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ABSTRACT Among many challenges, 5G should improve the quality of service for moving users. In such
a mobility context, the Doppler effect creates interference which can severely damage the performance
of the systems. The effect of very large number of uncorrelated receive antennas on the Doppler effect
is studied in this paper with a simple maximum ratio combining receiver and the orthogonal frequency
division multiplexing modulation. This paper relies on an analytical analysis of the signal-to-interference
ratio (SIR) and on a statistical analysis of the propagation channel. Therefore, the contribution of this paper
is twofold. First, the asymptotic SIR is analytically expressed when the number of receive antennas tends
toward infinity. Second, the decrease of the impact of the Doppler effect with the increase of the number of
receive antennas is demonstrated, proving that a massive multiple-input multiple-output system with a low-
complexity maximum ratio combining receiver can be used to improve the quality of service in mobility
scenarios. Finally, the simulation results highlight the impact of such a massive multiple-input multiple-
output system in practice.

INDEX TERMS 5G, Doppler effect, massive MIMO, OFDM.

I. INTRODUCTION
The global increase of the mobile data consumption as well
as the multiplication and diversification of the connected
devices push the development of the Fifth Generation of cel-
lular networks (5G) [1]. Many studies foresee the emergence
of new use cases with mobility such as Vehicle-To-Vehicle
(V2V) or, more generally, Vehicle-To-everything (V2x) com-
munications [2], [3]. In those scenarios and according to [4],
the speed of the users can be as high as 500 km/h. Thus,
when using a multi-carrier modulation such as the Orthog-
onal Frequency Division Multiplexing (OFDM) modulation,
the Inter-Carrier Interference (ICI) due to the Doppler effect
might have a detrimental impact on the performance of the
systems [5]. Therefore, solutions are investigated to counter-
act this effect, stabilizing the high mobility communications.
With the existing Doppler effect reduction schemes, good
performance comes with an increased complexity [6], [7].
Additionally, the use of multiple antennas in a Multiple-
Input Multiple-Output (MIMO) system can be exploited to
mitigate the interference due to the mobility. For exam-
ple, in a Line-Of-Sight (LOS) environment the creation
of a beam towards the transmitter using a directional

antenna [8], [9] or several antennas reduces the angular spread
and thereby limits the Doppler effect. This property has been
exploited in [10] and [11] for flat fading channels. Moreover,
ICI compensation techniques for MIMO-OFDM systems can
take advantage of the diversity on the transmitter side [12],
on the receiver side [13], [14] or both on the transmitter side
and on the receiver side [15], [16].

A large increase of the number of antennas is commonly
called massive MIMO and is a popular trend for the develop-
ment of 5G [17]. Using the large diversity offered by massive
MIMO systems, the performance can be greatly improved
even with low-complexity transmitters and receivers. When
these numerous antennas are used on the transmitter side,
the transmitted signal can be focused towards the receivers,
the received power is enhanced, the multiuser interfer-
ence is reduced and thereby multiuser communications are
allowed based on the so-called Spatial Division Multiple
Access (SDMA) techniques [18]. This paper focuses on
a massive MIMO system where the numerous number of
antennas are located on the receiver side and the transmitter
is equipped with a single antenna. Therefore, the Signal-
to-Interference-plus-Noise Ratio (SINR) is increased on the
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receiver side by reducing the noise power and the multiuser
interference power as highlighted in [19]-[22]. Accordingly,
one may wonder if a massive MIMO system with a simple
receiver could efficiently reduce the ICI.

Unlike [10] and [11], this paper focuses on the challenging
problem of Doppler effect reduction for Non-Line-Of-Sight
(NLOS) OFDM communications, where the received signals
arrive from all directions with equal probability [23]-[25].
This situation happens frequently in an urban environment.
While the previous studies take into account a small number
of antennas on the receiver side (2 in [13] and [14] and up
to 5 in [15] and [16]), the effect of a very large number
of uncorrelated receive antennas on the ICI is analytically
studied considering a low-complexity Maximum Ratio Com-
bining (MRC) receiver. In this context, this study analytically
highlights two aspects:

o the impact of an increase of the number of receive

antennas,

« the asymptotic behavior, when the number of receive

antennas tends towards infinity.
Moreover, simulation results confirm the analytical results
and highlight the impact of the proposed massive
MIMO system in practice. This paper can be used as a
basis for further studies on massive MIMO systems in high
mobility scenarios.

Firstly, the system model is presented in section II in
order to highlight the interference due to the Doppler effect
in the considered system. Then, the Signal-to-Interference
Ratio (SIR) of the system is analyzed in part III, as this
metric allows for linking the impact of the Doppler effect
and the number of receive antennas. This analysis leads to
an expression of the asymptotic SIR, when the number of
receive antennas tends towards infinity. Moreover, a neces-
sary and sufficient condition is proposed to show how an
increase of the SIR is related to an increase of the number of
receive antennas. However, both results rely on the statistical
properties of the propagation channel. With the statistical
analysis of the channel components in part IV, this problem
is solved and the asymptotic SIR as well as the necessary and
sufficient condition can be analytically expressed. Finally,
the simulation results are given in part V in terms of SIR and
of Bit Error Rate (BER) and help to draw a conclusion in the
last section.

The following notations are used in this paper. For a com-
plex scalar, | . | denotes the norm and (.)* the complex
conjugate. Moreover, E [ . ] stands for the expected value and
F[ . ] for the Fourier transform operator. Vectors and matri-
ces are represented in boldface letters and (. )7 represents
their transpose, ( . )H their conjugate transpose and || . || their
Euclidean norm.

Il. SYSTEM MODEL

In order to evaluate the impact of the Doppler effect on
massive MIMO systems, an uplink transmission between a
moving user equipped with a single antenna and a Base
Station (BS) equipped with N, antennas is considered in
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this paper. It can be noted that this scenario can be extended
to a V2V scenario considering a moving receiver instead
of a BS. Regarding the reduced coherence time, channel
estimation and equalization processes are both conducted on
the BS side during the same time slot. Therefore, the proposed
scheme for uplink can be applied with Frequency Division
Duplex (FDD) or Time Division Duplex (TDD) modes. Fig. 1
depicts the considered scenario. Thereafter, the system model
is described and the SIR is deduced in order to have a metric
bringing together the impact of the Doppler effect and the
number of receive antennas N,.

Moving User Propagation Channelé Base Station (BS)

M é M Receive

Antennas

Single Transmit

Antenna E

FIGURE 1. Considered scenario: an uplink transmission between
a moving user equipped with a single antenna and
a BS equipped with N, antennas.

On the transmitter side, an OFDM modulation is used
with a FFT size denoted by M and an inter-carrier spacing
indicated by Fy. According to [26], the baseband signal in
the time domain of an OFDM symbol can be defined by:

M—-1

s(t) = Z c[m)e*TmFor 1

m=0

c[m] being the complex data on sub-carrier m. A long enough
Cyclic Prefix (CP) is added before this symbol in order to
avoid Inter-Symbol Interference (ISI).

In general, the propagation channel can be divided in two
components: a LOS component and a NLOS component [27],
as in [28] and [29] for example. On the one side, for the
LOS component the Doppler effect translates into a Doppler
shift for which compensation techniques have been widely
studied in the literature, for example in [30] and [31]. On the
other side, for the NLOS component the Doppler effect trans-
lates into a Doppler spread. In this paper, a NLOS communi-
cation with Doppler spread is considered and the propagation
channel is modeled by a multi-path Rayleigh fading channel
model with L; independent paths. As the user is moving,
each path varies over time because of the Doppler spread and
according to the Jakes” Doppler spectrum [24]. The variations
over time of the /" multi-path component between the trans-
mitter and the receive antenna n, are given by h;l’ (t) while
the time delay of the /" multi-path component is denoted
by 7;. Moreover, the rgceive antennas are sufficiently spaced
so that hf’ (t) and h?’ () can be assumed as independent
variables if n, # n,.. The received signal on the antenna n,
is expressed in the time domain by r"7(¢) and is defined as
follows:

Lyp—1

rr) =) st — TR (@) + " (@), (©)

=0

38499



IEEE Access

A. Bazin et al.: Doppler Effect Reduction in an OFDM System Thanks to Massive MIMO

with 7' (t) the time domain noise component on the
antenna n,. Focusing on a particular sub-carrier my, the nota-
tion ¢, = c[mo — p] is given and the mathematical sets of
integer €2, and Q) are defined as follows:

Qp={peZ|c, #0}, (©)
being the set of useful sub-carriers and:
Q= Q, \ {0}, @)

being the set of useful sub-carriers without the sub-carrier
index myg. Therefore, as the CP avoids the ISI and using (1)
in (2), " (t) becomes:

Ly—1
P (t) = Z ¢ Z h;lr(t)e/'Zn(mofp)Fo(tfrl) + 0" (1). 5)
PER =0

After the demodulation process, the received data on sub-
carrier mg and on the antenna n, is:

1/Fy
ynr — FO P (t)e—j27rm()Fotd[
0
Ly—1 1/Fy
=> ¢ Z Fo x / H)" (t)e 72mPFo! gy
PESY =0 0
1/Fy
X eijH(VVlO*P)FOT[ + FO / nnr(t)efjﬁﬂmol‘”otdt
0
(6)
or equivalently:
= D Hyep+b", ™
PEY)
with:
1/Fo )
b =Fy (/ n"’(t)eﬂ”m"FO'dt>, 8)
0
being the noise component on the antenna n, and:
Ly—1 1/Fy
= S o[ et | o,
0
©))

For the link between the user and the antenna of index n,
at the BS, H(')“ represents the component of the channel
that allows for receiving the useful data cy. On the contrary,
H;ész* are the components of the channel that lead to ICI
on the data co carried out by the adjacent sub-carriers Cpets-
Thus, if the propagation channel is static, H[f;m = 0. With N,
receive antennas, the following channel vectors are defined:

(Nr)

H,

T
=[mY H) A (10)
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with p € Q,, the noise vector is:
b = [0 p!
and the received data vector before equalization is given by:

W (12)

The propagation channel is estimated via pilots on the
BS side. A perfect channel estimation is assumed for the
sake of simplicity and the receiver performs an equalization
using the low-complexity MRC technique. Thus, after the
MRC processing, the received data ¢ is:

H
(15")
;)

w1 (11)

M) [0y

y yoo

& = H—y

H H

(Nr) (Nr) (Nr) N,

() w0 () v

_C0+Z (N)2 Cp e
= e
I, Doppler bNoise
(13)

The received data ¢g is thus affected by the ICI due to the

Doppler effect Ipgppier and by the noise component byyjge-
The system model as well as the notations are summarized

by Fig. 2, which highlights the ICI created by the Doppler

effect.
Base
A Station
(BS)
g . "

Moving
User

el

/Propagation Channel*,

)12

(N,
0

MRC: (my" " iH

>
Y

Channel Estimation

FIGURE 2. System model for an uplink transmission between a
single-antenna moving user and a BS with N, antennas.

IIl. SIR ANALYSIS

The aim of this part is to analytically evaluate the impact
of the ICI created by the Doppler effect as highlighted in
equation (13). One can see that the noise component byy;se
in (13) is not impacted by the Doppler effect. Therefore, this
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noise component is not taken into account in this analytical
study for the sake of clarity. In order to evaluate only the
impact of the Doppler effect, the SIR is a relevant metric as
the ICI component Ipyppier is the only interference affecting
the received data. Firstly, the SIR with N, receive antennas
y W) is expressed in part I1I-A using the system model of the
previous part. Then, the asymptotic value of this SIR when
N, — 400 is expressed in part III-B. Finally, in part III-C a
comparison between y ™) and y ™+ provides a necessary
and sufficient condition to have an increase of the SIR when
increasing N,.

A. EXPRESSION OF THE SIR

From the equation (13), the SIR y(N r) with N, receive anten-
nas can be deduced:

4
(Nr)
|15

H
(Ny) ;)
(") nt

(Ny) _
yoo = 2

ZpEQ”j

Ny—1 | 0|2

(anzo |HO )
= T - 5 (14)
r— ny ny
Zpeﬂﬁ Zn,:() (HO ) HP
Since the only interference taken into account is due to the
Doppler effect, an increase of the SIR y ™) is equivalent to
a decrease of the impact of the Doppler effect. Obviously,
the number of receive antennas N, has an impact on ™)
as it gives the size of the channel vectors H;,N’) withp € Q,.

B. ASYMPTOTIC SIR

Owing to the law of large numbers, when the number of
receive antennas N, tends towards infinity (N, — -+00),
the denominator of (14) becomes:

2

P}

>

H 2
(H(()Nr—>+oo)) H(N,—)-Q—oo)‘
14

np\* 2
NE[(Hy)" 1y ]

peQ;
2
=N Y |E [y Hy ]| (15)
PEQ)
and the numerator of (14) becomes:
4 2
HHgN’*W H — N2E [|ng 2] . (16)
Thereby, using (15) and (16) in (14), the asymptotic SIR is
defined by:
2
(1)
(£")
Yoo = ﬁ, a7
> &)
peQ;
with:
1 -
E = E[(Hy) Hy ] (18)
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C. INCREASE OF THE SIR WITH THE INCREASE OF N,

Two channel realizations are considered. The first one is
between the transmitter and a BS equipped with N, receive
antennas. The second realization is between the transmitter
and a BS equipped with (N, + 1) receive antennas and is
independent from the first realization. According to (14), with
these two channel realizations, the SIR with (N, + 1) receive
antennas is greater than the SIR with N, receive antennas
(™D 5 NIy if, and only if:

2

W+ NN )

Hj Z Hj H
peﬂ;ﬁ

2

> HH(()N’) (19)

(s ey e
P
PESY

By considering now a large number of channel realizations,
the SIR with (N, + 1) receive antennas is statistically greater
than the SIR with N, receive antennas, if and only if:

4 H 2
(Nr+1) (Ny) Ny)
e[ (e[l
PEQ)
4] S E |:’(H(()Nr+l)>H HOV+D

PES

(Nr)
> F |:HH0

2j|
Equivalently, the SIR statistically grows as N, increases
if, and only if the propagation channel fulfills the
inequation (20). This leads to the following Proposition.

Proposition 1: The SIR statistically grows with the
increase of N, if, and only if:

(20)

Yoo > Fref» (2D
with:
P
1—‘ref ) (22)
> B
peQ]’ﬁ
and:

E}gz) —E ’(ng)* HY"
Proof: See appendix A.
One can notice that the values of yo and I';,r do not depend
on N, but only on the statistical channel properties EI(,D and
E](,z) defined respectively in (18) and (23).

2
i|. (23)
|

IV. STATISTICAL ANALYSIS OF THE CHANNEL
COMPONENTS

Both the expression of Yo in (17) and Proposition 1 rely
on the statistical channel properties E,(,l) and E,(,Z) , defined
respectively in (18) and (23). This part aims at finding their
analytical value. To this end, a statistical analysis of the
variables H;’ " is first carried out in part IV-A by modeling the
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Doppler effect with a sum-of-sinusoid method as proposed
in [32]. Then, the analytical expressions of Ep and E pz) are
given, respectively in part IV-B and IV-C. As E,(,l) and Ej (2)
do not depend on the considered receive antenna and for the
sake of clarity, the index n, is removed in this part and H;”

becomes Hp,.

A. STATISTICAL ANALYSIS OF Hp

The channel components H, with p € €2, are studied here.
The propagation channel is modeled by the sum-of-sinusoid
method defined in [32]. Indeed, the authors show that this
method is useful to design and simulate Rayleigh fading chan-
nels and MIMO channels. In practice, this sum-of-sinusoid
method is used in the communication system toolbox™ of
the simulation environment MATLAB® [33]. Thereby:

h@) = \/;»i <an=1 cos (anl(l) 91(’;)))
+ ]\/? <Z’_1 cos <2rrfl(2)t + 9@)), 24)

with P; being the average power of the [ path, N; the con-
sidered number of sinusoids for the I path, Gl(ln) and 0,(2,1) two
independent random variables havmg a uniform distribution
over the interval ]0, 2] and fl defined as follows:

(i) max T 1 i-1 7 l
= —(n—-= _i—t = i
Jin =Io Cos(zNz(” 2>+( : 4N1Lh+2)
(25)

fp'®* being the maximum Doppler frequency. This value is
related to the speed of the user v according to:

Bt = - F., (26)

with ¢ = 3.10% m/s being the speed of light and F. being
the central frequency. Therefore, the higher the speed of the
user v, the higher the maximum Doppler frequency f};*.

For the sake of clarity, the mathematical set of integer
2., is defined as follow:

Ql,nz{(1,n)eN2|0515(Lh—1)and15n§N,}.

27)
Moreover, the following variables are given:
& 8)
= —,
! 4N;
and:
(1
O1.n = ( fl mod 27
2 (29)
/ fl( )
0, = mod 2.
' F

As QI(In) and Bl(zn) are two independent random variables having
a uniform distribution over the interval ]0, 2r], 6; , and 01’ n
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are also two independent random variables having a uniform
distribution over the interval ]0, 27 ]. Finally, the following
variables are defined:

S

(1)
/i

p_l 0= sinc _ln

W Fo
(1)

/i
S+l = sinc Ln
p.ln Fo
1(2)
_! s _ N
Sp,l,n = smc (P Fo

fl(2)
+/ o \n
Sp.1n = Sinc (P + F_())

Thus, the development in Appendix B shows that the com-
ponents H), can be defined by:

H, = Z Hp 15, 3D

(,n)€Q n

(30)

with:
Hyi1n= \/_(—1)Pe—j27f(m0—p)Fon
x (S a4+ S5y e )
+jJo(—1)Ve J27T(m0 —p)Fot
oo e r st ). o
As sinc(x) is an even function, one can notice that:

1)

- _ o+ _ o Ln
SO,l,n = So,l,n = So,1,, = sinc .
@ (33)
_/ ’ . l.n
Sotn=3S01,="56,,=sinc|=
0,1 0,1 0,1 :
,tL,n ,hn ,L,n FO

According to (33), when p = 0 the equation (32) becomes:

Ho.n = 24/a1S0,1,n c0s (6),,) e /2™ moFom
+2j /S, cos (6] ,) e FFmFOT - (34)

One can see that Hy,; , and Hyy p ,y are independent vari-
ables if (I, n) # (I', n’). Moreover, as:

E[etn] = E [9n] =0, (35)
it comes:
E[Hy1.] =0, (36)
V(L n) € ., and Vp € 2.

B. EXPRESSION OF E}(,')

The expression of £y = E [HiHp) is now deduced from
(31), (32) and (34). Firstly, using (31) E5 becomes:

B>

(meQupn (I',n)EQ p

E[H{, Hprw)- (37)
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As Hp ., and Hyy v are independent variables if (I, n) #
(I, n’) and according to (36), the equation (37) becomes:

EV = Y E[H§, ,Hpin) (38)
(1,m)eQ
Then, using the development in Appendix C, the

equation (38) becomes:

E,E” = (-1 Z 180,11 (Sl:l)n + S;,’n) el?mrkom
(1.m)eQ

+ (_l)p Z (xlS(/)’l’n (Sp—’;’n + S;:L,,) ef27TPFOTI.
(lsn)EQ/,n
(39)

Finally, according to (33), when p = 0, El(,l) becomes:

E(()l) - Z 20 ((So,l,n)2 + (S(/)J»")z)' (40

(1,n)e n

C. EXPRESSION OF E{)
The expression of E,Sz) =E [}HS‘H,, |2] is deduced from (31),
(32) and (34). Firstly, using (31), E,(,z) becomes:

E@ _
P Z(llynl)egl,n Z(lz,nz)EQz,n
x Z(Is,m)EQl.n Z(l4s"4)€Ql,n

xE I:Hg,ll,n1HP,12,'12H0»13,H3H;,l4,n4:|' 41)

As Hp ., and Hy v are independent variables if (I, n) #
(I, n’) and according to (36):

E I:Hg,ll,nlH[’JZ»”2H0’l3s"3H;,l4,n4] = 0’ (42)
if one of the following cases is verified:

(1, n1) ¢ {(l2, m2), (I3, n3), (I4, n4)}
(L2, m2) ¢ {(Iy, m), (I3, n3), (4, na)}
(3, n3) & {(l1, m), (I, 2), (I4, na)}
(lg, ng) ¢ {11, n1), (2, m2), (I3, n3)}.

Therefore, (41) can be simplified as follows:
(2) _ N 5
By = Z(Z,n)eQ,_,,E [|H0,z,an,z,n| ]
+ Z(l,n)efll,n Z(l/’n/)e{ﬂl,n\(l,n)}
2 2
x E I:’HO,l,n‘ :IE I:}Hp,l’,n’ ]
+ Z(l,l’l)éﬂ]ln Z(l/’n/)e{ﬂl,n\(l,n)}
*
xE [Hg,l,an,l,n] E I:Hg,l’,n’ p,l’,n’]

+ Z(l,n)EQz.n Z(l’,n’)e{ﬁl,n\(l,n)}

x E [Ho 1 nHp,1.0| E [Hoy wHpyw]" . (44)

(43)
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or equivalently:

Elgz) = Z E |:|H(>)k,l,nH[7»lv"|2i|
(,n)EQ n

—E [ |Hoaal | E|Hp1nl*] = |E [H ) Hp1]|

Z E [!Ho,l,n}z]

2
_ dnH
|E[H01 len]} +

(I,n)e2
<[ > E1Hpul]
(I,n)e n
2
+ Z E[H(il,nHPvlv"]
(1,n)e
2
+| Y. E[HoinHpix]| - (45)
(I,n)ey n

Therefore, the development in Appendix D gives the
equation (46), as shown at the bottom of the next page.
According to (33), when p = 0, E,(,z) becomes:

EY = Y —6a} ((So,l,n)4 + (Sé,z,n)4)

(l,}’l)EQl,n
2
w2 2 2ar (S + (650.))
(l,n)egl.n
2
+ Z 20 ((So,l,n)2 - (S(/),l,n)z) el
(,n)eQyn
47)

Thanks to the equation (39) and (46), the statistical vari-
ables E](,]) and E1(72 can be computed knowing the average
power of each multipath component P;, the normalized delay
of each multipath component (z;.Fp), the normalized maxi-
mum Doppler frequency (f;,'“*/Fp) and the sub-carrier index
mg (only for EISZ)). Thereby, the value of Y and I'yy can
be computed by simply knowing the channel properties P,
(t1.Fo), (f5'™ / Fo) and mq (only for I, ). Thus, Proposition 1
can be easily verified whatever the channel model.

V. SIMULATIONS

In this part, the SIR and the BER with channel coding are
evaluated thanks to simulations in order to verify the analyti-
cal results and to visualize the impact of the Doppler effect as
a function of the number of receive antennas. The simulation
results are shown in part V-A for the SIR and in part V-B for
the BER.

A. SIR
For the evaluation of the SIR, the set of useful sub-carriers
considered is €2, = [-300 , 300]. Moreover, three channel
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models are investigated. The first one is a single-path propa-
gation channel, meaning L, = 1, Pp = 0dB and 79 = O s.
With such a propagation channel, the expressions of El(,l) and
EI(,Z), respectively in (39) and (46), only rely on the normalized
maximum Doppler frequency (f5'* /Fo). Additionally, two
multi-path channel models are also considered, namely the
Extended Vehicular A (EVA) and Extended Typical Urban
(ETU) channel models defined in [34] and [35]. Their delays
7; and corresponding average powers P; are given in Table 1.
For these channel models, the inter-carrier spacing is set
to Fp = 15 kHz and the considered sub-carrier index is
mgo = 512. Finally, the FFT size of the OFDM modulation
for the simulations is set to M = 1024, the CP length is equal
to 7% of the symbol length and the number of sinusoids for
the analytical results is setto Ny = 30,VI € [0, L, — 1], asit
is the maximum value considered in [32].

TABLE 1. EVA and ETU channel models.

N\ N 1 A
L]l m@s) | PLdB) || ; (ns) | P (dB)
0 0 0.0 0 -1.0
1 30 -1.5 50 -1.0
2 150 -1.4 120 -1.0
3 310 -3.6 200 0.0
4 370 -0.6 230 0.0
5 710 9.1 500 0.0
6 1090 -7.0 1600 -3.0
7 1730 -12.0 2300 -5.0
8 2510 -16.9 5000 -7.0

In Figs. 3, 4 and 5, the SIR is drawn as a function of the
normalized maximum Doppler frequency (f;** /Fp) respec-
tively for the single-path, EVA and ETU channel models and
for 2, 8, 32 and 128 receive antennas. In order to verify the
equation (17) and Proposition 1, the value of y, and I'yor are
also given in these Figures.

As expected, by looking at the red plain line, the asymptotic
SIR y~ defined in (17) decreases with the increase of the

- N,=2
70 N |
AN — M
60 N b N
" - N,=
o ~_ s
. Nr:128
g 40
B30 e
wn . Rk L
20 ﬁ BN R & L v -
0 [r, [
0

Normalized Maximum Doppler Frequency
S5 Fy (%)

FIGURE 3. yo, I'yef and simulated SIR as a function of the normalized
maximum Doppler frequency (fl')""x /Fy) for the single-path channel

model.
70 < | ~
AN — —— N.=8
Y - KA —¥— N,=32
50 \\ — N’_128
- %\ —— N,=
g 40
B4 30 T
m -.--. v
20 ﬁ N R T . -
-, 7
0

Normalized Maximum Doppler Frequency
I Fy (%)

FIGURE 4. y, I'yer and simulated SIR as a function of the normalized
maximum Doppler frequency (fl')’"’x /Fg) for the EVA channel model.

normalized maximum Doppler frequency. Indeed, the greater
the normalized maximum Doppler frequency, the greater the
impact of the Doppler effect.

5 ) s/ \2 2
ER = 3 —207 (Sosn) <(sp,l,n) + (S0 +Sp,,,nsl;f,,n>
(I,n)e n
2 o 2 _ 2 + 2 s +
+ Z —20[1 (SO,l,n) (Sp,l,n> + (Sp, ,n) + Sp,l,nSp,l,n

(lan)EQl,n

2 2 _ \2 2 2 ;N2
+ Z 20” ((SO,l,n) + (S(/),l,n) ) Z ol <<Sp,l,n) + (S[j:l,n) + (Sp,l,n) + (S[j:l,n) )
(e n (e n
2

+ Y o« (S(),l,n (S; 1nF S[;f,’n) + 801 (Sp_’,)n + S;,’n» e2mPFoT

(l»")EQl.n

2

1D @ (S0t (S50 +8510) = Sot (Spin + S5,) ) €72 G0 o (46)

(I,n)eQ
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FIGURE 5. ywo, I'yef and simulated SIR as a function of the normalized
maximum Doppler frequency (fl’,'"’x /Fp) for the ETU channel model.

We remark that the value of y., is similar whatever
the channel model (single-path, EVA or ETU). Therefore,
the impact of the frequency selectivity of the channel on the
value of Y, seems to be negligible. This result is in line with
that from [19], where the author stated that the effect of the
frequency selectivity of the channel vanishes in the limit of
an infinite number of antennas. The asymptotic SIR is thus
approximately equal to 43 dB when f**/Fy = 10% and
decreases up to 30 dB when f/'** /Fy reaches 20% whatever
the channel model.

The comparison between the red plain line (y.,) and
the red dashed line (I'y,r) aims at verifying Proposition 1.
As for the asymptotic SIR, the value of I'yer is similar
whatever the channel model (single-path, EVA or ETU) and
thus the impact of the frequency selectivity of the chan-
nel on the value of I'y,y seems to be negligible. More-
OVer, Yoo is always greater than I'yr. Proposition 1 is thus
verified and the SIR should increase with the increase of
the number of receive antennas N, whatever the chan-
nel model. Therefore, this result proves that a massive
MIMO system with a large number of antennas on the
BS side can be used to reduce the impact of the Doppler
effect.

These theoretical results are confirmed by the simula-
tion results given by the blue lines in Figs. 3, 4 and 5.
As expected, the SIR always increases with the increase of N,..
This increase is significant. For example, there is a gain of
approximately 5 dB between a system with N, = 8 receive
antennas and a system with N, = 32 receive antennas.
Finally, as the number of receive antennas increases, the blue
lines seem to tend towards the red plain line which confirms
the expression of y, in (17).

B. BER

The BER with channel coding is now evaluated in this part
in order to visualize the impact of the Doppler effect as a
function of the number of receive antennas from a more
practical point of view. The EVA and ETU channel models

VOLUME 6, 2018

described in Table 1 are used in this part. Moreover, the
FFT size is set to M = 1024, the subcarrier spacing is set
to Fp = 15 kHz and the CP length is equal to 7% of
the symbol length as in the previous part. A turbo-code is
used with a coding rate of 0.75 and 64QAM symbols. The
maximum Doppler frequency is arbitrary high in order to
visualize the impact of the Doppler effect, meaning f/'** =
3000 Hz. It corresponds to normalized maximum Doppler
frequency (f5'*/Fo) equal to 20% and, according to (26),
to a speed of v = 540 km/h with a central frequency of
F. =6 GHz.

In Figs. 6 and 7, the BER with channel coding is drawn
as a function of the SNR respectively for the EVA and ETU
channel models and for 1, 4, 16 and 64 receive antennas. The
BER with channel coding of a Single-Input Single-Output
(SISO) system on a Gaussian channel without mobility is also
added on these Figs. to serve as a baseline.

1 T
I A\ \
[~ - N=1 \\ >
Lu - n
@ - —— N =4 i A\ e,
r 1
107 % N=16 Y \‘.‘,
| —— N,=64 =
1 1
| ==== Gaussian H \
107° I ; H
5 10 15 20 25
SNR (dB)

FIGURE 6. BER with channel coding as a function of the SNR for the
EVA channel model.

107"

N

- N =1
—— N,=4
—— N,=16
—— N,=64

BER
[T
#
¥

-==-=- (Gaussian
-3
10 ‘

5 10 15 20 25
SNR (dB)

————

FIGURE 7. BER with channel coding as a function of the SNR for the ETU
channel model.

Firstly, Figs. 6 and 7 show that the Doppler effect has a
strong impact on the performance of the system when a single
antenna is used on the BS side. Indeed, an error floor higher
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than 10~! appears when N, = 1. However, as expected
the increase of the number of receive antennas induces a
reduction of the impact of the Doppler effect and thereby
an improvement of the performance in terms of BER. Thus,
when the number of antennas increases, the performance of
the proposed system with mobility tends to the performance
of a SISO system on a Gaussian channel without mobility.
Finally, Figs. 6 and 7 show that the impact of the Doppler
effect can be highly reduced even with a relatively low
number of receive antennas. Indeed, with only N, = 16
receive antennas no error floor appears and the BER curve
is separated from the one on a Gaussian channel by
only 4 dB.

VI. CONCLUSION

The effect of a very large number of uncorrelated receive
antennas on the ICI due to the Doppler effect has been studied
in this paper considering an OFDM communication with a
simple MRC receiver. Relaying on analytical and simulation
results, the contribution of this paper is twofold. Firstly,
the asymptotic value of the SIR, when the number of receive
antennas tends towards the infinity, has been analytically
expressed. Secondly, it was proven that increasing the number
of receive antennas allows for reducing the interference due
to the Doppler effect. Finally, the simulation results show that
this reduction is significant in practice even with a relatively
low number of receive antennas.

This study helps to better evaluate the benefits of massive
MIMO systems for 5G in the presence of mobility. From a
more practical point of view, this paper highlights the ability
to improve the performance of V2x communications when
using a massive MIMO system with a low-complexity MRC
receiver.

The results of this contribution are based on some assump-
tions corresponding to a case untreated in the literature and
this paper paves the way for further studies regarding the
following aspects.

o Considering a communication with a LOS component,
a Doppler shift adds to the Doppler spread. Therefore,
the impact of a massive MIMO receiver on this Doppler
shift component could be studied using a Rician fading
channel model instead of a Rayleigh fading channel
model.

o This contribution can be extended with multi-user
communications, using a Zero Forcing (ZF) tech-
nique or a Minimum Mean Square Error (MMSE)
technique.

o It would be interesting to extend this work with a
geometry-based channel model. This type of channel
model is more difficult to analytically study but it takes
into account the correlation between the antennas and it
is more accurate to represent high mobility propagation
environments.

All these aspects are potential approaches for future
contributions.
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APPENDIX A
PROOF OF PROPOSITION 1
With non-correlated antennas, it can be seen that:

MoV [’
E ‘(H()) H)
Ny—1

=E Z (H(;')*Hl’jr

n=0
2j|

+ NN, = D) |E [ (Hg) ] ’

= N,E [’(H(’;’)*H;”

2
= N,E? +N,(N, — 1) ‘E},U) . (48)

Then, the special case where p = 0 gives:
(Nr)

E [HHO
With (N, + 1) receive antennas, the equation (48) becomes:

H
(Nr+1) Ny+1
EU(HO ) HYD

4 2
} = NE® + NN, — 1) )Ef)”’ . 49)

2
} = (Ny + DE

2

’

(50)

+ Ny + DN,

W
E[’

and when p = 0:
2
[¢9)
5[
(51)
Using (48), (49), (50) and (51), the inequation (20) becomes:

2
(1)
E§ ‘ )

2
x Y (N,E;,2>+N,(N, —1) ‘EISD‘ >
PEQ)

4
E [HHE)M“)H ] = (N, + DE® + (N, + DN,

((N, + DEY + (N, + DN,

2
N <NrE(()2)+Nr(Nr —1) \Eg;)\ )

x> ((N, + DE? + (N, + DN,
PEQ)

Divided by N, (N, + 1), the inequation (52) becomes:

2
E},U‘ ) (52)

2 2
(E52>+Nr £ ) x Y (E,(,z)+(Nr — eS| )
pEQ;
ED v g0 £ 4 N |0
> | Eo” + (N = DEg X Z p TArEp :

pESZ;
(53)
Then, subtracting

2 2
M @ ()
ES ‘) ) (Ep +Nr‘EP ‘)

PESY

(55 .
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on both sides of (53), it comes:

2 2
@) (H (1
<E0 + N, |E ’) Z—’Ep ‘
peQ;
|2 @ | 4
> (- |E§ > (EP + N, |ES . (54
PEQ)

Finally, adding N,

5 |ED 2 .
b , (54) becomes:

E(“(
peQ*
2
> <— ‘Eé”‘) S ER|. 65)
PESY

2
2) (1)
Ey Z a ‘Ep ’
peQ;;

which is equivalent to:

2
M
‘EO ) EQ 6
Ok
T A
pEQ; peQ

APPENDIX B
DEVELOPMENT OF H)

Using (24) in (9) the components H, can be described as
follows:

> Hpin (57)
(mEQn
with:
1/Fy
Hyin = \/]I:[iiFo / cos (27rfl(l)t +9(1)) e 72mPFot gy

0
X exp [—j2m (my — p)Foti]

1/F,
Ip .
+j ]VIFO /cos (anl(z) Ol(zn)) e /2ot gy
; ,

0
x exp [—j2m (mo — p)Fot]. (58)

Using the Fourier transform, the equation (58) becomes:

Hp,l,n

Py )
=/ ﬁzFO exp [—j2m (mo — p)Fot/]

M, 4 M 1
x Fr=pr, | cos (27rfl 146 ) Mypy |t — 2,

. [P )
+Jy ]\7ZFO exp [—j2m (mo — p)Fot/]

1
x Fr=pF, |:COS (271’](1(1)2‘ + 9(1)> Iy/F, <l‘ - 2_FO):|’
(59
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with:
Lol < o
oo < —
Mpmn=4 o (60)
O, lf|t| > 2_[70
As:
]-'[cos (2nfl()t +0(l))]
o
= F |:cos <2nfl(l) ( + ln(l)>>:|
2xf,
P
_ 1 0) o\ 7 @
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_ (e O\, o 0)
—§<e’1 5<f £ )+e i 8(f+fl ) ©61)
and as:
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it comes:

1
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0
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and thus:

1
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Therefore the equation (59) becomes:
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@
P
+j /—’ (—1)sinc (p i )
Fo

fz i )

J\ 7 F 0 .
% e( 0 ) pmi2mmo—p)Fon

2
P
+]/4N —l)f’smc( fo)
2

_/<” Fy T 1(2;)>
X e 0 ' 2T (mo—p)Fot (65)

Finally, using the notations in (28) (29) and (30), the
equation (65) can be rewritten as in (32).

APPENDIX C
DEVELOPMENT OF E\")
Using (32) and (34), the expression of H()k’l’an’l’n is:
Haﬁ,l,nHPJy"
= 201(—1)" (S0.1.n €08 (01.n) — jS0.1. €08 (6] ,))
% ( plneﬁln +S+ e 191n) 2mpFot
+ 2jai (= 1) (So0.1,n €08 (61.0) —jS0.1.. 08 (6] ,))
X (Sppuelin + 77 e ) o, (66)

Knowing that 6; ,, and 6, ,, are two independent random vari-
ables having a uniform distribution over the interval 0, 2],
it comes:

E[ (9 n)] = E[ ij@z.n] -0
{E [(:())SS (Qll/n>] - Ee[eijel”n] —0 67)

and:
E [cos (610) 47| = E [cos (6],,) %]

E [% (ejel‘l‘l _|_ e*j@,n) eijgl,n}

| =

(68)
Therefore, the expression of E [HO 1.1, ] i
E [H(akl nHP l "]

= oy (—1)’So.1.n ( it S+ ) ei2mpFot

+oay(— 1)PSO,,,(p,n+s+ ) 2R (69)

APPENDIX D
DEVELOPMENT OF E”)

In order to develop Ey”, the expressions of E [’Hp,l,n‘z],

E [HouHp,] and E[( HE  Hpin

thereafter.

2
:| are first given
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Using (32), the expression of |H1,,1,,1]2 is:

il = (55064 551,07
x ( Sptn®" +S+ —m)
+jor (Splne —JOLn +S+ ezezn)
X ( plngleln +S+ e j@ln>

—Ja (Sp_; e In 4 S+1 ne/el’n)
x ( pln“/é)]”+5+ e "’ln>
ta (SQ 1€ 4 ST efﬁz,n)

x (S0 + 57 e fefn) (70)

As 6y, and 91’ ,, are two independent random variables having
a uniform distribution over the interval ]0, 2], it comes:

£ [ e:t2j91,n] —E [eﬂﬁz’,n] =0. (71)

Therefore, knowing (67) and (71),
2
E{|Hpin

2
E [|Hp,l,n| ]
2 2 ;N2 2
- + - +
(52" () + (50 (52)°)

(72)

the expression of
is:

Finally, according to (33), when p = 0, the expression of

E [|Hp,1,n|2] becomes:

2 2 2
E{[Hosal | =200 ((So0a) + (S600)°)- O3
Using (32) and (34), the expression of Ho ; ,H) 1, is:
HO,l,an,l,n
= 201(—1)" (S0.1.n €08 (61.n) +jS0.1. €08 (6] ,))
% ( Sy nd 4 St e ;ezn) o2 2mo—p)Foti

+ 2joi(—1Y (S0.1.n €08 (01.n) +JS0.1. €05 (6] ,))
x ( - e +S+ e lezn)e—ﬂ"@mo—f’)FOf'. (74)

Therefore, knowing that 6; , and 9, are two independent
variables and knowing (67) and (68) the expression of
E [HO,l,an,l,n] 1s:

E [HO 1 an [ n]
= a;(—=1)’So,1,n ( i S ) e/2mCmo=p)Fon

—oy(— l)"’S0 In ( i T S+ ) o2 @mo—p)FoTi
(75)
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Using (66), the expression of ‘ 0.1, oHp.in| 1s:

|HG 1 o Hp. 1]
= 4o ((S0..1)” c08” (O1) + (5.,1.0)" cos? (6].,))
X (S0 + 57 )
( S —jez,n)
+w«mwmwMH%ﬁmww)
x (S;,’ne—ﬁh" + S;Lne’p”")
x (S;;’ne"gl/»" + S;},ne‘f")z’,n)

— 4ja? ((S0.00)* 08 (B1.0) + (56.1.0)° cos? (6].,))
(Sp_[ ne]9] n + S[j"l’ne_jal,n)
+

x (S_;’ne_jel/," + 875 el
( AR *1'91’,"). (76)

Therefore, knowing that 6; , and 91/,;1 are two independent
variables and knowing (67) and (71), the expression of

‘ 0.1, oH becomes the equation (77), as shown at

the bottom of this page.

Knowing that 6; , and 6, )., are two independent random
variables having a uniform distribution over the interval
10, 2], it comes:

E[cos? (6],)] = E [cos® (61.1) | = % (78)
and:
E [cos2 (01.n) eﬁje""]
= E[cos? (6],,) ¥

—E [l (1 4 0 42) eﬂjel,n}

Therefore, according to (78) and (79), (77) becomes:
% 2
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Using the expressions of E|:|H()’[’n’2:| in (72) and
E[|Hp,1,,,|2] in (73), the expression of E[|Ho,1,n|2]

E[|H,,J,,, ]
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= 207 (Soz

Moreover, using the expression of E [HO 1.aHp.1, ] in

2
Appendix C, the expression of )E [HO 1. Hp.1, ] can be

deduced:
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/
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(82)

Then, the expression of E [Ho ;,nHp,,x] in equation (75)
gives the following expression for |E [Ho,j,nHp,1.n] |2:
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Therefore, using the equations (80), (81), (82) and (83),
it comes:

E |:|H(>)k,l,anJ,n|2:| —E [|H0,l,n|2] E [|H ,l,)1|2]
- |E [H(T,l)an,l,n]|2 - |E [I—IO,I,nI'Ip,l,n:H2
= 207 (So.1)” 710831

2 (o/ 2 o~ o+
+ 20 (S0,1.) Sp1nSp.in

2 -~ 2
- 20[[2 (SO’I’") (Sp,l,n + S;:l,n)

2 2 _/ ’ 2
—20[1 (S(/),l,n) ( p.ln +S[j:l,n) (84)

Finally, using (84), (72), (73), (69) and (75), the
equation (45) becomes the equation (46).
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