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Abstract—Motivated by recent interest in vehicle-to-vehicle/ understanding that if V2X over LTE is to become a reality, it
infrastructure/pedestrian (V2X) communication over the fourth  has to be efficient in a way that will not disrupt other operato
generation of the Long-Term Evolution (LTE) cellular standard, services.

we study the efficiency of the Multimedia Broadcast Multicas . . .
Services (MBMS), a key enabler for V2X communication, which  Motivated by these trends, the focus of this study is on

currently employs only single antenna transmission. We she improving the MBMS spectral efficiency for V2X over LTE
that by utilizing more transmit antennas at the base station— applications. Generally, MBMS is resource efficient, since
which are already used for point-to-point communications —and it transforms multiple unicast transmissions into a single
§|mp|ef Space-time cgdmg rs_STC(g t(_erchni:ques,da S'gn'f'cfm bsth multicast. MBMS defines a region, that may include several
In performance can be achieved. To this end, we evaluate the . ' . .
performance of different transmission strategies along wh the Pase stations that cooperate and multicast the same signal
information theoretic optimal performance. For a fast Rayleigh at the same time and at the same band for all users in
fading channel, we show that a gain of 1 bit/sec/Hz is achiegidor  this region. This technique mitigates the interferenceat th
a signal-to-noise ratio of 10dB, and higher gains for highesignal-  traditionally limited the unicast transmission, improgithe
to-noise-ratios for for an outage probability of 0.01. Moreover, received signal-to-interference-and-noise ratio (SINR)r-
we demonstrate that Alamouti STC is near optimum for typical . . . )
signal-to-noise ratios. However, for more antennas, due tehe thermore, it potentially makes SINR more uniform across the
inherent loss of multiplexing of orthogonal STC schemes, no  entire MBMS region except for its edges; the larger the MBMS
orthogonal STC schemes with higher multiplexing need to be region is, the smaller the effect of it edges (relative to the
considered. . , entire MBMS region’s area). Nowadays, both the base staition
br(lgg?;st T:ggg; ';Pny:'ggg:ﬁéerMBn&uslt'cﬁm oc\c;r;)r(nci?évessage and the vehicles/user equipments (UEs) are equipped with at
’ ’ ’ ' ’ ' least two antennas. Nevertheless, MBMS is standardized to
|. INTRODUCTION multicast data over a single transmit antenna, and it doesn’
take advantage of the potential multiple-input multipleput
next game-changer in the automotive industry and ecosysté%éMo?)r:SEa?e'l_'?,:'r;gr;hIsscigr?gswaespvrv(;ﬁ)logse gir\',igﬂahg&ﬂg
[1], aiming to revolutionize all automotive aspects: frohet P " oty
) i . : . schemes, i.e., orthogonal block space—time coding (OSTBC)
way we use our vehicles (social commuting, trafﬁ(_:/parkln chemes, such as the Alamouti OSTBC scheme [5], to improve
management), through the way we own our vehicles (Cf’ﬁre MBMS spectral efficiency by leveraging the multiple

sh_a_rlng), and to the way we drive our Yeh|cles (autonompgﬁtennas both at the base stations and at the UEs. We focus
driving). Generally, the connected vehicle concept resgir

iquious V2X (V2Y — vefice-o-vehile, V2l —venice. 2 S1 bose saon rensiing t e UEs, wrere
to-infrastructure, V2P — vehicle-to-pedestrian) conivétyt 9 P

) . . " transmission simultaneously is trivial. We shall limit our
which translates into high throughput, low latency and high _. ) .
. ) LTS . . discussion only to open loop schemes, i.e., where no channel
reliable wireless communication links over fast fadingeléss . . . ; .
. . . state information (CSI) is available at the base stations.
channels (due to the high mobility of vehicles). The exac
requirements are derived from the application, with safetyII

related applications, e.g., (semi) autonomous drivingndpe

The concept of theeonnected vehiclés perceived as the

CHANNEL MODEL AND COMMUNICATIONS SETTING

the most stringent ones. We consider & x 2 flat Rayleigh fading channel model:
Recently, the fourth generation of the Long Term Evaluation

(LTE) cellular standard was suggested for the purposes of [yl [i]} _ {hll h12] [xl[i]} " [21 [i]}

V2X connectivity [2], and a new 3rd generation partnership yali]] — |hor  hao| |@2[d] zoli] |’

project (3GPP) standardization study group, that focuses o .
LTE-based V2X communications [3], was established. Indee?f equivalently

LTE is an attractive technology that offers three related ma yli] = He[i] + =i, L
jor services: (i) unicast, (ii) device-to-device commuation,

(i) multicast, i.e., Multimedia Broadcast Multicast Sares wherei — 1,..., N is the time indexy — [yl i yg[i]]T is
(MBMS), [4]. MBMS is a key enabler for safety re|at6dthe channel output vectoH = [h,,,] is the channel matrix
applications, due to their broadcast naturand the clear with i.i.d. circularly-symmetric Gaussian entries of pawe

IMost safety related applications require a short messagedbast to all which remams poﬁpsﬁant throthOUtl the transmlssm.n block,
vehicles in close vicinity in events like emergency stosslof control, etc. @ = [21[i] 2[i]]" is the channel input vector subject to



an average individual (per-element) power constraiftahd wherel denotes the identity matrix; is the conjugate trans-

z=[z]i] 2 [z‘]}T is an i.i.d. Gaussian circularly-symmetricoose operation, angh\| denotes the determinant f.

noise vector with zero mean and identity covariance matrix. In the rest of the section, we restrict attention to the
We assume anpen-loopscenario, meaning that the channgransmission of independent equal-rate scalar streams.

matrix H is known to the receiver but not to the transmitter,

This is a standard model that represents a (down)link betwe%’ Single-Input Multiple-Output Communications

a single base station and a single UE equipped with two The current LTE standard utilizes only one transmit antenna
antennas each. for MBMS, which corresponds to transmitting only the first

We extend it to the multicast scenario by considering a lar§8try of z. Hence, the equivalent channel is equal to
number of independent, identically distributed (in ternfs o
H) such links, connecting a single base station with multiple
MBMS UEs. Namely, we consider a hypothetical scenarighereh; denotes the-th column ofH.
where all UEs have similar shadowing with independent fadin The optimal receiver in this case reduces to applying
characteristics. As mention, this scenario is potentigiyre maximum-ratio combining (MRC):
realistic for large MBMS areas that encompass a large number
of evenly distributed base stations.

In the next section we consider differgmiactical commu- which reduces the decoding task to that of scalar decoding.
nication schemes for downlink communication.We compare Thus, the achievable rate of the single-input multiplepotit
their spectral efficiency cachievable rateR;..qc, for a fixed (SIMO) scheme for a given channel matikis®
outage probability . That is, the achievable ratBqarget 5
is defined such, that the mutual information between the Rsimo(H) = log (1+ 1] ) (4)
transmitted signate and the resulting output of the scheme \ye next consider schemes that employ two transmit anten-
Yerr fOr @ channel matrixd, denoted byRes(H), is lower .o
than Riarger With probability (over the ensemble of channel
matrices) C. Repetition over Antennas or
Transmission within an MBSFN Area

One may consider transmitting the same signal over both

In parts of this work we shall make use of the followingransmit antennas, that is,
notions of [6]. Themultiplexing gainor the pre-log factor of

y=hzx+z,

YMRC = h{y = h];hlw + hIZ, (3

Pout - PI‘(Reff(H) < Rtargct)-

A

a scheme is defined as n=22=2,
 — lim E[Reff(H)]’ or equivalently,
p=oc log(p)
whereas its diversity gain is defined as r= H T
d= lim — log Pout_ The resulting equivalent channel is
p=oe log(p) hi1 hiz| |1
We note that bothE[Ret(H)] and — log Poy grow with p. = [hm hn} M T+ z (5a)
Furthermore a fundamental tradeoff exists between the two; hi1 + his
see [6], [7]. = [h21 n h22] T+ z. (5b)

1. COMMUNICATIONS SCHEMES We note that since the entries bff are i.i.d. and circularly-

In this section we consider different practical schemegymmetric Gaussian, the equivalent channel vector in (5b)
that employ parallel equal-rate scalar codes, and comp®ealso circularly-symmetric Gaussian with i.i.d. entrigih
their performance to the optimal theoretical performame# ( variance2p. This suggests in turn that repetition over the
restricted to equal-rate scalar coding). transmit antennas offers no improvement in multiplexing or
A. Optimum Performance d.iversity compared to the SIMO trapsmission of SectiorQ]I-

since the resulting channel is equivalent to (3) up to a 3dB

For the Rayleigh fading channel ensemble described iy i the effective input power (sometimes referred to as
Section I, the optimum performance under individual pPOWgk, oy gain”). The latter stems from the fact that we coesid
constraints are achieved by a white input of per-elemertt uj){qjigual power constraints, and hence the utilizationaof

variance (see, e.g., [8]). Thus, the optimal achievable f@t gocong transmit antenna suggests an increase of 3dB in the
a specific realizatiomd is given by total power.
Ropt(H) :10g|| +H|-|T|7 2) We note that _this sche_me r_nodels the curre_nt MBMS
standard, according to which different base stations (BSs)

2This is without loss of generality, as any other constraant be absorbed
in p. 3All logarithms are taken to base 2 and rates are given in bits.



within the same muticast—broadcast single-frequency ortw F. Alamouti’'s Orthogonal Space—Time Block Code
(MBSFN) area transmit theamesignal. Instead, by viewing  gq, multiple-input single-output (MISOR x 1 channels,

this scenario as an effectiv.e single BS with multiple ang&&nni,e Alamouti orthogonal space-time block code (OSTBC)
(as the transmitted signal is shared by all BSs), perfor@ang is known to achieve (2) using equal-rate scalar codes via
can be greatly enhanced, as is suggested by the schemggiiaple orthogonal design:

discussed in the sequel.
D. Maximum-Likelihood Decoding (1] «[2]] = [Cl _62} ; (6)

c2
The channel model of (1) under the independent stream

constraint reduces to a MIMO multiple-access channel (MA(‘f‘jﬁerec1 andc; are the two scalar (equal-rate independent)

[9]. The optimal achievable rate (“sum-rate” in the termicodewords transmitted across the effective scalar channel

nology of MIMO MAC) of a scheme that transmits twolNote that:c[l]_ and x[2] are (_)rthogon_al in this case, which
independenequal-ratestreams over the transmit antennas i anslates to independence if Gaussian codebogland c;

achieved by ML decoding and is equal to are used. . .
For 2 x 2 channels, Alamouti's OSTBC (6) can be rewritten
Ryr(H) = min {C(H), in the following equivalent way:

2log (1+ [[h]”) {ym} _ {H o} {wm} N {z[l]] 7

210g (1+ [|ha]?) }, y[2)] T |0 H] |x2]] " |22

where the latter two expressions in the minimum are due ¥1ere0 denotes an all-zero matrix, anrdl], z[2] are the noise
the equal-rate constraint and can be regarded as the SIVEStors at time indext and2, respectively.
achievable rates (4) of each of the two transmit antennas. By substituting (6), this can be further re-written as

We note that ML decoding is computationally expensive
and therefore other (suboptimal) decoding processes reed t
be considered, as discussed further in the next subsectionwhere

Y Aalamouti — HAlamoutiCAlamouti + Z Alamoutis

Furthermore, we shall see in Sections llI-F and IlI-G, that b N
applying linear precoding to the transmitted equal-ratesshs Y Alamouti = v 2|’
across several time instants, i.e., by incorporating space - -
time coding (STC), a rate close ©©(H) can be achieved, CAlamouti = Cl} ,
which outperformsiy,. Using ML decoding for these STC 302 i
structures has much higher computational complexity which ZAl A z[1]
calls for employing other decoding methods. amoutt T 2*12] | 7
E. Integer-Forcing Decoding L0

Due to the high complexity of the ML decoder, a suboptimal H Alamouti = '3 I-?*] 01

. . . . 0 -1
lattice-based scheme was proposed, with decoding conyplexi 1 0
that is similar to that of single-stream decoding, whichatiss _
(linearly independent) integer combinations of the lattode- hi hag
words, and then recovers the transmitted codewords frosethe _ har  hao
combinations. For details, see [10], [11]. hia —hi

We next recall the achievable rate of this scheme. To this [h3a —hay
end, define the real representation of the complex-valugd in MISO case, the orthogonality of the columns of
channel matrixH: Halamousi iMplies that the codewords, and ¢, pass effec-

Hoou 2 [éR{H} —S{H}] tively through parallel SIMO channels. Moreover, note that
rea S{H} R{H}|"’ each of these columns has the same norm which is equal to

whereR{H} andS{H} denote the real and imaginary parts of"€ Frobenius norm of the physical channel mattixand is
H, respectively. For a x 4 integer matrixA, denote byL, the defined as|H|[. = >~; ;[hi;|". Thus, by applying MRC at
lower-triangular matrix resulting after applying the Cesky the receiver, the following rate is achieved

decomposition to
p Rplamouti = log (1 + ”HH%) :

We note that the pre-log factor is 1 since normalization key th

Then, the achievable rate of this scheme is given by number of physical channel uses, which is equal to 2 in this
case, needs to be performed.

real

A (l + HyealH! )71AT P

Rir = —2logmin max Zf,
A i=1,...4

) . 4In the context of this paper, OSBTCs should be treated as laiichs
whereA € Z*** and/; is thei-th diagonal value oL. rather than codes.



This technique achieves full diversity, but does not allo
to achieve beyond half of the possible multiplexing gain [6
Namely, its pre-log factor is equal to 1, in contrast to th
optimal possible 2.

G. Non-Orthogonal Space-Time Modulations

To allow higher multiplexing gains enulti-layer Alamouti
(MLA) scheme was proposed in [12]. In this scheme, th
transmitter sends two layers of codes precoded using
Alamouti OSTBC, with a phase difference af/2 radians

between the two:

¢ —ch n c2  c
cz ] c4  —ch 7
“ _ @)
_|eatee g —cg
c3+cys ¢ —c;

s Optimal performance
1l ML: Golden code
wwwwww ' ML: MLA

1111 ML: Equl-rate (no STC)
10[| = |F: Golden code
w— |F: MLA
s | Equi-rate (no STC)
gH = = = Alamouti
Repetition

12n

R [bits]

Fig. 1. Achievable rates for an outage probabilityOof1.

For the2 x 2 MIMO case of Section I, the resulting channel
output can be written as

u

|

o 3] ]+ 5]

wherez[1], z[2] are the noise vectors at time indéxand 2,
respectively. By substituting (7) this can be re-written as

where

Ynrna = HMoaemra + 2vLa,

Ymra

ZMLA

CMLA

Haea

(8)

y[1] }
y 2]’
1

1 0 1 0
H O 0 1 0 1
0 H*} 0 -1 0 1

1 0 -1 0
hi1 hi2 hin  hio
ho1  hoa  hor  ha
hi, —hiy —hiy hi
h3y  —h3 —h3y D3

where the pre-log factor i$/2 due to the normalization by
the number of time instants utilized for each effective c¢ten
use (8).

Since this scheme can achieve multiplexing gains larger tha
1, it outperforms the classical Almaouti OSTBC considered i
Section IlI-F for high SNRs (see Fig. 1). However, this sckem
does not attain the optimal diversity—multiplexing trafieo
(DMT) curve [14]. In fact, this scheme can be regarded
as an approximated variant of thgplden code[15]-[18],
which was designed to attain the optimal DMT curve [6].
The performance of both of these schemes under ML and IF
decoding are depicted in Fig. 1.

IV. NUMERICAL PERFORMANCEEVALUATION

In this section we evaluate the achievable rates of the
different schemes of Section Il for a fixed outage probapili
Namely, we calculate the achievable rates of the previous
section for a large ensemble of channel realizations, gkl ta
the P,y percentile.

Consider the achievable rates for an outage probability of
Pout = 0.01, depicted in Fig. 1.

First note that the rate penalty due to equal-rate constrain
for each of the streams, is very modest at low SNRs and
vanishes for higher SNRs, when using the space-time trans-
mitters of Section IlI-G. Unfortunately, IF decoding insur

We note that, in contrast to the single-layer Alamouiypstantial losses compared to these performance (adhieve
scheme of Section IlI-F, the columns of the effective channgy ML decoding).
matrixHyira are no longer orthogonal, i.e., separate decodingnterestingly, for two transmit antennas, Alamouti OSTBC

of each of the codewords (i = 1,2,3,4) is suboptimal and erforms quite well for typical SNR values, and improves by
joint decoding is necessary to achieve optimum performanggqre than 1 bit/sec/Hz for signal-to-noise ratio of 10dB or

Nevertheless, each column is orthogonal to one additio

her.

column, which may facilitate in reducing the complexity of We note that for higher outage probabilities the IF-based

joint (ML) _decoding [13]. The MLA s_cheme allows to aChie\’%chniques outperform the Alamouti OSTBC already at lower
the following rate (under ML decoding):

1
Ruia = §log I+ HMLAHL{LA ,

SNR values, as is evident from Fig. 2.
Remark 1:We refer the reader to [19] for the dual diversity-
order evaluation of some of the schemes of Section Ill.
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rate of each of the schemes of Section Ill. Moreover, by
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