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Cooperative multiple-input multiple-output technology allows a wireless network to coordinate among
distributed single or multiple antenna deployments and achieves considerable performance gains
compared to those provided by conventional transmission techniques. It promises significant improve-
ments in spectral efficiency and network coverage and is a major candidate technology in various
standard proposals for the fourth-generation wireless communication systems. We propose to use
Keywords: cooperative multiple antenna deployment links in Long Term Evolution-Advanced networks where
Cooperative communications vehicles act as relaying terminals using Decode-and-Forward relaying. To maintain orthogonality of
MIMO signals, we deploy a modified Alamouti-based Space-Time Block Coding technique. Our approach allows
Performance analysis exploitation of the multiplexing capability and spatial diversity of typical multiple antenna schemes in
Vehicular relaying distributed way. We further contribute by deriving error rate, diversity gain and outage probability closed
Mathemat_ica' r_“Ode"i“g form expressions as a benchmark to assess our analysis and future research studies. Our findings indicate
Channel diversity that significant diversity gains and reduced error rates are achievable. As well, a noticeable reduction
in the required transmitting power, and an increase in coverage distance are observed compared to

traditional single antenna deployments.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The evolution of fourth generation (4G) mobile communication
has enabled new services and usage models with higher efficiency
networks. 4G systems support a wide range of applications that
require high data rates and reliable transmission. To meet this de-
mand, wireless communication system designers need to advance
and optimize network performance in terms of better link reli-
ability, fewer dropped connections and longer battery life. Long
Term Evolution-Advanced (LTE-A), which was ratified by the In-
ternational Telecommunication Union (ITU) as an IMT-Advanced
4G technology in November 2010, has adopted relaying for cost-
effective throughput enhancement and coverage extension. The
utilization of multi-hop relaying techniques aims at increasing net-
work performance without the need to undergo costly network
infrastructure expansion [1,2].

Concurrently, the continuous increase of mobile data traffic
has created a substantial demand for high data rate transmission
over 4G mobile networks. The uplink power and efficiency con-
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strains are studied in [3,4]. In [3], two power-efficient schedulers
for mixed streaming services are presented to minimize transmis-
sion power for all users in LTE uplink systems. Simulation results
show that the proposed schedulers offer a significant transmis-
sion power reduction for the LTE link. In [4], a framework for
energy efficient resource allocation in multiuser synchronous con-
straints is presented. Using this framework, the authors formulate
the optimal margin adaptive allocation problem, and proposed two
suboptimal approaches to minimize average power allocation re-
quired for resource allocation for LTE links while attempting to
reduce complexity. For the multiple-input multiple-output (MIMO)
downlinks, the authors in [5] focus on minimizing the long-term
average power consumption of a transmitter providing Quality of
Service (QoS) enabled traffic to a receiver. While both the transmit-
ting and receiving stations are equipped with multiple antennas.
The designed policy exploits queue state information to schedule
traffic while meeting throughput and loss constraints.

Recently, vehicular networks cooperative relaying has been pro-
posed to extend coverage, enable ad-hoc connectivity and enhance
link reliability. Cooperative communication has been proposed for
vehicular networks through distributed spatial diversity by making
use of vehicles equipped with low elevation antennas, and short
and medium range wireless communication technologies. The ad-
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vantages of vehicular relaying networks include the abundant en-
ergy and computing power, the predictable movement that is in
the most common cases limited to roadways, the availability of
positioning systems and map-based technologies, and the frequent
availability of travelling vehicles. Hence, vehicular relaying is envis-
aged to be a key technology enabling significant network growth
in the coming years. Most vehicular wireless communication mea-
surement campaigns have focused on single-antenna applications,
leading to the development of single-input single-output (SISO)
systems, e.g., [6-9] and the references within. However, only a
few measurement campaigns [10-12] have so far been conducted
for MIMO Vehicular channels. For simplicity assumptions, multiple
uncorrelated Rayleigh fading processes often implemented MIMO
channel models.

It is well recognized that MIMO wireless systems can improve
link performance and spectral efficiency by utilizing diversity and
multiplexing gains [10,13]. For MIMO channels it is very likely
that correlated channel fading coefficients appear if the transmit
antennas of the same transmitter/receiver are within a range of
a few wavelengths. This leads to a degradation of the error rate
performance as diversity is lost. To overcome this phenomenon,
Space-Time Block Coding (STBC) [14] is used to enforce orthogo-
nality of the transmitted signals. This in turn provides the ability
to extract full signal diversity. STBC can achieve an optimal tradeoff
between multiplexing gain and diversity gain, which means such
codes can achieve the optimal diversity gain [15]. Provisioning
practical STBC for cooperative relay channels is fundamentally dif-
ferent from STBC for MIMO link channels and is still an open and
challenging area of research. Apart from practical STBC for the co-
operative relay channel, the formation of virtual antenna arrays us-
ing individual terminals distributed in space requires a significant
amount of coordination. Specifically, involves distributed transmis-
sions while synchronizing at the packet level amongst the different
communicating nodes. In this paper, we make use of a modified
STBC-MIMO deployment for dual-hop cooperative systems.

Although the expectations for this emerging technology are set
very high, many practical challenges still remain unsolved. In most
practical scenarios in such high mobility communication, inter-
symbol interference (ISI) due to the broadband nature of the sys-
tem introduces frequency-selectivity, and Doppler spreads result-
ing in time-selectivity. Within the research of cooperative diver-
sity, one commonly used technique for the transmission between
a source and a destination through relays is Decode-and-Forward
(DF). In DF, relays first decode the received signal, re-encode it, and
then transmit the re-encoded signal to the destination. Beside DF,
the most common relaying strategy is amplify-and-forward (AF).
AF simply amplifies and retransmits the signal without decoding.
It was shown in [16] that the DF protocol achieve higher ergodic
(mean) capacity than the AF. A similar conclusion was found in
[17] for the ergodic capacity of MIMO multi-hop relay systems.
From [16] and [17] we conclude that while the AF protocol is
better for uncoded systems (where the error propagation effect
outweighs the noise amplification), the opposite is true for systems
using powerful capacity-approaching codes, where DF outperforms
AF. DF also avoids error propagation in practice, where a relay node
can decide that an incorrect decision has been made through cyclic
redundancy check (CRC) deployment.

In this paper, we study cooperative vehicular relaying for a
downlink LTE-A communication session, using a multiple an-
tenna deployment installed at a transmitting cellular base-station
(eNodeB/BS) and a designated receiving end vehicle through a
highway traffic. The source and destination nodes are equipped
each with two antennas while the relay node has a single trans-
mit/receive antenna. Note that a single antenna at the relaying
vehicle allows maintaining the basic minimum required power
and processing capabilities without the need for extra hardware

deployment. As mentioned above, Alamouti-type STBC [14] is mod-
ified and used across the two transmit antennas of the source node
and the two receive antennas at the designated vehicle.! Since
time-selectivity destroys the orthogonality of STBC, we employ
digital phase sweeping (DPS) to overcome the degrading effects
of time-selectivity. DPS converts space-time time-selective chan-
nels into a single faster time-selective channel [18]. We further
contribute by

1) deploying an effective pre-coding transmission scheme and
a MIMO encoding technique for the model under consideration (il-
lustrated in Table 1) that significantly increase diversity gains and
reduce error rates;

2) the derivation of closed-form formulae for the error perfor-
mance rate, diversity gains and outage probability as a benchmark
to assess our analysis and future research studies of such an ap-
proach; and

3) demonstrating the performance gains of the proposed ap-
proach, analytically and through simulation, compared to the tra-
ditional approaches.

In addition to higher diversity and improved levels of error
rates, our transmission scheme shows tight performance compli-
ance to similar ideal stationary flat-fading scenarios even under
high mobility and selective fading.

The paper is organized as follows: In Section 2, we present
the pre-coded cooperative system model along with the vehicu-
lar fading channel. In Section 3, we provide diversity gain analysis
through derivation of the Pairwise Error Probability (PEP); further
we derive the outage probability. In Section 4, we present nu-
merical and simulation results for the error rate performance, the
diversity gains and the coverage distance advantages of our pro-
posed scheme. We conclude our findings in Section 5.

Notations. (.)T, ()* and ()" denote transpose, conjugate and Her-
mitian operations, respectively. E[.], |.| and ® denote expectation,
absolute value and Kronecker product, respectively. [H]y , repre-
sents the (k, m)-th entry of H. Iy indicates an N x N-size identity
matrix. 0 represents all-zeros matrix with proper dimensions. [.]
and |.| denotes integer ceil and integer floor operations, respec-
tively. * is the convolution operator. x, i, j, k are dummy variables.
F(.) and f(.) are the cumulative distribution function (CDF) and
probability density function (pdf) for a given random variable, re-
spectively. Bold letters/symbols denote matrices and vectors.

2. System model

As illustrated in Fig. 1, we consider a highway traffic scenario,
where the relay and destination vehicles are assumed to be travel-
ling in the same direction with similar speeds and communicating
with a fixed BS through an LTE-A downlink session.” In this sce-
nario, source-to-destination and source-to-relay links are modelled
by a doubly-selective channel due to the relative velocity between
the communicating nodes. On the other hand, since the relative
Doppler frequency of the relaying and destination vehicles trav-
elling in the same direction with similar speeds becomes nearly
zero, the relay-to-destination link can be modelled by a time-
and frequency-flat channel. In this section, we first describe the
vehicular channel model and then present the pre-coded coop-
erative MIMO scheme under consideration. There are mainly two
approaches to handle cooperative communications. The first ap-
proach involves adaptive transmission in which one or more trans-
mission parameters (coding, modulation, power, etc.) are varied

1 Extension to more than two antennas is straightforward with a more cumber-
some notation.
2 A scheme similar to the one in [19] can be used to ensure such relay selection.



14 M. Feteiha, H.S. Hassanein / Vehicular Communications 3 (2016) 12-20

Highway/sub-urban regions, where there exist

reflectors and scatterers

eNB/BS

fﬁﬁ )
Designated
end-vehicle

Fig. 1. Cooperative best-relay selection model in a highway/suburban area with 2 x 2 MIMO deployment.

according to the channel conditions. This builds on a closed-loop
implementation in which feedback from the receiver to the trans-
mitter is required. The second approach is the use of either outer
coding or pre-coding. These are open-loop implementations which
do not require feedback. Such techniques are particularly useful
over time-varying channels where reliable feedback is difficult to
obtain. In our paper, considering the time-selective nature of the
vehicular system under consideration, we used the linear constel-
lation pre-coding (LCP) approach. Taking this into consideration,
we will build our communication scheme over orthogonal trans-
mission protocol, cooperative relaying, as well as outer and linear
signal pre-coding.

2.1. Channel model

To reflect the relay geometry, we consider an aggregate chan-
nel model which takes into account both path-loss and small-scale
fading. The path loss is proportional to d* where d is the propaga-
tion distance and « is the path loss coefficient. Let dgg, dsr and d,q
denote the distances of source-to-destination (S — D), source-to-
relay (S — R), and relay-to-destination (R — D) links, respectively,
and 6 be the angle between lines S — R and R — D. Normalizing
the path loss in S — D to be unity, the relative geometrical gains
are defined respectively as Gg = (dgg/dsr)* and Grq = (dgq/drq)”.
The ratio Gg/Gq reflects the effect of relay location. A more nega-
tive ratio translates into closer proximity of the relay to the desti-
nation terminal.

The Jakes model [20] assumes an isotropic rich scattering
around the mobile receiver antenna and builds upon a single-ring
model. In this model, the angles of arrival of the waves arriv-
ing at the receiving antenna are uniformly distributed. This sin-
gle ring model is generally used for cellular systems that typi-
cally involve a stationary base station antenna above roof-top level
unobstructed by the local scatterers. When the transmitter vehi-
cle and/or the receiver vehicle are in motion, the Doppler phase
shift, i.e. the amount of change in the frequency due to the ve-
hicles’ relative mobility, must be taken into account. In highly
scattered areas, there are a large number of paths along with the
absence of a dominating line-of-sight (LOS) path. Central Limit
Theorem suggests that the complex fading coefficient can be mod-

elled as zero-mean complex Gaussian. Therefore, the envelope of
the channel follows a Rayleigh distribution while the phase is
uniformly distributed [21]. In vehicular communication, the an-
tenna is close to the ground level (1.5-2.5 m), and is dynamic
with higher speed and variation; which requires considering the
local scattering around the vehicular antenna. In [22], Akki and
Haber consider a scattering model surrounding the mobile termi-
nals with omni-directional antennas; assuming two communicat-
ing terminals moving with velocities vi and v;. For this mobility
scenario, each path will be subject to separate Doppler shifts. For
the short-term fading model, we adopt the double-ring channel
model of [22] which assumes that scatterers lay uniformly over
two rings around the two vehicles. The envelope of this channel
follows a Rayleigh distribution, however its second order statistics
differ from Jakes’ model (traditionally used in cellular communica-
tions). The corresponding autocorrelation function in the double-
ring channel model is given by

2 27 27
C(t)=o0 ]O(TWT) ]O(T‘QT) (1)

The maximum Doppler shift due to the relative motion of the
two vehicles is given by fp,, = [v1cos (¢1) + vz cos (¥2)]/A, where
A is the wavelength of the carrier frequency with #; and ¢, repre-
senting the angle of incidence of the signal on the first and second
vehicles, respectively. Note that in a vehicular channel there are
several instantaneous velocities due to acceleration/decelerations.
Maximum Doppler shift fp,, is calculated based on the maximum
velocities experienced. We can further define the Doppler spread
given by fy =1/T4, where Ty is the coherence time of the channel.
In addition to time-selectivity, the channel is subject to frequency-
selectivity quantified through delay spread t,.

2.2. Transmission model

We adopt the orthogonal cooperation protocol and DF relaying
[23]. In the broadcasting phase, the BS sends its signal to the relay
and the destination vehicles. In the relaying phase, the relay vehi-
cle properly decodes its received signal and forwards the resulting
signal (only if correct) to the destination. The destination makes
its decision based on the maximum likelihood (ML) detection of
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Table 1
Encoding for STBC cooperative transmission.
(Phase 1) (Phase 2) (Phase 3) (Phase 4)
broadcast-1 broadcast-2 relaying-1 relaying-2
Tx antenna-1 transmit s (n — 1) transmit —s* (n) idle idle
Tx antenna-2 transmit s (1) transmit s* (n — 1) idle idle

Relay antenna
Rx antenna-1
Rx antenna-2

receive ys- (n — 1)
receive ysg1 (n — 1)
receive ygg (n —1)

receive ys ()
receive ygq.1 (1)
receive ysq 2 (1)

transmit yg (n — 1)
receive yrq,1 (n — 1)
receive yrgo (n — 1)

transmit y (n)
receive yyq,1 (n)
receive yyq.2 (n)

Source

l /P data S

Pilot DPS

Insertion

Parallel-
> N
to-Serial
Serial-to- M2
Parallel

v
=
|

»

Parallel-
> —
g Yz to-Serial
Destination
________ 1 I_, ;
\( Serial-to- | Pilot Extraction and | Combiner
Parallel »|  Channel Estimator
I | and
————————
________ 1
it | Ppilot Extraction and
Y Serial-to- oo ‘ Decoder .
Parallel > annel Estimator | o/ data §

Fig. 2. Alamouti-code based MIMO cooperative transmission scheme.

the two received signals. Fig. 2 shows a block diagram for the
source and the destination with M> denoting the STBC matrix. As
summarized in Table 1, we use four transmission phases. For ease
of presentation, we first provide the received signals for the sin-
gle antenna-to-antenna links. We consider a pre-coded cooperative
scheme as shown in Fig. 2, the input data blocks (generated from
an M-QAM constellation) of length N; are divided into shorter sub-
blocks of length N (Ng < N;). Let s (n) denote sub-block (1) which
will be the input to the linear pre-coder ® of size Ns x N;. We use
the pre-coder proposed in [24], which ensures maximum diversity
over doubly-selective channels and eliminates the inter-block in-
terference (IBI) term. The pre-coder is given by © = FI];‘+QT1 R T2
where F',','+Q is a (P + Q)-point IFFT matrix, T; := [Ip, 0pxq]" and
T :=[I, OZX,_]T. Here, P > 1 and Z > 1 are the pre-coder design
parameters such that Ns = PZ, Ny = (P + Q) (Z + L). The number
of resolvable multipath components is given by L = [t4/Ts] and
the number of Doppler shifts experienced over the data block is
given by Q = [N;Ts fp,, |-

Based on the Basis Expansion Model (BEM), a discrete-time
baseband equivalent channel for the doubly-selective channel un-
der consideration is given by a time-sampled OFDM signal con-
verted into frequency domain by implementing a discrete Fourier
transform (DFT). The DFT renders a discrete finite sequence of
complex coefficients, which are given by

(N-1)

1 4
s() = — x (k)ye Wk 2
75 ,; ( )

where wj = 2w ¢k/N, while x (k) is the modulated symbol, and
n=0,...,N— 1. The BEM can be used to represent a discrete-

time baseband equivalent channel for the doubly-selective channel
associated with this type of mobility, and given by

Q
hg (D)= hg(n:De™s, 1€]0,1] (3)
q=0

where wq =27€(q — Q/2)/N;s are the finite Fourier bases that
capture the time variation, hq (n; ) is zero-mean complex Gaussian.
Here, ¢ denotes the serial index for the input data symbols. The
block index is given by n = [¢/N;]. Define Hgg?q, H§9?q and Hﬁg?q as
the lower triangular Toeplitz channel matrices with entries given
by (3). Let Lsg, Ly and L4 denote the channel multipath orders for
the S— D, S— R, and R — D links, respectively. Further, let Qgq,
Qs and Q,4 denote the number of resolvable Doppler components
and define Q = max (Qsq4, Qsr, Qrq). In the broadcasting phase, the
received signals at the relay can be expressed in matrix form as

Q
Vor (1) =/GsrEs > D (wq)Hig () u (n) + ngr (n)
q=0

=/ GsrEs® () hs (n) + 0y (n) (4)

where u (n) = @s (n) is the transmitted data block, Es is the mod-
ulation symbol energy, D (wg) := diag[ 1, ... exp (jwg (Nt — 1)) |
and ng (n) is the additive white Gaussian noise (AWGN) vec-
tor with entries of zero mean and No/2 variance. The second
equality follows from the commutativity of products of Toeplitz
matrices with vectors where we have further defined the aug-

mented matrices hy- (n) = [h;yo M), ... ,h}r’Q (n) ]T and ® (n) =
[D(wo)U(m), ... ,D(wq)U () ], with U denoting the lower tri-

angular Toeplitz matrix.
Similarly, the received signal at the destination can be written
as

Ysa (1) = v/ Es® (n) hyg (n) + n5q (1) (5)
T
where hy (n) = [h;rd,o m, ... ,hzdyQ(n)] and ng (n) is the

AWGN vector with entries of zero mean and Np/2 variance.
During the relaying phase, the relay-received signals are fed to
the ML detector® given by

2

Q
arg mgin Vsr (N) — +/GsrEs Z D(Wq)ng],)q (n) ©s (6)

q=0

with s is the set of all the possible signal block combinations. We
implement “ideal DF” at the relay [25]. The relay then forwards a
fresh decoded copy of the received pre-coded signal, i.e., u(n). The
received signal during the relaying phase at destination is then

Vrd () = v/GraEs® (n) g (n) + nyq (n) (7)

3 ML detection requires an exhaustive search with high complexity (exponential
in the block length N;). A relatively less complex near-ML search is provided by the
sphere-decoding algorithm [26].
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where ng4(n) is the associated R — D AWGN vector with entries
qf zero mean and Ng/2 variance, ® (n) = [D(wo)U(n) --- D(wq) -
U(n)]. Arranging (5) and (7) in matrix form

Y (n) = EsS(m)h(n) +n(n) (8)

where Y (1) = [ysa () yra () ', S() = diag (® (). +/Grg® (m),
h(@) = [hy () hyg)]" and nm) = [ngg () ng ) ]". The re-
ceived signals are then fed to an ML detector.

For the multiple antenna deployment we adopt the cod-
ing scheme in Table 1. During the first transmission phase
(broadcasting-1), the source vehicle broadcasts two pre-coded
blocks, u(n—1) = @®s(n—1) and u(n) = Os(n), from the first
and second antennas, respectively. During the second transmis-
sion phase (broadcasting-2), the source vehicle broadcasts an-
other version of the two pre-coded blocks, u* (n) = —@®s* (n) and
u*(n—1) = O©s* (n— 1), from the first and second antennas, re-
spectively.

Y(n):[ys‘“ M=1) Yy, =1 Yy, (M) Y, M o
Va1 (M—=1) Vg2 —1) Yra1 (M) Yra2 )]
9
my @-1» ndm-1 ngd@ ndm
n(m = n» @ o o) 10)
-1 02 @-1 am a "
hom= 0% —1) W% @n-1) (hgw(n))* (hgg'”(n))*
WG m-1 b7 -1 (WG m) (WG m) T,
(11)
S1 () =diag (@ P (n—-1), @1V (n-1), —e1V @), —¢1D @),
VGa# " -1, V6" - 1), —vGqd " ), —vGad" P ).
(12)
and
S; () =diag (@D (), 2P (), @2V (n—1), 2P (n-1),
VG ), VG ), VG m), VG m)
(13)

In the third and fourth transmission phases (relaying-1/2), the
relay first scales the received signal and then forwards the re-
sulting signal to the destination. We re-define the entries in (8)
as S(n) = diag(S1(n), Sy (n)) and h(n) = [hy; (n) hy (n)]T, with
Y (n), n(n), hy (n), S1 (n) and S; (n) respectively defined in (9), (10),
(11), (12) and (13). Note that a,b € {1, 2}.

3. Performance gain analysis (PEP, diversity gains and outage
probability)

In this section, we investigate the achievable diversity gain for
our dual-phase dual-hop pre-coded MIMO cooperative schemes
through the derivation of the PEP. Define y = E5/Ng as the signal-
to-noise ratio (SNR). After dropping the block indices n — 1 and n
in (8) for convenience of the presentation, the exact PEP is given
by (14) [21] and the S matrix that holds the transmitted data in-
formation is now represented in terms of S; and S, defined earlier.
Using the pre-coder ® to overcome the channel selectivity, we can
justifiably assume that channel state information (CSI) is available
at the relay and receiver sides. Let S represent the erroneously de-
coded data matrix instead of the originally transmitted S

(S,ﬁ‘h)) (14)

P(S—>§(h)=o<

in the above, the Euclidean distance conditioned on the fading
channel coefficients is d? (S—) §‘ h) =hix,h, + hilx,h, where

X1 = (51 7§1)H <S1 f§1> and yx, = (Sz —§2>H (Sz —§2). We can
rewrite (14) as

X E
P(S—>S‘h)=o(\/2—1\;0 (h?xlh1+h§x2h2)). (15)

3.1. Pair-wise Error Probability (PEP) and diversity gains

Using the lower bound of the recent result in Ref. [27], (14) can
be tightly lower bounded by

(S*S’ ) Zsmexp< meTsO(h?X1h1+h?X2h2))
(16)
where & = & = 2e3 = 1/12, p; = 12(ﬁ—1>/n, P2 =
4(3—J§)/n and p3 = 2+/3/m.
P(s—3$
+P3,(s»§

h) < Peoop (= 8| hG” (= 1), 05" ) 0§ 0 — 1), 85" )
B (= 1), ) Pog (S 8 G (1= 1), 0" )

(17)

P(s—8|h) = v (W + W), (18)

Vsa = i Em exp ( {i‘i ((hm D) 1))H .

m=1 a=1b=1

b (1) + (K92 ) 1 “””(n))} )
3 2 2 H
wsrzzsmeXp<—pm!ZZ<(h(“”) (n—l)) Xa
) x

m=1 a=1b=1
H 1
B (= 1)+ (0 @) xphl” (n)) ] Z’”)

and

3 2 2
Yrd = Zsm exP(‘ﬂm[ZZ<(h(a 5 (n 1))HXa
m=1

a=1b=1
@b) @by, \\". (@b 1
b " =1+ (05" m) X0 o 7V

As mentioned, the relay decides that an incorrect decision has
been made through CRC deployment, and then forward a fresh
copy of the pre-coded signal to destination only if the signal is de-
coded correctly. Hence, for DF cooperative relaying, the pair-wise
error probability after some mathematical manipulation will fol-
low the PEP expression in [25] (shown in (17)). With a,b € {1, 2},
where Pcoop (.) is the PEP for the relay selection cooperative trans-
mission, Pg (.) is the PEP for the S — R and Pg4(.) is the error
probability of S — D link. After some mathematical manipulations
and by evaluating Pcogp (.), Psr () and Pgq (.), (17) can be rewritten
as (18).

We need to average (18) over h. Using the eigenvectors de-
composition and following a similar analysis to that in [28] for

the channel vectors, then ys(; b>() = (hifi’b) (.)) xah(a b)() +
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b b =1 (@b . .
(BS" ) XS () = 255 o™ ()1 ()2 s the eigen-
vector for the normahzed S — D channel vector and
(g3, B, ﬁrd 1] is associate channel gain vector for the

normalized S — D. Similarly define ys- (.) and y;4 (.), with r(a b
@Y + 1)@ + 1) and r = 1P 4 1)(Q Y + 1) as the
associated links ranks for the S — R and R — D respectively.
[ k0. k1. ..., ksr—1] and [0, 81, ..., 8rg—1 | are the eigenvec-
tors for the associated links, and (A7, 7. ..., By ;1 and
[y, g, .. ﬁrd 11 are the channel gain vectors for the as-
sociated links. Inserting this into (18) and averaging with respect
to g3, B and B¢ which follow a Rayleigh distribution, we can
obtain the unconditional PEP as (19). At relatively high SNR, we
observe from (19) that an asymptotic diversity gain of

<M T (+5)

2 rg? — @b -1
X 1_[1_[ 1_[ <1+ p4 )/)
2 1 sab \ 7!
T[T () 19

2 2
Dun =Y 3" o (353087, 32387 e

a=1b=1 a=1b=1 a=1b=1

is available. From (20), we observe that the maximum asymp-
totic diversity gain is bounded by the rank of the auto-correlation
matrix associated with the direct link between the BS and the
designated vehicle (S — D) and the minimum of the cooperative
relaying links (S — R and R — D), taking into consideration the
number of transmit and receive antennas involved in the trans-
mission. If the relative travelling velocity of relaying vehicle with
respect to the designated vehicle is not equal to zero, extra diver-
sity gains can be extracted from the S — R — D link.

3.2. Outage probability

Wireless transmission is constrained by a regulated transmis-
sion power, which limits the coverage area. We show that using
cooperative transmission can improve the quality of received sig-
nal, in addition to extending the coverage area. The outage proba-
bility P, is the probability that the error probability exceeds a

Yth
specified value y,,, ie, P, = [ fy (»)dy [29] is the cumula-

0
tive distribution function (CDF) of y, namely Fy (y,,). By defin-
ing our un-normalized aggregate channel model which takes into
account both path-loss and small-scale fading, the relative geomet-
rical gains are re-defined as Ggg = dsd , Gor=d;* and Gpg = d‘ .
These can be related to one another through the cosine theorem

Gy 2 G_Z/a ZG_llaGrd o cos = Gs_dz/a, and assuming a nor-

mallzed gam for a 1 m distance [30]. From (19) and the definition
of CDF, the outage probability is given by (21).

(a,b)
log <4+ozfa] > )
4+Kp2

1_[ 1_[ @@ _ @b\
( )Vth

pl p2
4
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Fig. 3. Comparison of the derived PEP in (19) and the exact PEP for the MIMO

scheme.
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log 44540
p2
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o 8
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As earlier defined in section 3.1,

(a.b) (a.b)
rg —1rg -1

(21)

the entries in (21) I()ab),

K@ and 8P are the eigenvalues that model the x, and

X2 vectors. Recall that x; = <S1—§1)H<S1 —§1) and x, =

~ \H ~
(Sz — Sz) <52 — Sz). From the definitions of the entries in (8)

we find that S (n) = diag (S1 (n), S (n)) holds the values of Gy, G
and G,q, i.e. the relative geometrical gains for the S— D, S — R,
and R — D links, respectively, which is a function of the underly-
ing links distances d;, d, and d,,.

4. Numerical and simulation results

In this section, we investigate the performance of coopera-
tive vehicular relaying over doubly-selective fading channel and
double-ring second-order statistics deploying our modified 2 x
2-Alamouti MIMO antenna configuration. We demonstrate the per-
formance gains of the proposed scheme using numerical results
from our mathematical model and Matlab Monte-Carlo simula-
tions. As defined in the standard, LTE-A targets peak data rates up
to 1 Gb/s with up to 100 MHz supported spectrum bandwidth and
QPSK modulation is used [31]. Unless otherwise stated, we con-
sider f. = 2.5 GHz, Ts =500 ps, v, = v4 = 120 km/h, o = 3.67,
0 =m and 74 = 1.328 ps [8]. The relative geometrical gain is
Gsr/Grg = —30 dB, and indicates that the relay is close to the des-
tination. We assume CSI is available at the receiving terminals.
We use the pre-coder ® with parameters P =2 and Z = 2. This
results in [Lgg, Qsq] =[1,1] for S — D link. Due to the zero rela-
tive velocity for the R — D link, a frequency-time flat channel is
used, hence [Lcoop, Qeoop] = [0, 0]. Based on the system parame-
ters stated above, we result in a transmission duration of ~ 48 s
before the relaying vehicle travels away from the base station lo-
cation. With 100-150 Mbps downlink data rate supported for high
mobility by LTE-A technology, our scheme is capable of transfer-
ring large data messages. Large messages/streaming sizes can be
divided into data chunks and distributed over several cooperative
relaying links.

In Fig. 3, we verify our analytical derivations by comparing
the derived PEP expressions in (19) with the exact PEP expres-
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Fig. 4. Diversity order of the MIMO cooperative relaying scheme for an LTE-A down-
link session.

sions. Two benchmark conditions are considered, the first is the
case of perfect stationary terminals with single antenna deploy-
ments at all nodes. The second is for perfect stationary terminals
with a 2 x 2-MIMO deployment between the eNodeB/BS and des-
ignated end vehicle. In both cases we have v, = v4 =0 km/h, i.e.
[Lsa, Qsa] = [Leoop, Qeoop] = [0, 0]. A single antenna is used at the
relaying vehicle. Exact PEP can be found by taking the expectation
numerically for (15) [21], through random generation of all the
underlying hgy, hgs and h,4 links, and using proper statistics via
numerical techniques. In the broadcasting phase, the source (an-
tenna) transmits its pre-coded signal to the relaying vehicle and to
the designated vehicle. In the relaying phase, the relay is engaged
in forwarding the received signal only if it was decoded correctly,
otherwise the relay is silent. The destination makes its decision
based on the two received signals over the broadcasting and relay-
ing phases. The relay then forward a fresh copy of the pre-coded
signal to destination. We assume perfect CSI at the receiver side,
and present the performance of MIMO cooperative transmission.
A power consumption saving is clearly observed, note that as the
values of (L) and/or (Q) increase, significant improvements are
observed through precoding which takes advantages of diversity
gains. For example at a target pairwise error rate of 10~>, the pre-
coded system over a channel with v, = v4 =120 km/h (with a sin-
gle antenna deployment and L =1 and Q = 1) is 7 dB superior to
the benchmark curve of v; = v4 =0 km/h (with a single antenna
deployment and L =0 and Q = 0). The benchmark curve indicates
the non-pre-coded flat channels. Performance improvement climbs
up to 17 dB for v, = v4 = 120 km/h with our proposed trans-
mission scheme (2 x 2 MIMO with Alamouti STBC and L =1 and
Q =1). As shown in the figure our proposed scheme gives a tight
equivalent performance to the ideal case with v; = v4 = 0 km/h
and a 2 x 2-Alamouti MIMO deployment.

In Fig. 4, we plot —logP (S—> §>/log(y) to precisely observe

the slope of the error performance curves. The achieved diversity
orders are consistent with equation (20), and equal to Dggin, g = 20,
compared to Dggin g = 2 for traditional non-pre-coded cooperative
relaying transmission and Dggin g = 5 for the pre-coded cooper-
ative relaying transmission with single antenna deployment. As
shown in Fig. 4, our proposed transmission scheme achieves sim-
ilar diversity gains compared to the ideal benchmark case with
vy =v4 =0 km/h and a 2 x 2-Alamouti MIMO deployment. Even at

vr& vdin km/h
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Fig. 5. S — D distance in km versus outage probability.

lower SNR the ideal condition reaches the full diversity with only
~ 0.5 dB lower than our proposed scheme. As shown in (20), the
diversity gains and hence the over all system performance is di-
rectly proportional to the number of the deployed antennas at the
eNodeB and the destination vehicle.

Fig. 5 shows the coverage extension gains for the opportunistic
cooperative transmission compared to the direct transmission us-
ing the outage probabilities in (21), for y =10 dB and yy, =5 dB
[32]. For outage probability of 10—, coverage extension advantage
of 0.3 km, 0.9 km, 2.1 km and 2.2 km is observed for cooperative
transmission with v, = v4 = 0 km/h (with single antenna deploy-
ment and L =0 and Q =0), v, = v4 = 120 km/h (with single
antenna deployment and L =1 and Q =1), v, = vg = 120 km/h
(with a 2 x 2 MIMO using our modified Alamouti code and L =1
and Q =1), and v, = vq =0 km/h (as the perfect benchmark per-
formance, with a 2 x 2 MIMO using our modified Alamouti code
and L =0 and Q = 0), respectively, compared to traditional direct
transmission with v; = v4 = 0 km/h and single antenna deploy-
ment. We observe that our proposed scheme gives a close/tight
performance to the perfect benchmark curve.

In our study we assume that the pre-coder parameters P = 2
and Z = 2. Hence the input data blocks s (n) is of length Ng x 1
(i.e., PZ) and the output of the pre-coder u (n) is of length N; x 1
(i.e. (P+Q)(Z+1L)). We then have the pre-coder output rate
equal to Ns/N¢ = PZ|/((P+ Q) (Z +1L)). It is clear that increas-
ing the pre-coder output rate can be achieved by increasing P
and Z. This will be a trade-off with respect to the system com-
plexity (mainly detection complexity), by increasing the transmit-
ted/received block length. Furthermore, the diversity order is a
function of the channel order (Q + 1) (L 4 1). From the definition
of P and Z, we have Q (1 —(Z4+L)Tsfy) =1 <P(Z+L)Tsfy <
Q (1 —(Z+L)Tsfy). Hence we can choose P and Z to satisfy a
minimum required Q (i.e. as illustrated in Table 2).

Taking into consideration that we use an open loop outer pre-
coding technique for signal transmission, ML coherent detection
can be used with the aid of pilot symbol assisted modulation
(PSAM) techniques to help retrieve the channel information. It is
well known that non-coherent receiver needs less expensive and
lower complexity circuits than ML coherent receivers on the cost
of bit error rate performance [33]. However, because of the rapid
advancing of hardware technologies, the cost and complexity is-
sues notably decrease with time, which motivates us to focus on
performance. In a specific study [33] for SISO mobile system with
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Table 2
The number of Doppler shifts Q for a given block length and P-Z parameters.

[P, Z] Q Transmitted block length ML search possibilities.
Nt *m is the bits/symbol

[1,1] 1 4 (m)*

[13,13] 2 210 (m)>10

[18,18] 3 399 (m)3%°

[22,22] 4 598 (m)>%8

[25,25] 5 780 (m)780

[18,18] 6 986 (m)9%6

[31,31] 7 1216 (m)!216

a doubly selective channels and one Doppler frequency, the co-
herent receivers needs 5 dB less SNR to achieve the same per-
formance as non-coherent system. And even with the assump-
tion of mismatched coherent systems, the BER performance of
coherent system outperforms the non-coherent one in coopera-
tive systems [34]. The aforementioned channel estimation tech-
nique, i.e., PSAM, uses distributed pilot pattern that can also be
used in practice for synchronization purpose without additional
cost.

As proven by the authors in their previous work [19], under
the assumption of imperfect channel state information and for suf-
ficiently high SNR, the error rate curves for the cooperative link
becomes independent of the SNR and results in the presence of er-
ror floors. The error floor saturates the error curves, where the er-
ror rates remain constant without any further improvements even
when increasing the transmitting power. However, extracting or
imposing extra diversity gains will suppress the error floors in the
simulated SNR to lower levels.

5. Conclusion and future work

We propose a physical layer enabling scheme using cooperative-
MIMO transmission and DF relaying. Our scheme makes use of
on-road vehicles equipped with low elevation antennas to re-
lay signals for LTE-A downlink sessions between eNodeB and a
designated end vehicle through a highway traffic. We deploy a
modified 2 x 2-Alamouti STBC to ensure the orthogonality of the
MIMO transmitted/received signals and to benefit from the multi-
ple antenna maximum diversity gains. A pre-coded DPS is used to
mitigate the effect of the channel selectivity and to extract the rich
inherent multipath-Doppler diversity. As benchmarks to assess our
analysis and future research studies of such an approach, through
the derivation of a lower bound expression of pairwise error prob-
ability (PEP), we analyze the achievable error rates, the diversity
gains, and further we derive the outage probability closed-form
expression. Our analytical and simulation results demonstrate that
in broadband cellular networks, cooperative-MIMO using proper
coding and vehicles as relays does not only potentiate improved
levels of error rates performance associated with lower power con-
sumption, but also provides higher diversity gains and increased
coverage compared to conventional transmission schemes. Results
also show that our transmission scheme can achieve performance
that is tightly compliant to that of the ideal stationary flat-fading
scenarios even under high mobility and selective fading.

In addition to our modified 2 x 2-Alamouti STBC, as a future
work we envision the use of more than two antennas at both the
transmitter and receiver with a higher orders of STBCs. This can be
attained by using extra relaying vehicles during each cooperative
transmission phase or by extending the cooperative transmission
to more than the two transmission phases (used in this paper).
Proper deployment of higher space-time block codes is expected
to result in better error rates, higher diversity gains and improved
coverage distances.
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