to a Iarge set of mod-
Generation Partnership Project (3GPP). . ’ . . .
els, which can be sorted according to the outdoor vs. indoor di-
chotomy. Usually, in outdoor scenarios, the fixed NodésBo-
[. INTRODUCTION cated much higher than the mobile User Equipment{U&ich
that the scatterers which account for the diffuse transmission of

Having explqred time-, frequency- and code-domain 10 e signals are mostly lying close to the UE. On the contrary, in
prove the quality of wireless, multiple access communicati g

X I . door scenarios, the environment surrounding UE and Node B
links, the exploitation of the space doma_ln has_ gppeared for $nuch more similar. It does introduce symmetry to the prop-
last years as the quest to the final frontier. Initiated as a me htion phenomena. This dichotomy led to the development of
to improve the performance of existing systems through spa

oo . . . . 0 sets of models, the first one accounting for outdoor, mobile
filtering of interference, this search reached a major m'lesmggenarios while the second one describes indoor, portable ones.
when it was made clear that the deployment of multiple ante ' ’

"le models proposed by [5], [6] are among the most widely ac-

elements at hath ends of the link promises significant Capac&té{%ted for the outdoor environments. They account for the time

increase. The fundamental paper of Telatar [1] has since opeg% ersion and the time variation of the mobile channel. On the

the road to research activities in both the academic and theé?ﬁer hand, the model proposed in [7] focuses on indoor phe-
dustrial world. Comena ' prop p

However, on the road towards the high capacity figuresthege time-domain models have been applied successfully
promised by MIMO systems, the first step leads to an appropjiii| quite recently, when the growing demand for ubiqui-
ate characterisation of the wave propagation between the cofis high speed connections pushed researchers to investigate
nection terminations. Significant work had been performed fgg,y means to increase the capacity of wireless channels. As
Single-Input Multiple-Output (SIMO) systems [2], [3]. Basedhart of these efforts, the use of so-called "smart antennas” for
on that work, the characterisation of the space domain has Pi@ienna/space diversity, beamforming or even Space Division
gressed further, to encompass MIMO systems. Section Il wif,iiple Access, has been regarded as a powerful improvement
present an overview of the work performed in that directiofs) However, the classical non-directional radio channel models
and of its impact on Third Generation (3G) cellular networkgere not of immediate help, as they do not appropriately model
standardisation. the propagation phenomena in the space domain. Many authors

The Third Generation Partnership Project (3GPP) identifié1 ve proposed models solving this lack. Some suggested an up-

MIMO systems as a mean to improve coverage and link re"g[aded version of pure time-domain models, such as [21] for

. o ) ) outdoor and [22] for indoor environments. Others proposed new
bility, and to significantly increase the overall capacity of Uni- : . o
: . models, based either on a geometric description of the scatter-

versal Mobile Telecommunications System (UMTS) networks
. ) . ing process used to compute Power Delay Spectrum (PDS) and

[4]. Section Il will group multiple antenna element schemelg

as proposed for the UMTS Frequency Division Duplex (FDD)
downlink into four main categories and will point out some prac-1 ymTs terminology for Base Station.
tical considerations influencing system performance. 2UMTS terminology for Mobile Station.

ower Azimuth Spectrum (PAS) according to propagation laws,



Polarisation | Reference| Set-up | Spacing [\] | Carrier | Bandwidth Time Environment
TX Rx | [GHz] [MHZz] resolution [ns]
Single [8] n x 8 - - 1.7 30 - Outdoor micro- and
macro-cells
[9] 8% 8 na | 0.5 5.2 120 15 LOS/NLOS indoor
micro-cells
[10] n x 8% - 0.5 5.2 120 15 LOS/NLOS outdoor
[11] 3 x21° 6 0.25 5.8 400 - NLOS indoor
[12] 8 X8 05 | 05 5.2 120 - LOS/NLOS indoor
[13] 4x12 6 - 2 5 - Outdoor urban
[14] 4 x 12 1 - 2 5 - Outdoor urban
[15,p.24]| 4x4 3-7 | 1-3 0.9 35 11 Subway
[15,p. 17]] 17x9° | 0.25 | 0.25 5.2 250 4 Indoor
62.5 4 Outdoor
Dual [16]” 4 x4 0.4 15 2.05 5 122 Outdoor-to-indoor
micro-cells, indoor
pico-cells
[17] 4x4 0.5 20 1.9 0.03 - Outdoor-to-outdoor and
outdoor-to-indoor subur
ban
[18] 12x15| 05 | 05 1.95 0.03 - Indoor
[19] 16 x 64 | 0.718| - 2.154 - 33 Outdoor-to-indoor
[20] 4x4 40 1 - 35 - Urban/suburban,  hilly
areas
[15,p. 27]| 4x 8 - - 2 120 - Urban outdoor
TABLE |

DESCRIPTION OFMIMO MEASUREMENT CAMPAIGNS

or based on empirical models fitting measurement results. [2§iver deploy respectivelyr, andn g, antenna elements. The
[3] present comprehensive surveys of these efforts. elements oH write h; ; withi € [1..ng;] andj € [L.npg].

. However, these surveys focus on SIMO systems, Wherg MR- Deterministic models

tiple antenna elements are only deployed at one connection ter- S o

mination. The point here is to address Multiple-Input Multiple- Determ_'r_"St'C mOde|_3 are b_ased on an accurate Q?SQ”F’“O”

Output (MIMO) channels. The following paragraphs distinof @ specific propagation enwrgnm_ent. Two deterministic ap-

guish between deterministic and stochastic models. Witr{pﬁo_ache_stowards the characterisation of MIMO ch_annel_s are de-

the deterministic category, another distinction will be made b&cribed in the next paragraphs, namely the collection of impulse

tween the reproduction of recorded impulse responses and fgpPonses and the ray-tracing technique.

tracing strategies. In the stochastic section, three sub-categoﬂef Exploitation of recorded impulse responses

will be introduced, namely geometrically-based, parametric and P P P

correlation-based models. Figure 1 gives an overview of thesd’ropagation studies often rely on measurement campaigns.

categories. Their results enable to extract the typical parameters character-
ising a given environment. Table | summarises the most signif-

— Recorded impulse responses jcant characteristics of the experimental set-ups designed so far

to investigate MIMO channels. This table encompasses actual

and synthesised measurement campaigns. In the former case,

both transmitter and receiver actually deploy multiple antenna

—» Deterministic

L—» Ray-tracing technique

—» Geometrically-based elements. In the latter case, virtual MIMO systems are studied
after post-processing of SIMO measurements, where the single
—  Stochastic — Parametric antenna has been moved along a given surface according to a
) regular pattern, see for instance [10] and [15, p. 17].
L—» Correlation-based

) ) 3Directional array antenna at the transmitter.
Fig. 1. Categories of MIMO channel models 4Single moving antenna at the transmitter.

5Single moving antennas at both connection terminations. SISO measure-
. . ments post-processed to generate MIMO channels.
In the followingH will represent the: ;. x np, narrowband ¢ sjngle moving omni-directional antenna at transmitter.

transfer matrix of a MIMO system whose transmitter and re-"Second set-up.



Despite the numerous measurement campaigns performed)sb their gathering into clusters, are user-defined parameters
is very rare that the recorded impulse responses are used as thathhelp to achieve a more trustworthy simulation of the prop-
to simulate radio channels. Obviously, this methodology suffeagation scenario. Having scatterers uniformly distributed on a
from the significant memory resources it requires and the fagtcle centered on the UE generates the well-known Clarke’s
that the channel responses are rather site-specific. Note how®&®@ppler spectrum. Numerous measurements have shown how-

that such propagation databases exist [23]. ever that wavefronts could impinge the receiver under a limited
_ _ set of DoAs, with a certain Angular Spread (AS). Such config-
A.2 Ray-tracing technique urations are emulated with clusters lying in the DoAs, which

Based on geometric optics, the ray-tracing technique prediétges match the observed ASs.

the multipath propagation in a given environment, from its geo- A classic GBSM, called Wideband Directional Channel
metrical description (architecture drawings, building databasggddel (WDCM), is presented in [8], [29]. It is parametrised for
and its electro-magnetic properties. It enables to estimate fgtro- and macro-cells, using the corresponding circular and el-
only the signals’ strength but also their Directions-of-Departufigtical distribution area of scatterers. The size of these shapes
(DoD) and Directions-of-Arrival (DoA). Unfortunately, ray-is derived from the dimensions of the propagation environment.
tracing is also the most computationally demanding and the legigfe scatterers are grouped in clusters uniformly distributed in
flexible, because its results are intrinsically tied to the envirogpace, in which the location of the scatterers follows a Gaus-
ment in which they have been derived. Two examples of raymn distribution around the central point. However, the WDCM
tracing applied to MIMO are given in [24] and [25]. only accounts for a single specular reflection. Neither scatter-
ing, diffraction nor multiple bounces are emulated. The authors
of [8], [29] have acknowledged this limitation of their model, es-

Contrary to deterministic models, stochastic models do npecially in micro-cells exhibiting a street guiding effect, where
rely on a site-specific description. They rather aim at reprodusrultiple bounces are common. In these cases, an effective street
ing observed phenomena by statistical means. Therefore, thégith is defined and applied to the ellipse, in order to render
reflect the propagation environment in an indirect way. Stochasultiple bounces [30].
tﬁc models oftgn serve to assess the performance of algorithm%e usual geometry of GBSM is slightly modified in [31] to
like the ones listed in Section Iil. simulate macro-cells. In an attempt to modeNg-tap PDS,

The most comprehensive attempt to statistically model dhe remote scatterers are distributed@ndelay ellipses bear-
rectional channels so far is most likely the COST 259 Dire#2g different kinds of scatterers, extended ones, e.g. clusters,
tional Channel Model (COST 259-DCM) [26, Section 3.2]. IPr single scatterers. Additionally, a circle of local scatterers
has a three-level top-bottom structure consisting of the cell tyjfeadded around the UE. On the contrary, a circular exclusion
(macro-, micro- or pico-cell), the Radio Environment (RE) an@rea is drawn around the Node B. The scatterer density is fixed,
the Local Parameters (LPS) of the detailed propagation Scenam the number of scatterers is tuned versus the distance so as
A given set (cell type/RE/LP) fully characterises a simulatioi® reflect the experimental behaviour of channel parameters (K-
environment. Therefore, the COST259-DCM is not just an infactor, PDS, spatial correlation, etc.).
plementation, but rather a model framework enabling to tune theyjost GBSM are single-bounce models, since they only ac-
parameters of a specific implementation. count for a single specular reflection at the scatterer surface.

The following paragraphs will detail three possible imple¥odel [31], however, takes into account double bounces. An
mentations of stochastic MIMO models, namely geometricall§Yen more ambitious GBSM is presented in [32, ch. 9], where
based, parametric and correlation-based models. These impl§-réceived electro-magnetic field is derived from wave prop-
mentations are however interrelated. The connection betw@dgtion results. The core of the model is the computation of

the first two kinds is analytically demonstrated by the equatiofsScattering dyadS; which models the interaction between
shown in [26, p. 158] and experimentally illustrated in [10]t.he electro-magnetic field and the surfaces. Using this dyad,

On the other hand, the mapping between a geometrically-bagé%Cha”nel coefficients of a narrowband MIMO transfer matrix
model and a correlation-based one is described in [27], [28]. H(?) write

B. Stochastic models

N, L~ JWTE
B.1 Geometrically-based stochastic models hij(t) = > ﬁe—w
' =t (s * 17sil)

Geometrically-Based Stochastic Models (GBSM) assume a - o
y (GBSM) GrolFy) G (~For.)

stochastic distribution of scatterers around the two ends of the

connection. The channel model is derived from the positions Fra(—7u i) St G172 (701 (1)
of the scatterers, by applying the fundamental laws of specu\lﬁh N, scattererssy, .y , G(7uy) andj(7.,) stand respec-

reflection, diffraction and scattering of electro-magnetic Waveﬁ\'/ely for the propagation delay, the vector joiningndb, the

The shape of the scattering area often accounts for a givewliation pattern in the given direction and the orientation of
kind of scenario. Usually, macro-cells are simulated by di#e electro-magnetic field. The factprdetermines the attenu-
tributing scatterers around the UE, while micro-cells involve e#tion of the waves. Finally, the operatorepresents either the
Ilpses whose foci are the NOde_ B ar_]d _the UE |Ocajt|0n' On theIn matrix formalism, a dyad is the outer product of two column vectors, as
other hand, the scatterer density within a scattering area, ahdvn in (8).



product or the sum of the modulus of its arguments, dependingAnalysing the propagation of the waves in a single-bounce

whether scattering or specular reflection dominates. GBSM, one comes to the conclusion that the spatial correlation
. ) of the wavefronts can be characterised independently at the con-
B.2 Parametric stochastic models nection terminations [27], [28]. The correlation among the re-

Parametric Stochastic Models (PSM) describe the receivegiving elements is independent of the transmitter. Conversely,
signal as a superposition of waves. A common implementatifii¢ correlation properties at the transmitter do not depend on the
of these models takes the form of a tapped delay line, whéggeiver.

each tap reflects a propagation path. A narrowband correlation-based model was proposed in [36]

The Double Directional Channel Model (DDCM) [10] is arand filed in 3GPP as [37]. It can easily be extended to a wide-
example of a PSM. Its parameters can be given as a delb@nd perspective [38]
angle distribution or through a spatial scatterer distribution [26,
p. 155]. In [10], the DDCM is implemented as a tapped delay d
line model, where each of th&¥ resolvable multipath compo- H(r) = Z
nents has got its own complex gain, delay, and (DoD, DoA) pair,
regardless of the number of bounces. Both Tx and Rx antenaereR.
characteristics are excluded. Mathematically, the DDCM cafn
therefore be described as [33]

(Rh,)* A" (RE) 6 r— (k- 1) A7], (5)
k=1

k. andR%  are the spatial correlation matrices of the
tap, at the transmitter and at the receiver respectively, cap-
turing the spatial correlation properties seen from these ends.
On the other handA* is a matrix of independent, circularly

H(t, 7, ¢74..07.. PRy, ORs . . .
(4.7, ¢, 072 PR, O symmetric complex Gaussian random variables.

N
=2 &(t) Sdre — dran(t)] 6 (010 — 0741 (F)] The ability to define the global spatial correlation properties
=t of the MIMO channel from the correlation coefficients indepen-
0[P = Ra ()] 0 [0Rz — 0ok (1)) dently derived at each end of the link relies on the assumption
o[t —m(t)], (2) that the spatial correlation between antenna elements is a result

o ) ) of the scattering in their immediate surrounding areas. Conse-
whered(-) is the delta functiong stands for the azimuth andg ently, the correlation between two paths is assumed to be the
¢ for the elevation. £ is a2 x 2 matrix whose elements areproqyct of the correlation between the antennas connected by
the complex gain of the orthogonal polarisations and the crogsase paths at each end [39]. Generalising this assumption to the
coupling between polarisations. whole MIMO system, [40] introduced a wideband correlation-

Reference [34] introduce another flavour of the DDCM. Theased model where the spatial correlation properties of a MIMO
wavefronts arriving within a given delay bin are collapsed int@ystem are derived from a Kronecker product of the separately
a space-time fading coefficiegit ; ; (). Each impulse responsedefined spatial correlation matric#®r, andRp,. The ma-
is then defined as the sum &f, convolutions of the channel trix decomposition of this product delivers a shaping ma€ix

coefficients with the pulse shaping filter response of the systaMiich multiplies a column vector of independent fading sam-
plesato emulate spatial correlation. Mathematically, using the

Ny vec(-) operator to reshape a matrix into a column vector, each
hij(t, ) = Z Cryiyi (D) g(T = T14.5), (3) channel coefficient can be written
k=1
vec(H) = Ca, (6)

where the channel coefficients; ; (¢) include the path loss, the
shadow fading and the space-time fadjng; ;(¢). The latter where, with the help of the Kronecker product operatorthe
is defined as the superposition bfincoming local scattering channel correlation matriR is given by
wavefronts, and is given by
R =Ry, ® Rp, = CCH. 7)

L—-1
1 d jm fqt cos(ph! . .
Brij(t) = NG Z si(is )8 (Ppn) via 2™ P (@) The yse of a Kronecker product to derive the global correlation
=0 properties of the MIMO system has been analytically demon-
strated in [16] and further validated in [41] using least squares

andu;,; stands for the attenuation. Such a model, called virtugronecker factorisation. This correlation model has also been

Ray Model (VRM), has been proposed as system-level mod'gilidated against measurement results in a narrowband perspec-
for 3GPP [35]. For a x 4 set-up,L, — 400 is recommended. _tlve [16]. _ Its exte_nsmn to _polarlsatlon diversity is p_resented
in [42]. Finally, this model is the core of the 3GPP link-level

B.3 Correlation-based stochastic models MIMO model proposal [43].

Assuming the channel coefficients to be complex Gaussian-The interest for correlation-based models came from the fact
distributed, first and second order moments fully characterig®t they seem to give a more direct insight in the capacity in-
the statistical behaviour of the channel. This has led to the deease of the MIMO systems, since they are base®onA
velopment of several models based on the second order statistiosct link is therefore established between the ranRoand
of the MIMO channel. the capacity increase. The more decorrelated the channel is,

wheres is the steering vector of an Uniform Linear Array (ULA)



the higher the ideal capacity [1] it would achieve. Howevefading and birth-death of taps are rarely modelled, although
a counter-example has been identified, called pin-hole [44] ®sme proposals like [49] have been made. This choice is mo-
keyhole [45]. It does not deliver the promised capacity iritvated by the fact that performance studies of cellular networks
crease despite exhibiting spatially uncorrelated fading at batte commonly realised at two distinct simulation time resolu-
connection terminations, because its transfer ma&iriis rank- tions. The lowest resolution, at bit/link level, is mostly impacted
deficient. It is believed that such a behaviour could be expeby the small-scale, fast-fading phenomena. On the other hand,
enced in hallways, tunnels, or for very large distances betweée highest resolution, at system/frame level, evaluates the inci-
the UE and Node B. In these waveguide-like situations, the alence of large-scale variations, including other-cell interference,
thors of [46] have shown that the rank deficiency was due ¢wer a typical time span of several minutes. This double-level
the electro-magnetic characteristics of the propagation envir@pproach is documented in [50, ch. 10] and has been adopted
ment. The limitation of the number of possible propagationithin 3GPP. It has led to the definition of two models, a link-
modes in waveguides is leading to a reduction of the multiplebevel [43] and a system-level [51].

ing gair?. The pin-hole/keyhole can be modelled by defining its
MIMO transfer matrixH as a dyad: [1l. MULTIPLE ANTENNA PROCESSING FORUMTS FDD

DOWNLINK

H= ( Zl ) (a1 as )= ( allb’l “22’1 ) ) (8) Until today, many ideas have emerged trying to make efficient
2 @12 a202 use of the radio spectrum allocated to the UMTS. Among those,
multiple antenna element schemes appear to have high potential

An improved model was proposed in [44] aiming at desig@nd are considered in current 3GPP standardisation work.

ing a MIMO model that would account for these special Wave as downlink traffic is expected to dominate, the following

guiding cases as well. It claims to model separately the diversjly ,oint out some of the difficulties associated with practical

gain of the MIMO channel, related to the spatial decorrelation gf:hemes proposed for the UMTS FDD downlink [50] and select
the fading, and its multiplexing gain, associated with the rankc?Fomising schemes under specific system conditions.

the transfer matrix. From a geometrical perspective, this model

assumes the existence of two clouds of near-field scatterers, le-Considerations when choosing a multiple element scheme
fined as ideal reflectors, surrounding the connection termina-

tions. These clouds account for the spatial correlation propert{es': fom a manufacturer's point of view, a scheme gains attrac-

observed from the transmit and receive antennas. This correlac <> for the downlink if the extra costs and complexities (€.g.

tion information is collected by a pair of matricR. R sy ) an antenna array at the Node B instead of a single antenna) are
yap Los 2Br)- low compared to the introduced performance gains [52]. Fur-

Additionally, the correlation properties of the propagaﬂon_paﬂgﬁermore’ it is attractive if the additional hardware can be reused
between the two clouds of scatterers are modelled in a third ma-

trix R, which impacts on the rank of the whole system, antg also facilitate uplink enhancements.
therefore controls its multiplexing gain. The narrowband trans-In UMTS all user signals are simultaneously sent out from the

fer matrix is therefore given by Node B on the same carrier frequency but separated in the code
: ] ] domain by orthogonal Walsh-Hadamard spreading codes. These
H=Rp:)” A, (R:)? A (Rp,)? (9) signals reach the receiver through a time dispersive channel. If

the UE uses a standard RAKE receiver, time dispersion results
where the elements of matricés, and A,. are complex Gaus- in a loss of orthogonality between the users’ spreading codes
sian distributed. Hence, each elementbis double Rayleig  and therefore in own-cell Multiple Access Interference (MAI).
distributed, as suggested in [45]. In this approach, the rank®©fualisation can be used to restore orthogonality between the
the MIMO system depends on the ranks of three correlation mesers whose signals propagate through the same radio channel
trices. Hence, despite having uncorrelated antenna elements@meluding transmit antenna weights) but is often complicated
therefore full-rankR 1, andR z,;, one could experience a lowwhen multiple transmit antenna element schemes are deployed.
rank channel due the low Scatterer-To-Scatterer (STS) rank 01 . . .
matrix R;. Reference [47] discusses the impact of the STS on n general, t.he_ gain from multiple antenna .elem.ent diver-
the capacity. Note that a similar, first-order model, called Geplly schemes diminishes, when other forms of diversity are also

metric Based MIMO Channel Model with Keyholes (GBCMK)availabIe. Other diversity sources could for example be fre-
has been proposed in [48]. It introduces a transfer matrix whigHen<y diversity, time d|\{er3|ty (e.g.. automat_|c retransrms_smn
connects transmitted waves to received ones through a diﬁd&quest), soft handover diversity or site selection transmit diver-
ing slit. Sity.

] All schemes proposed so far for the 3GPP UMTS FDD stan-
C. Link- versus system-level models dard include coherent signal detection. Hence, the receiver

Most of the models listed so far mainly account for the smaMeeds Channel State Information (CSI) for the decoding process.

scale characteristic of MIMO radio channels. Pathloss, shaddWs is gained from decoding pilot signals sent from the Node
o _ o B. Additionally, some schemes make use of dedicated pilot se-

Mlﬁg'rs‘yg:gme[‘i 4t])y the exploitation of parallel, orthogonal subchannels gy ences. Introducing more transmit antenna elements might re-
10To be understood as the product of two Rayleigh-distributed random va!f€ that more_ rad'? propagation channels have to_be eSt'mated

ables. by the use of pilot signals or sequences. Thus, a higher portion



of the overall power might have to be dedicated to pilot assistdiversity gain will decrease with increasing correlation. Addi-
channel estimation. Nevertheless, the inherent pilot overhdamhally performance will degrade with an increase of terminal
must be kept small compared to the potential performance bepeed and radio channel frequency selectivity [57, ch. 6].

efit of a multiple element system. ) _
C. Conventional Beamforming

_The amount.anq quality of CS! available to the transmitter In CBF [58], the set of coefficients applied at the antenna ar-
will havel a ma]ort.'mﬁ)"ij:;/ﬁ_g rlgglltjlple ?lemiﬂt schhemel pe?_‘oréy of Node B are selected in order to steer a directional beam
mance. in a practica system, the channel 1S UM ayds the served user. The process of steering this beam aims

varying. By employing uplink channel estimates and a Priogy concentrating the transmitted energy at the azimuth location

knowledge of the propagation differences between uplink agfjthe desired user, therefore decreasing the degree of interfer-

c_iownllnk channels, an indirect |r_1<j|cat|on of the average dowp; ce that this signal is causing to other users located at different
link CSI can be obtained. Quasi-instantaneous channel knoyﬂ-

. _ ~dzimuth directions. This kind of spatial interference filtering
edge at the transmlttgr can only be acquwgd throgg_h FeCENVELds to an increase of the experienced Signal-to-Interference-
feedback. As the available feedback bandwidth is limited more « \cise Ratio at the UE and, thus, increases the system ca-
accurate CSl is available to the transmitter when the chan eolcity 59].
is slowly time varying, i.e. for low mobile speeds. When th
channel is varying very fast, i.e. high mobile speeds, less CSiThe only CSl thatis needed for pointing a beam towards a cer-
is available to the transmitter. Additionally, during the feedbadRin azimuth direction is the DoA of the user, which can be es-
round trip delay, the channel may have changed significantifhated from the uplink channel due to the reciprocal behaviour
before the transmitter can use the received CSI. Finally, the G8up and downlink [60]. When generating the beams, there are

available at the transmitter might suffer from transmission errdi%0 options: _ _ _
and incorrect detection. « to allow beam steering towards a continuous set of azimuth

directions (continuous beamforming) [61]
The performance of multiple element systems depends atgo
considerably on the correlation properties between the antegng generate a fixed grid of beams, from which the one with the
elements. The distance required to achieve spatial decorrelatighest gain towards the user is selected [62], [63].

between antenna elements depends on the scattering environ-_ . , . .
ment (DoD, DoA and AS). High AS leads to low correlation Yhe first option gives a better match between the azimuth lo

cation of the user and the azimuth direction pointing the beam
between closely spaced antenna elements [53]. In many aut- . : ; .
; ; in_However, since the number of possible beams is very large, it
door scenarios the antenna element correlation at the Node B : : ’
) . . is not affordable (in terms of pilot power overhead) to transmit
is therefore higher than at the UE. Decorrelation, however, can- . .
. . . . ~a common pilot signal per beam. Therefore, users are forced
not only be achieved by spatial separation but also by different N ] . i
S o perform channel estimation based on dedicated pilots. This
polarisations of the antenna elements. )
leads to subsequent performance degradation compared to the
The Multiple-Input Single-Output (MISO) and MIMO case in which a common pilot is used. The reason for this is that
schemes proposed for the UMTS FDD downlink can be grouptig effective experienced radio channel is affected by the set of
into four major categories: Closed Loop Transmit Diversity€ights applied at the antenna array. Thus, the utilised pilot sig-

(CLTD), Conventional Beamforming (CBF), Open Loop Trang?al must be transmitted with the same weights as the data signal
mit Diversity (OLTD) and code reuse. to be received with those channel estimates.

Due to the finite number of beams in the second option (fixed
grid of beams), the deployment of a common pilot channel per

All CLTD schemes utilise quasi-instantaneous CSI, whidfeam is affordable. The performance is increased compared to
is fed back to the transmitter on the up“nk control Chaﬁhe| the case in which channel estimation is based on dedicated p||0t
The transmit weights are chosen to maximise the signal povwignals. This can counteract the performance degradation due to
at the receiver. Different closed loop schemes can be appﬁégotential mismatch between the azimuth direction of the user
to adapt to the changing radio channel at different termin@nd the direction at which the beam is pointed. Furthermore,
speeds while the available CSI feedback bandwidth remains @rfixed beam grid scheme is a simpler solution than continuous
changed. These schemes differ mainly in their degree of antefg@mforming and requires less accurate DoA estimation. For
weight resolution. Antenna weight adjustment is ranging fromthe aforementioned spatial filtering capabilities to be effective,
simple "on/off” in Selection Transmit Diversity (STD) [55] for the azimuth dispersion of the radio channel has to be low, corre-
higher terminal speeds, over phase and amplitude adjustmerg@nding to high correlation between the antenna elements [64].
Rel. 99/4 Mode 1/2 [54F, to eigenbeam selection and eigenMoreover, CBF can be combined with transmit diversity when
beam combining techniques [56] for slower moving terminalsthe polarisation domain is exploited [65].

B. Closed Loop Transmit Diversity

Generally, it can be said that CLTD schemes can perform wBll Open Loop Transmit Diversity

over a wide range of channel correlations. Nevertheless, theilf no CS] is available at the transmitter, it is possible to trans-
1In Rel. 99/4 on the Dedicated Physical Control Channel at 1 bit per slgt"t from the. antenna .elements us'.”g space-pme block encoded
(0.6 ms) [54]. signals relying on the introduced diversity to improve the effec-

12 And their extensions to more than two Tx antennas [56]. tive channel quality. The simplest scheme is Time Switching



Spatial Very high High Medium and low
correlation
UE All Medium Low High Medium Low
speed and high
Favourite | Fixed grid | Fixed grid Fixed grid Eigenbeam- Eigenbeam Eigenbeam
scheme | of beams | of beams of beams STTD Selection Combining
(possibly in | (possibly in STTD CLTD mode 1 CLTD mode 2
combination| combination Polarisation and extensiong and extensiong
with with CLTD in STTD to more than to more than
polarisation | the polarisation 2 Tx antennas 2 Tx antennas
STTD) domain)

TABLE Il
SELECTION OF FAVOURITE SCHEMES ACCORDING TO THE SPATIAL CORRELATION OF THE ENVIRONMENT AND THE MOBILE SPEED

Transmit Diversity (TSTD), where the signal is transmitted aF. Favourite scheme selection
ternatively from different antennas ([54], [66]). More sophis-

ticated solutions like STTE [54], STTD-OTDH [67] and 4- dproposed for the downlink of UMTS FDD systems has been
Tx STTD [68] are F’a?sed on orthogonal space-tlme block CO0EGnducted and is summarised in Figure 2. The frequency se-
[69], [70]. Transmitting without any CSl is naturally sub Optiye ity and the correlation of the propagation environment as
mal, but is sometimes the only practicable solution at high M@ell as the amount and quality of transmitter CSI are the main

bile speeds and n sp_atlally L_mcorrelated ef“’"?”me_”‘s- OL-IEQCIOI’S influencing the multiple antenna element scheme perfor-
only works effectively if sufficient decorrelation is available befnance

tween the transmit diversity branches. If STTD as specified in
[54] is used in a highly time dispersive environment orthogo-

nality between the users’ spreading codes and additionally, or-
thogonality between the space-time codes is lost [71] and re-

A brief enumeration of multiple antenna element schemes

— STD

CLTD ——+—» Rel. 99/4 Mode 1/2

orthogonalisation is not straightforward.

Eigenbeam selection/combining

E. Code reuse — Beam steering
= CBF ——
Code reuse differs from the previous schemes, as it does not — Fixed grid of beams
primarily depend on the amount of CSI at the transmitter but
on decorrelation of the antenna elements. Closed loop and open TSTD
loop code reuse schemes exist. Generally, code reuse schemes
transmit with the same spreading and scrambling code from dif- = STTD
ferent antenna elements. The receiver uses iterative signal de——= OLTD ——
tection (e.g. a minimum mean square error detector) and in- — STTD-OTD
terference cancellation to decode the different signals. The first 4-T
» 4-TxSTTD

open loop schemes were proposed by Lucent (D-BLIR$2)],
V-BLAST?® [73]) and, in the UMTS context, led to the closed
loop PARC’ method [74]. Other open loop code reuse schemes
like Twisted STTD [75] and Double STTD [76] add a space-
time block coding component to introduce diversity to the sys-
tem. All code reuse schemes require non-linear receivers. Code
reuse schemes performance is often assessed using the single
user throughput metric [77]. Simulation results for frequency
flat fading channels given in [75], [76], [78], [79] assume that a
dominant portion of the Node B transmission power as well as
most of the code resources are dedicated to a single user.

— D-BLAST

— V-BLAST

L—» Code reuse —» PARC

| s Twisted STTD

L__, Double STTD

Fig. 2. Multiple antenna schemes proposed for UMTS FDD downlink

13Space-Time Transmit Diversity.
14STTD-Orthogonal Transmit Diversity.
15Djagonal-Bell Labs Layered $pe-Time.
16Vertical-Bell Labs Layered Space-Time.
17per Antenna Rate Control.

In the UMTS FDD downlink context, code reuse scheme pro-
posals have mainly been limited to frequency flat fading sce-
narios. Moreover, they aim at maximising peak data rates for
a single user rather than increasing system capacity. Therefore
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