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Abstract—Spatial modulation (SM) is a relatively new multiple-
input multiple-output (MIMO) technology that can provide high
data rate with reasonable spectral efficiency. In this paper, the
bit error rate (BER) performance of SM systems under vehicle-
to-vehicle (V2V) channel models is investigated. The theoretical
BER expression is given. The impact of some V2V channel
model parameters on the underlying space-time correlation
function (STCF) and the BER performance of SM systems
are also studied. Simulation results indicate that modulation
schemes, maximum Doppler frequency, the distance between the
transmitter (Tx) and receiver (Rx), and antenna element spacings
can affect the performance of SM systems.
Keywords – Spatial modulation, vehicle-to-vehicle channel model,
bit error rate, space-time correlation function.

I. INTRODUCTION

The MIMO technology has been widely used in modern
wireless communication systems to improve the data rate and
system reliability [1], [2]. In general, MIMO technologies can
be classified into following categories: spatial multiplexing
where multiple independent streams are transmitted through
different antennas at the same time and on the same frequency
[3]. The Bell Labs layered space-time architecture (BLAST)
is a typical example of spatial multiplexing, which was
first introduced by Foschini et al. in [4]. Space-time-coding
(STC) is the second category which transmit the same stream
from different antennas to increase transmission reliability.
The Alamouti scheme is a typical example of this category
[5]. The third category of MIMO technologies assumes the
knowledge of the channel’s information at both the Tx and
Rx. The signal is transmitted with the decomposed product
of the channel matrix to achieve capacity gain [5]. Beam-
forming is a typical technology of this category. However,
these MIMO technologies suffer from disadvantages such as
the high receiver complexity and the inter-channel interference
(ICI) problem. Thus, SM was proposed in [5] to overcome
some of these limitations by maintaining multiplexing gain
while at the same time entirely avoiding ICI.

In SM, only one transmit antenna is active at each time
instant. The index of the transmit antenna becomes an impor-
tant resource to carry information that is utilized to increase
spectral efficiency [5]. As only one antenna is active at each

time instant, the ICI problem is avoided. Also, as only one
RF chain is needed, the overall system complexity is greatly
reduced, and transmit power consumption is much lower [6].
Benefiting from this, SM has the potential to be used for
massive MIMO systems [7].

The performance of SM systems so far has only been inves-
tigated over simple fixed-to-vehicle (F2V) channels, such as
Rayleigh, Rician, and Nakagami channels [3], [5–7]. However,
communication environments will be more complex under
V2V scenarios due to high mobility. Various of statistical
properties of V2V channels have been investigated in [9–12].
To the best of authors’ knowledge, the BER performance of
SM systems under V2V channels has not been studied yet. To
fill the aforementioned gap, this paper derives the theoretical
BER expression of SM systems under V2V channels, and
study the impact of some key V2V channel parameters, such
as the maximum Doppler frequencies at both the Tx and Rx,
on statistical properties of V2V channels, and the performance
of SM systems [8].

The rest of the paper is organized as follows. In Section II,
a general introduction of SM systems is given. In Section III,
the V2V channel model is investigated. The theoretical BER
expression of SM systems under V2V channels is derived in
Section IV. In Section V, simulation results of SM systems
under V2V channel models are presented. Finally, conclusions
are given in Section VI.

II. SPATIAL MODULATION

The block diagram of the SM simulator under V2V channels
is shown in Fig. 1. In SM, the transmitted data bits at a
particular time instant are used to activate a single transmit
antenna among the set of NT transmit antennas and mapped
to one constellation symbol of M -QAM/PSK constellation
diagrams. For instance, a mapping table for a SM system
considering two transmit antennas and BPSK modulation is
shown in Table. I. The spectral efficiency of a SM, in the unit
of bits/symbol, therefore, given as

m = log2(NT ) + log2(M) . (1)
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In Table I, two data bits (m = 2) are transmitted at each time
instant using BPSK modulation and two transmit antennas.
The spectral efficiency of SM can be improved by increasing
the number of transmit antennas. This is one reason why SM
can be used for massive MIMO systems.

TABLE I
SM MAPPING TABLE FOR NT = 2 AND M = 2.

Input
Bits

Antenna
Index

Transmit
Symbol

00 1 +1
01 1 -1
10 2 +1
11 2 -1

The transmitted vector s(t) at each particular time instant
from the multi transmit antennas contains only one non-zero
symbol. The vector is transmitted over the MIMO channel
matrix H(t, τ) with Nr×Nt dimension where Nr denotes the
number of receive antennas. Thus, the signal vector received
at the receiver can be written as

y(t) = H(t, τ) ⊗ S(t) + n(t) . (2)

Here, H(t, τ) is the channel matrix composed of hp,q(t) which
denotes the complex fading envelope between the pth Tx and
the qth Rx antenna elements, S(t) is the transmitted vector,
n(t) is the complex additive white Gaussian noise (AWGN)
vector with real and imaginary parts both having a double-
sided power spectral density equal to N0/2 [5], and ⊗ is the
convolution operator.

The receiver’s task is to jointly estimate the active transmit
antenna index and the transmitted symbol at this particular
time instant. The optimum ML detector is assumed with
perfect time synchronization and full channel state information
(CSI) at the receiver aims to jointly estimate the transmit
antenna index p̂ and the transmitted data symbol ŝk that
minimize the following metric

[p̂, ŝk] = arg min
p,k

(
‖y −HS‖2

F

)
p ∈ {1 : Nt} and k ∈ {1 : M}

(3)

where ‖·‖F denotes the Frobenius norm of a matrix.

III. VEHICLE-TO-VEHICLE CHANNEL SIMULATOR

Recently, several theoretical channel models have been pro-
posed for MIMO V2V channels under non-isotropic scattering
environments [8], [10]. To implement these theoretical channel
models, corresponding simulation models which assume finite
number of effective scatterers are needed. Among various
simulation models, the deterministic sum-of-sinusoids (SoS)
simulation model has been widely used due to its lower
complexity and acceptable accuracy. In this paper, a widely
used two-ring deterministic SoS simulation model [9], [11] is
applied. In this model, we suppose there are N1 and N2 effec-
tive scatterers around the Tx and Rx and lying on two rings
of radii RT and RR, respectively. The distance between the
Tx and Rx is D. The antenna element spacings at the Tx and

Rx are δT and δR, respectively. The reasonable assumptions
min{RT , RR} � max{δT , δR} and D � max{δT , δR} are
used here. The multi-element antenna tilt angles are βT and
βR. The Tx and Rx move with speeds υT and υR in directions
determined by the angles of motion γT and γR, respectively.
The angle of arrival (AoA) of the waves traveling from an
effective scatterer at the Rx ring towards the Rx is denoted
by φ̃

(n2)
R (n2 = 1, ..., N2) and the angle of departure (AoD)

of the waves that impinge on an effective scatterer at the Tx
ring is designated by φ̃

(n1)
T (n1 = 1, ..., N1). Therefore, the

complex fading envelope between the pth Tx and the qth Rx
antenna elements can be expressed as [11]

h̃p,q(t) =
N1,N2∑
n1,n2=1

1√
N1N2

ej2πfTmax t cos(φ̃
(n1)
T −γT )

×ej
[
2πfRmax t cos(φ̃

(n2)
R −γR)ψ̃n1,n2−2πfcτp,q,n1,n2

]
(4)

where fc denotes the carrier frequency, fTmax = (υT /c)fc and
fRmax = (υR/c)fc are the maximum Doppler frequency of the
Tx and Rx, respectively, with c being the speed of light. In
(4), ψ̃n1,n2 denotes the phase, which is assumed as a uniform
distributed random variable within [−π, π), and τp,q,n1,n2 =
(εpn1 + εn1n2 + εn2q)/c is the travel time of the waves from
the Tx to the Rx with εpn1 ≈ RT − kpδT cos(φ̃(n1)

T − βT ),
εn2q ≈ RR − kqδR cos(φ̃(n2)

R − βR), and εn1n2 ≈ D, where
kp=MT−2p+1/2 and kq=MR−2q+1/2.

The von Mises distribution [10] is applied to model the dis-
tributions of AoA and AoD and has the following expression
as f(φ) � exp[k cos(φ− μ)]/[2πI0(k)], where μ is the mean
value of angles and k denotes the angular spread. Applying
the von Mises distribution, we can have the distribution of the
AoA and AoD as f

(
φ̃R

)
Δ=exp[kR cos(φR−μR)]/[2πI0 (kR)]

and f
(
φ̃T

)
Δ= exp[kT cos(φT−μT )]/[2πI0 (kT )], respectively,

where φ̃R and φ̃T are the continuous expressions of the
discrete AoA φ̃

(n2)
R and AoD φ̃

(n1)
T , respectively.

The sets of AoA φ̃
(n2)
R and AoD φ̃

(n1)
T are obtained through

the newly proposed parameter computation method in [11].
For the sake of brevity, this method is not explained here and
the reader is referred to [11] for more details.

The space-time correlation function of this deterministic
SoS channel simulator can be obtained from

ρ̃h̃pqh̃p′q′
(τ) =

〈
h̃pq(t)h̃∗p′q′(t− τ)

〉
(5)

where 〈·〉 denotes the time average operator.

IV. THEORETICAL ANALYSIS

The theoretical BER of SM system can be approached
through the union bound method [13]. Related investigations
have been published in [5]- [6] and [13]- [14]. In [7], an
improved union bound is presented. It classified all errors into
3 types, which are expressed as:

ABER
SM

� ABER
Signal

+ABER
Spatial

+ABER
Joint

. (6)



In (6), ABER
Signal

denotes how the performance of SM is purely

affected by signal constellation schemes, which means errors
only occur in the part of information carried by modulation
symbols. In [7], the ABER

Signal
is defined as:

ABER
Signal

=
1
Nt

log2(M)
m

Nt∑
nt=1

APEBMOD(nt) (7)

where

APEB
MOD

(nt) =
1
M

1
log2(M)

NH (χ→ χ̃)P (χ→ χ̃) . (8)

In (8), NH (χ→ χ̃) is the hamming distance between χ and
χ̃, which is expressed as e in following equations, P (χ→ χ̃)
denotes the pairwise error probability (PEP) of χ is decided
to χ̃ by mistake. For different modulation schemes, their BER
expression have been investigated in [7], [13] and [16]. Using
M-PSK as an example, (8) can be expressed as [7]

APEB
MOD

(nt) =
1

log2(M)

M−1∑
l=1

[(
2
∣∣∣∣ lM −

⌊
l

M

⌋∣∣∣∣
+ 2

log2(M)∑
k=2

∣∣∣∣ l2k −
⌊
l

2k

⌋∣∣∣∣
⎞
⎠

⎤
⎦Pl(nt)

(9)

where

Pl(nt) =

π[1−(2l−1)/M ]∫
0

Mr

(
2SNR

sin2 [π(2l − 1)/M ]
sin2θ

)
dθ

−
π[1−(2l+1)/M ]∫

0

Mr

(
2SNR

sin2 [π(2l + 1)/M ]
sin2θ

)
dθ.

(10)
In (10), Mr(s) is the moment generation function (MGF) of
Nr∑
l=1

|hnt,l|2, which can be expressed as:

Mr(s) =
NR∏
i=1

(1 − sλie)
−1
. (11)

In (11), λi is the eigenvalue of receivers correlation indicator
RRx, similarly, we can define RTx as the correlation indicator
of transmitters with the eigenvalue uj . For our channel model,
these two parts are expressed as:

RTx(p, p̃) = ρhp,qhp̃,q
(0), RRx(q, q̃) = ρhp,qhp,q̃

(0) (12)

where ρhp,qhp̃,q
(.) is the STCFs of the V2V channel. The the-

oretical BER of information carried by the index of antennas
is presented by ABER

Spatial
, which is defined as:

ABER
Spatial

=
1
M

log2(Nt)
m

M∑
l=1

APEB
SSK

(l) (13)

In (13), APEB
SSK

(l) can be expressed as [16]:

APEB
SSK

(l) =
1
Nt

1
log2(Nt)

Nt∑
nt=1

Nt∑
ñt=1

[NH (nt → ñt)

× 1
π

∫ π/2

0

Mnt,ñt
(
SNR× κ2

l

2sin2θ
)dθ

] (14)

where Mnt,ñt
(.) is the MGF of the random variable

Nr∑
l=1

|hnt,l − hñt,l|2. Based on investigations of [15], the close-

form expression of the MGF can be written as:

Mnt,ñt
(s) =

NT∏
j=1

NR∏
i=1

(1 − sλiuj)−1 (15)

The ABER
Joint

indicates the joint effect of previous two elements.

In [16], it is defied as:

ABER
Jo int

=
1

NtM

1
m

Nt∑
nt=1

Nt∑
ñt �=nt=1

[NH ((nt, χ) → (ñt, χ̃))

×P ((nt, χl) → (ñt, χ̃l))]
(16)

where

P ((nt, χ) → (ñt, χ̃)) =
1
π

∫ π
2

0

Mαntχ,ñtχ̃
(
SNR

2sin2θ
)dθ .

(17)

In (17), Mαntχ,ñtχ̃
(.) is the MGF of

Nr∑
l=1

|hnt,lχ− hñt,lχ̃|2. Its

close-form expression can be obtained from [15] as

Mαntχ,ñtχ̃
(s) =

NT∏
j=1

NR∏
i=1

(1 − sλieuj)−1. (18)

V. SIMULATION RESULTS

In this section, the effect of different channel configurations
on the channel’s statistic property and the performance of the
SM system will be investigated. Unless further specified, the
simulation is configured with the following parameters: fc =
5.9 GHz, fTmax = fRmax = 570 Hz, βT = βR = γT = γR =
50◦, D = 300 m, RT = RR = 12 m, k = 1, and N1 = N2 =
30, 16-QAM will be used as the default modulation scheme
except the theoretical derivation part. In this work, following
the LTE standard, the bandwidth of the system is configured as
1.4MHz, with the corresponding sampling rate of 1.92MHz.

The channel model’s STCF under different antenna spacing
settings are shown in Fig. 2. Obtained simulation results are
in perfect match with the theoretical ones, which validates
the simulation model and the following simulations. Also, the
absolute value of STCF decreases with increasing distance
between different antenna elements.

The effect of maximum Doppler frequencies and antenna
spacing settings on the absolute values of the channel’s STCFs
are illustrated in Fig. 3. It is noticed that the STCFs vary
significantly for different Doppler values (which correspond
to different speeds of movement). Besides, it is shown that



with larger Doppler frequencies (which means higher speed
movement), the fading period of the channel becomes shorter,
which indicates that the channel becomes worse. It is necessary
to mention that when fTmax = 0, the channel can be treated
as a F2V scenario.

Theoretical and simulation results for BER performance of
SM under V2V channel models with different antenna spacing
settings are compared in Fig. 4. It is necessary to indicate
that all results are obtained using QPSK modulation scheme.
From Fig. 4, our theoretical derivation is shown to be able to
get reasonable accuracy, theoretical curves can fit simulation
results well, especially in high SNR part.

The BER performance affected by different modulation
schemes and antenna spacing settings. It can be observed
that the SM system will have better BER performance when
using lower order modulation. Also, larger antenna spacings
will lead to lower spatial correlation and consequently better
BER performance. This viewpoint can be proved by Fig. 2 as
well, which indicates how the STCF is affected by the antenna
spacing setting.

The effect of the maximum Doppler frequency which cor-
responds to the movement speed, on the BER performance
of SM systems is depicted in Fig. 6. We can find that lower
speed will result in better performance. Comparing F2V with
V2V scenarios at the same fRmax , it can be concluded that
under the same antenna spacing setting, SM system has better
performance with the F2V scenario. However if we compare
the case of fTmax = 0, fRmax = 570Hz with fTmax = fRmax =
190Hz, we find that even the second case is V2V scenario,
its performance is still better than the F2V case with higher
absolute speed. Thus, a significant conclusion is drawn that
the absolute speed between Tx and Rx has stronger impact on
the BER performance than the change in the scenario itself.

The effect of the distance between Tx and Rx on the
BER performance is investigated in Fig. 7. Longer distances
decrease the reliability of SM system. Though, it has been
improved in [11] that the STCF is not affected by the distance
between Tx and Rx. Hence, the degradation of SM perfor-
mance with larger Tx-Rx distance is not due to the increase
in channel correlation, but is caused by the significant loss of
power as the result of path loss effect.

VI. CONCLUSIONS

In this paper, we have investigated the BER performance of
SM systems over V2V channel models by theoretical analysis
and simulations. The impact of different propagation charac-
teristics, e.g., antenna element spacings, maximum Doppler
frequency, and Tx-Rx distance, on the correlation properties
of V2V channels and BER performance of SM systems have
been analyzed.
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Fig. 6. BER versus the SNR for the SM system with different
maximum Doppler frequencies of the Tx and Rx.
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