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Abstract—In this paper, the bit error rate (BER) performance of spatial
modulation (SM) systems under a novel 3-D vehicle-to-vehicle (V2V)
multiple-input multiple-output (MIMO) channel model is investigated
both theoretically and by simulations. The impact of vehicle traffic density,
Doppler effect, and 3-D and 2-D V2V MIMO channel models on the BER
performance are thoroughly investigated. Simulation results show that the
performance of SM is mainly affected by the spatial correlation of the
underlying channel model. Compared with other MIMO technologies,
the SM system can offer a better tradeoff between spectral efficiency and
system complexity.

Index Terms—Bit error rate (BER), spatial diversity, spatial modulation
(SM), spatial multiplexing, 3-D vehicle-to-vehicle (V2V) multiple-input
multiple-output (MIMO) channel models.

I. INTRODUCTION

Over the past few decades, multiple-input multiple-output (MIMO)
technologies have been widely used to obtain high data rates and
increase spectral efficiency [1]. However, existing MIMO technologies
suffer from various problems, such as the interchannel interference
(ICI), limited spectral efficiency, and high complexity of the system
[2]. In recent years, another MIMO technology called spatial modula-
tion (SM) has attracted much research interest due to its enhancement
of spectral efficiency and reasonable system complexity [2], [3]. The
basic idea for SM is that, at each time instant, only one antenna
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is active. The index of the active antenna becomes a resource for
carrying information. Benefiting from this extra resource, SM can
obtain relatively high spectral efficiency with low-order modulation
schemes [2]. Moreover, as only one antenna is used to transmit at each
time instant, the ICI problem is entirely avoided, and simple receiver
algorithms can be employed [4], [5].

Vehicle-to-vehicle (V2V) communication has been a hot research
topic in recent years [6]. With multiple antennas equipped on the
vehicle, MIMO technologies such as SM can be widely used by
V2V communications for safety device communications, ad hoc
peer-to-peer networks, and intelligent transportation systems [6], [7].
Compared with traditional fix-to-mobile (F2M) communications, the
biggest challenge in V2V communications is the severe environment
caused by the fast movement of both the transmitter (Tx) and the
receiver (Rx). To design and test V2V communication technologies,
channel models that can accurately represent the propagation
characteristics of V2V communication environments should be
developed [8], [9]. In [7], a novel 3-D V2V geometry-based stochastic
channel model (GBSM) has been proposed, which is the first 3-D
V2V channel model that can accurately capture the effect of vehicular
traffic density (VTD) on the channel.

The bit error rate (BER) performance of SM has, so far, been
mainly investigated for some simple F2M channels, such as Rayleigh,
Rician, and Nakagami fading channels [2], [4], [5], [10], and some
measured channels of simple indoor environments [11]-[13]. In [14],
the BER performance of SM systems was first studied under a simple
2-D V2V MIMO channel model [15], [16] but only contained double
bounced (DB) components. To the best of the authors’ knowledge,
there is no relevant study on the performance of SM systems under
more realistic 3-D V2V MIMO channel models. To fulfill the research
gap, this paper investigates the BER performance of SM systems
using the 3-D V2V MIMO channel model in [7] with different VTD
scenarios and system settings.

The major contributions of this paper are summarized as follows.
First, we derive a tight closed-form upper bound of the theoretical
average BER (ABER) of SM systems under a novel 3-D narrowband
V2V GBSM. Second, the impact of different realistic issues, such
as VTD scenarios and the speed of vehicles represented by Doppler
shift, on channel statistic properties and the BER performance of
SM systems are thoroughly investigated. Third, the BER performance
of SM systems is compared with that of other MIMO technologies
(spatial diversity and spatial multiplexing) under the realistic 3-D
V2V channel model. To the best of the authors’ knowledge, the
aforementioned aspects have yet to be studied.

The remainder of this paper is organized as follows. In Section II, a
review of SM is given. In Section III, the 3-D V2V MIMO channel
model and some important statistical properties are described. The
theoretical expression of the ABER for SM under the 3-D V2V MIMO
channel model is derived in Section IV. In Section V, numerical and
simulation results are presented and analyzed. Finally, conclusions are
given in Section VL.

II. SPATIAL MODULATION SYSTEMS

Compared with other MIMO technologies, the most unique charac-
teristic in SM is that only one antenna is used to transmit data at each
time instant, and antenna indexes are used to carry information [2].
Let us assume an SM system with N; transmitters and V,. receivers,
the M quadrature amplitude modulation/phase-shift keying (PSK)
modulation scheme is used as the digital modulator. The bit stream
is divided into two parts: The first log,(V;) bits are carried by the
antenna index and used for antenna selection. The other log, (M) bits
are transmitted through the digital modulated symbol. Thus, at each
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time instant, m = log, (NNV;) 4 log, (M) bits are transmitted, where m
is the spectral efficiency of the SM system in bits per symbol.

Let S denote the INV; x 1 transmit vector at the Tx side. At each time
instant, as there is only one Tx antenna active, S can be further ex-
pressed as S = [0,0,...,5,...,0,0]%,, where [.]” denotes transpose
operation. At the Rx, the received IV,. x 1 vector y(¢) can be written as

y(t)=H({t, )8t + N (1)

where ® denotes convolution, IV is the N,. x 1 complex additive white
Gaussian noise vector, with real and imaginary parts, both having
a double-sided power spectral density that is equal to Ny/2 [2]. In
addition, H (t, T) is the N,. X N, channel matrix, which is composed
of hgp(t,7),p=1,...,Ny, g=1,...,N,. Here, hy,(t,7) is the
channel impulse response between the pth Tx and the gth Rx at time ¢
and with delay 7.

In our system, the Tx and the Rx are assumed to have perfect syn-
chronization in both time and frequency. Full channel state information
is available at the Rx. The task of the receiver is to jointly estimate
the index of the active transmit antenna and the modulation symbol at
this particular time instant. The optimum maximum likelihood (ML)
detector proposed in [4] is employed to estimate the transmit antenna
index p and the transmitted data symbol § as

[p, k] = argmin (ly — H @ Sk|[7)
pe{l:Nr}andk € {1: M}

(@)

where || - || r denotes the Frobenius norm.

III. 3-D VEHICLE-TO-VEHICLE MULTIPLE-INPUT
MULTIPLE-OUTPUT CHANNEL MODEL

In this paper, the narrowband 3-D V2V MIMO channel model
proposed in [7] is used to test the BER performance of SM systems.
For this model, the propagation environment consists of both line-of-
sight (LoS) and non-LoS components, which can further be classified
as single bounced (SB) rays representing signals reflected only once
during the propagation process and DB rays representing signals
reflected more than once. In this channel model, the stationary scatters
such as buildings are abstracted as an elliptic cylinder, and moving
scatters, such as other vehicles, are abstracted and located on two
spheres around the Tx and the Rx.

For the 3-D channel model, each element h, ,(t) contains three
types of components, namely, the LoS component, SB components,
and DB components, which can be expressed as

hgp(t) = t)+ Z hSDi(t 3)

hLoS(t) — / K 67]27”6"7—‘“' % eg27rme,lxtcos(a%°S7'yT)Co> BI:;‘wOS
qa,p K +1

LoS

hLoS hDB ( )

6J27rmedxt Cos(aR —"/R) cos BR (4a)
1sB; (ms —2nferapm;)
hSB ng clgp,n
“r K+1 N —>oo Z \/_
% eJQWmeaxt COS(O"(T’%)*’YT) cos Bé;m,)
Jj2nfr tcos(a(""')_a,R) cos (i)
X € max R R (4b)
n N1p,No 1
DB
hDB t) =
or® =\ T w dm nZ TN,
ni,n2
w e3(¥n1ng—2mfcTap,ny ng)
X ejQTrmeaxtCos(a,(]:Ll)f»yT) co (’L1>
j (n3) (no)
% e]27rmeaxtcos(aR —"/R) cos B . (40)
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Two vehicles are moving toward each other; thus, angles of arrival
(AoAs) and angles of departure (AoDs) of LoS components are
defined as: oS =~ LS =~ LS ~ 0, oS =~ 7. agfl/"}; and B(T'%
are the azimuth and elevation (A/E) AoA(D) of the waves traveling
from the effective scatterers s(™¢). Path delays for paths Tz, — Rz,
Tz, — s — Rz, and Tx, — s — s("2) — Rz, are defined
as Tgp, Tap,n;» AN Tgp ny n,, respectively. K designates the Rician
factor, which indicates the power ratio of the LoS component to the
non-LoS components. The Tx and the Rx are assumed to be moving
at the speed of vy, in the direction angle of yp/g, and fr, .. and
fRua. are the maximum Doppler frequencies with respect to the Tx
and the Rx, respectively. In this model, I = 3, which means that there
are three subcomponents for SB rays. These components correspond
to the following: SB; denotes the reflection from the Tx sphere, SBo
is the reflection from the Rx sphere, and SB3 denotes reflections from
the elliptic cylinder. Parameters 7gp, and npp specify the amount of
power that the SB and DB rays contribute to the total scattered power
1/(K + 1), which satisfy Zle nse; + nos = 1. The phases v,,,
and v, , are assumed to be independent and identically distributed
random variables with uniform distributions over [, 7).

For DB reflections, there is no correlation between A/EAoD
(o) )Y and A/EAoA (o), B1)). However, for the SB
reflection, they are related to each other based on a geometric
relationship.

If all EAoDs and EAoAs are equal to zero as follows: %S =
Bhes = g = gni) — 0 (i = 1,2,3), the 3-D channel model be-
comes a 2-D model with two rings and one ellipse. In the following
section, the different impacts of 3-D and 2-D channels on the BER
performance will be investigated.

A. STCF

The space—time correlation function (STCF) property is investigated
in this paper as it indicates the spatial correlation among subchannels.
Such correlation has a significant impact on the performance of SM
systems. Mathematically and under the assumption of wide-sense
stationary, the STCF between any two complex fading envelopes
hgp(t) and by, (t) is defined as

=E [hgp(O)hgr, (t—7)] (K +1) 5)

Phaphgr (1)

where (-)* denotes the complex conjugate operation, and E[-] is the
statistical expectation operator. For this V2V channel model, the STCF
is calculated as the superposition of correlation functions of the LoS
component, SB components, and DB components as

+phDBhDB (7).
(6)

Phaph g pr (r)= ph{;;}shgfs )+ E phSB‘hSB

IV. THEORETICAL AVERAGE BIT ERROR RATE ANALYSIS OF
SPATIAL MODULATION SYSTEMS

The theoretical ABER of SM systems can be obtained via the union
bound method [10], [17]-[21]. Referring to the upper bound presented
in [10], we classify the errors into three categories: 1) error that only
occurs in the digital modulation part with the probability ABER;

Signal
2) error that only occurs in the SM part with the probability ABER

Spatial

and 3) error that occurs in both parts with the probability ABER. The

Joint
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overall upper-bound expression of the BER 1is the combination of these
three parts, which can be expressed as
A]S?»I\IER ABER + ABER + ABER.

Signal Spatial Joint

O]

.%BEIIQ means the error only occurs in the digital modulation part,
igna

and the transmit antenna index is correctly detected. It is similar to the
single-input—multiple-output case. The BER expression is given by

Ny
1 log, (M
ABER = - 1282 (M) S i ppnin )
Signal N; m = MOD
1 logy,(M) 4 1 1

Nu(x—=X)P(x—X,m)-

®

In (8), Ng(x — X) is the Hamming distance between modulated
symbols x and x, and P(x — X,n:) denotes the pairwise error
probability (PEP) that the transmitted symbol x is detected as x. In
(8), M is the modulation order; for example, if an M -PSK modulation
scheme is used, (8) is given as [10], [17]

| ! l
APEB(n,) = ——— 21— — | =
e i & (1 L]
logq (M) I
+2 Z —~ MJD Pi(ne) (9
where
n[1- 0]
1
P =5 [ T Om)a
iy
0
w[1- 0]
— 2i / T, (0,m4)do (10)
™
0
sin? [7”(21i;1)}
T 0,n) =M, [2y—Lt — 4
v (0,me) gl sin?6
2 |:Tr(21+1):|
M
T (0,m) = M, | 27— (11)
sin“6

In (11), ~ is the signal-to-noise ratio (SNR), which can be defined
as v=FE,,/N, where E,, is the transmit power, and N is the
noise power. M, (.) is the moment-generating function (MGF) of
En,ﬂ |fon, m,€]|?, where e = x — X. The closed-form expression
of M,.(.)is M,(s) = vale (1 — sA;e) ™", where ), is the eigenvalue
of the Rx correlation indicator matrix Rg,. Similarly, we can define
Ry, as the correlation indicator matrix of the Tx. Considering this
channel model, these two matrices are expressed as Rr.(p,p) =
Phgphg 5 (0) and Rre(q,§) = pry phs ,(0), Where pr, 5. () is the
STCF of the V2V channel model, which indicates the correlation
between hy , and hy ;. As an ideal channel estimation is assumed at
the RX side, 7 = 0.

For the case that the error only occurs in the SM part, which is

expressed as ABER previously, we can refer to related investigations
Spatial

on space-shift keying (SSK) systems [18], [19]. This part can be
expressed as

1 logy(N,
ABER — - 1082(V0)

Spatial

12)
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AsPs];:(B can be further expressed as

Nt N

Z Z [Ne(ne— 7)) P(ky, e — 1)

ne=1n;=1

(13)
where Ny (n; — 7;) is the Hamming distance between the antenna
indexes m; and 7i;, and P(k;,n; — 74) is the PEP that the active
antenna 7, is detected given that n, was transmitted with the mod-
ulation modulus ;. Referring to the ML detector algorithm in (2),
this error can only occur when ||y — hn, n, k1|2 > [y — hay n, k|2
Thus, P(x;,n; — ;) can be written as

1

APEB(l)= ———F—~
® N, logo(Ny)

SSK

(Hy - hnf,,nr’fl‘|2 > ly — hﬁf,,nr’leQ)
= Q (VN Anen, k1 = by m, 51|

P(Hl,nt — 'Flt) = P
(14)
where Q(.) is the Q-function. Based on the alternative integral expres-

sion of the @Q-function and the MGF-based approach [17], [20], (14)
can be written as

P(ry,ne — 7 l/ % Nap. sy
1y Tht t - p ne,nt 72 11120

0
In (15), My, 7, (.) is the MGF of Y02 | ||An, ., — by, ||”. which
can be expressed as M, 7, (s) = H H t (1 — s\u;)" ", where

u; is the eigenvalue of the receiver correlatlon indicator matrix Rr.
If constant modulus modulation schemes such as M-PSK are used, k;
is a constant value as x, and (12) can be simplified as

Nt N

DIDY

nt=1ns=1

ABER =

Spatial

Ntm |:NH Nne —r nt)

x —/Mn,’ ( zsmge)de]. (16)

For the third case, i.e., ABER both digital modulation and SM parts

Joint

are incorrect. It can be expressed as

N Ny

Z Z [Nu (ne, x = 724, X)

niy=1nt#nt=1

ABER =

Joint

NtMm

XP(”th%ﬁh)z)] (]7)
where Ny ((ng, x) — (7, X)) is the Hamming distance for the error
case that symbol y transmitted by antenna n; is detected as  sent
by antenna 71, and P((n,x) — (7it, X)) is the corresponding PEP.
Similar to the case of ABER, it can be expressed as

Spatial

P ((ne,x) = (2, X)) = P [y = by, XII* > ly = P n, X1%)

= Q (Whnyn, X = hityn, XN%) - (18)
Using the MGF-based approach, (18) can be represented as
P ((ne,x) = ( _ ! / 7 )de (19)
X e, X m XX 251n 0 '

0

In (19), My, .7,%(.) is the MGF of Zn Py X — Py XIS
H NI RERC! L

with the expression of M, 7,.5(s) = — sheu;)”

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 7, JULY 2016

10’
10°
107"
o
w 1072
m
1073
= = = Theoretical result, high VTD \F\
10| -m- Simulation result, high VTD DS
Theoretical result, low VTD ’h\
-e- S|mulat|on result low VTD \?
107° . .
0 5 10 15 20 25
SNR (dB)

Fig. 1. Theoretical and simulated BER results of SM systems under the 3-D
V2V MIMO channel model: a2 X 2 system using the quaternary PSK (QPSK)
modulation scheme.

V. RESULTS AND DISCUSSIONS

Here, different simulation results are presented to evaluate the
performance of SM systems under the 3-D V2V channel model. Based
on the reported measurement in [22], the following key parameters
are used to obtain these simulation results: f. = 5.9 GHz, fr pmax =
fRrRmax = 570 Hz, the distance between the Tx and the Rx is D =
300 m, v = yr = 0°, and the space between two antenna elements
is configured as 0.5\. The K factors are configured as 3.786 and
0.756 for low- and high-VTD scenarios, respectively (see [7] for
more details). All simulation results are obtained through Monte Carlo
simulation; for each point in the following figures, the results of ten
runs (each run transmits 100 000 symbols) are averaged to get the final
value.

In Fig. 1, theoretical results of ABER for SM systems under the
3-D V2V channel model of different VTD scenarios are compared with
simulation results. This figure indicates an excellent approximation of
the theoretical derivation with simulation results, particularly in the
high-SNR range, where SNR > 15 dB. The theoretical ABER upper
bound offers reasonable accuracy, which indicates the correctness of
the theoretical derivation.

In Fig. 3, we investigated the performance of SM systems with
different Doppler frequencies under both high- and low-VTD
scenarios. First, it is noticed that a higher Doppler frequency will
result in poorer BER performance. This phenomenon can be explained
through Fig. 2, where the STCF of the channel model is shown. It
can be observed that a higher Doppler frequency will result in faster
fading, which increases the probability that the strength of signals is
lower than the required threshold (high outage probability). Second,
in Fig. 3, it is found that the SM system has better performance under
the high-VTD scenario. Again, this can be explained with the help
of Fig. 2, where it can be seen that under the high-VTD scenario,
the correlation between subchannels is much lower than that under
the low-VTD scenario. This is mainly caused by the difference of
K factors for both scenarios. The higher K factor represents the
stronger LoS component, which increases the spatial correlation
among different channel paths. The high spatial correlation makes it
difficult to determine which transmit antenna was active and degrades
the performance [18]. Third, it is also observed in Fig. 3 that the SM
system has better performance under the 3-D channel model. This can
be also attributed to the lower spatial correlation of the 3-D channel as
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Fig. 3. BER performance of SM systems under the 3-D and 2-D V2V MIMO
channel models with different Doppler frequency and VTD scenarios: a 2 X 2
system using the QPSK modulation scheme.

compared with 2-D channel due to the extended vertical dimension. It
is shown in Fig. 2 that the spatial correlation of the 3-D channel model
is always lower than that of the 2-D model.

In Figs. 4-7, the SM system is compared with other MIMO
technologies (V-BLAST and Alamouti scheme) under the 3-D V2V
channel model of different VTD scenarios. Apart from VTD scenar-
ios, different spectral efficiency values and system settings are also
considered. For the V-BLAST system, ML is also employed as the
receiver algorithm for a fair comparison. In Figs. 4 and 5, it is observed
that for a 4-bit/symbol spectral efficiency and under a high-VTD
scenario, the SM system using the 4 x 4 antenna setting obtains the
best performance among all systems, particularly within the range of
SNR > 15 dB. Further investigating, the V-BLAST system can obtain
a similar performance within the range of SNR < 15 dB. Using the
higher-order modulation scheme, the Alamouti scheme can still indi-
cate good performance within the high-SNR range (SNR > 14 dB) as
a result of diversity gain. Under the low-VTD scenario, the Alamouti
scheme shows significant performance enhancement due to the strong
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LoS component, whereas both SM and V-BLAST suffer from the
high correlation among subchannels. However, compared with the
V-BLAST system, the SM system demonstrates a 3-dB enhancement
at the BER around 10~3. In Figs. 6 and 7, similar comparisons are
carried out with the spectral efficiency of 8 bits/symbol. Under both
scenarios, the Alamouti scheme shows the worst performance due to
using the higher order modulation scheme. The V-BLAST system can
obtain similar or even better performance as the SM system within the
range of SNR < 14 dB, but the SM system is superior at the high-SNR
range. However, when we use the ML receiver algorithm, the system
complexity of V-BLAST is much higher than SM.

VI. CONCLUSION

In this paper, we have investigated the BER performance of SM
systems under a novel 3-D V2V MIMO channel model. Numerical
and simulation results have shown that the SM system has better
performance under the high-VTD scenario due to the lower correlation
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between subchannels caused by weaker LoS components. A higher
Doppler effect can result in worse BER performance due to higher
outage probability. Additionally, SM systems can obtain better BER
performance under the 3-D channel model than under the 2-D channel
model due to the extended vertical dimension, which results in lower
correlation of subchannels. When compared with other MIMO tech-
nologies, SM systems can yield an overall better tradeoff in terms of
reliability, spectral efficiency, and system complexity.
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