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Impact of the Doppler Effect on the Capacity of
Massive MIMO Uplink Systems:
OFDM Versus FBMC/OQAM

Alexis Bazin
Orange Labs
Cesson-Sévigné, France
Email: alexis.bazin@orange.com

Abstract—This paper studies the impact of the Doppler effect
on the capacity of an uplink communication between one or
several user(s) with mobility and a base station. The OFDM
and the FBMC/OQAM modulations are investigated. Moreover,
massive MIMO techniques are used at the receiver side to
increase the SINR and to allow for simultaneous multiuser
communications. An analytic study is carried out to highlight the
impact of the Doppler effect on the achievable rate of this system
and to bring out benefits and drawbacks of both modulations. On
the one hand, the OFDM modulation presents a loss of spectral
efficiency because of its cyclic prefix and a limited robustness
against the Doppler effect. On the other hand, the FBMC/OQAM
performance is restricted by its intrinsic interference due to
the frequency selectivity of the channel. These two modulations
are compared under different mobility scenarios and the ability
of the FBMC/OQAM modulation to significantly increase the
achievable rate per user compared to the OFDM modulation is
highlighted, especially for high speed scenarios.

I. INTRODUCTION

In [1], the NGMN Alliance anticipated the future needs
regarding wireless networks, which should be taken into
account for the development of the fifth generation of cellular
networks (5G). In particular, users with high mobility such as
cars and trains are expected to benefit from better quality of
service in the coming years. In [2], the Radiocommunication
Sector of International Telecommunication Union (ITU-R)
recommends to be able to communicate with a user up to 500
km/h under vehicle-to-vehicle (V2V) or vehicle-to-everything
(V2X) scenarios. Therefore, new techniques and waveforms
are investigated in order to overcome these constraints.

The filter-bank multicarrier (FBMC) modulation and in par-
ticular the FBMC with offset quadrature amplitude modulation
(OQAM) [3], [4] is an interesting candidate thanks to its good
spectral and temporal localizations. Indeed, the FBMC/OQAM
waveform does not require strict synchronization [5], presents
a good robustness against the Doppler effect as discussed in
[6]-[8] and thus is particularly suitable for high mobility ap-
plications. Furthermore, compared to the orthogonal frequency
division multiplexing (OFDM) modulation, the FBMC/OQAM
waveform does not need any cyclic prefix (CP) and thus
achieves a better spectral efficiency.
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In addition, massive MIMO techniques, which use a large
number of antennas at the base station side, have gained great
interest in the past years [9]. They can be used for uplink
multiuser communication to manage multiuser interference
and to improve the spectral and energy efficiency [10]. Indeed,
as stated in [11] and further improved in [12], [13], with
an unlimited number of antennas, noise and multiuser effects
vanished and the only remaining interference is inter-cellular
interference (pilot contamination).

Only few studies combine the FBMC waveform and mas-
sive MIMO for uplink. In [14], [15] the authors associate
multiuser massive MIMO methods for uplink and two FBMC
techniques, cosine modulated multitone (CMT) and frequency
spreading FBMC (FS-FBMC). They highlight the capacity
of massive MIMO to reduce the frequency selectivity of
the channel and called it “’self equalization”. According to
this results, one may wonder if massive MIMO has also an
effect on the time selectivity and therefore on the Doppler
effect. Nevertheless, to the best of the authors’ knowledge,
studies on performance of massive MIMO systems rarely take
into account the Doppler effect. Thus, as the FBMC/OQAM
modulation is well suited for mobility applications, studying
its performance is of great interest.

In this paper we compare the FBMC/OQAM and the OFDM
modulations for massive MIMO uplink systems and for users
with mobility in a 5G context. The system model is presented
in part II. In part III, a theoretical analysis is conducted
to compare these two modulations in terms of signal to
interference-plus-noise ratio (SINR) and achievable rate per
user. Then, in part IV, numerical results allow for conclusion
concerning the best modulation as a function of the number
of receive antennas and the user mobility.

The following notations are used. The symbol ~ indicates
variables for the FBMC/OQAM modulation. Vectors and ma-
trices are represented in boldface letters. The Euclidean norm
of a matrix or vector is denoted by || .||, (.)7 indicates their
transpose and (. ) stands for their conjugate transpose. The
identity matrix of size n X n is defined by I,,. Finally, the
conjugate value of a complex number is denoted by (.)*, its
expected value by F[.], its real part by R[.] and its imaginary
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Fig. 1. Scenario considered for this paper: an uplink communication between
N, users with mobility and a base station equipped with NV, antennas.

part by . ].

II. SYSTEM MODEL

For this study, an uplink scenario is considered with simul-
taneous transmissions between NN, users and a base station
equipped with N, receive antennas. As in [14], [15] and for
the sake of simplicity, we assume that all users have a single
antenna, are moving at the same speed and are at the same
distance from the base station. The scenario is described by
Figure 1. The receive antennas are sufficiently spaced so that
all propagation channels between a user and a receive antenna
are considered to be independent from each other. Moreover,
a perfect channel estimation at the receiver side is assumed.
At the base station, a MMSE processing is carried out in
order to equalize the channel and to separate users’ data.
Indeed, the MMSE processing performs the best performance
according to [14]. For the rest of this paper, we set M as
the number of subcarriers and Fy as the intercarrier spacing.
The symbol duration is therefore Ty = 1/Fy and the sampling
time is Ty = To/M. The index for the time-domain signals
and propagation channel paths is k. The propagation channel
model has L; paths and the value along time of the [*"
path between the user n, and the antenna n, is denoted by
hj""[k]. In part II-A, we define the OFDM link and in part
II-B the FBMC/OQAM link.

A. OFDM link

The system model for an OFDM link is depicted in Figure
2. After the modulation process, the time domain baseband
signal of user n,, is:

| M
s"ulk] = \/—MW;)C “[m

with ¢« [m] the complex data on subcarrier m of variance 2.
A CP is added to counteract the propagation channel delay
spread. The received signal on the antenna n,. is defined by:
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with "7 [k] the noise component on this antenna. Then, a
demodulation process is performed on each receive antenna.
For a given subcarrier mo, we set cp» = c"*[mg + p] the data
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Fig. 2. System model for an uplink communication with an OFDM modula-
tion, IV, users and /N, antennas at the base station side.

transmitted on subcarrier (mg + p). The received data on the
antenna n, is:

yr = Zﬁﬂf P ko2 Sk
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with "~ the frequency domain noise component of variance
o? and with:

3)

M— —

H;’“”nr _ M Z

=0 [=0

Bl | szMke—ﬂme*Pz

“)

For the link between the user n, and the antenna n,., Hy"""
represents the useful component of the channel when receiving
the data cg* on subcarrier mo and H, ;" stand for the
components of the channel that lead to intercarrier interference
on ¢j* coming from CZ;éO' Let us define the channel matrices:

Ny — Ny ,0 Moy, 1 . Ny, Np—1 T
{ Hpv = [Igp . Hy) N _1Hp } ) (5)
= [Hp H, H,™ ] :
The received data vectoris y = [y° y' - ¢y 71] T and
the noise vector is b = [bo bt bN""l] ' The MMSE
decoding matrix is defined by:
W = H,(HIH, + p_lINul)\,_l ©
— [WO wl ... W1

with p = 02 /o7, the signal to noise ratio (SNR) which is the
same for all users. The estimated received data after MMSE
processing ¢ are defined by:

N . R N 11T
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In a multiuser scenario, a given user n, will experience
interference coming from the (N, —1) other users. The indexes
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Fig. 3. System model for an uplink communication with an FBMC/OQAM
modulation, N,, users and N,- antennas at the base station side.

of this interfering users are defined by n!, # n,,. Thus, for the
user n,,, the received estimated data is therefore:

G = (W) Hye
2o (W) Hprepe

nu VH 1% M
+ Znh;ﬁnu Zp (W u) Hp Cp
£ (Wi,

where the first, second, third and last lines of this equation
respectively stand for the useful part, the Doppler interference
part, the multiuser interference part and the noise part of the
signal.

B. FBMC/OQAM link

In an FBMC/OQAM system, real data are sent every Tp/2
seconds. Therefore, compared to the OFDM modulation, the
orthogonality condition is only valid for the real field. Thus
the symbols can be shaped by a large set of prototype
filters with an increase of the complexity in return [8]. We
define the discrete time formulation of this filter by g[k]
and its length by L,. Figure 3 depicts the system model
for an FBMC/OQAM modulation. The baseband transmitted
discrete-time FBMC/OQAM signal for the user n, can be
expressed as in [4] by §"™v [k‘}

5" Z Z a”™* [m, n)Gm nlk] 9)

nezZ m=0
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with a™[m, n] the real data of variance 02> = 02 /2 sent at the
frequency and time indexes m and n respectively and gy,  [k]
defined by:

Imnlk] = gk —nM/2]e g2m 5 (h="45) jolmn] (10)

In (10) the phase term ¢[m, n] is defined by:

dlm,n] = (m +n)w/2 + kg[m,n|m, kym,n] € Z. (11)

Similarly to (2), the received signal on the antenna n,. is:

w—1L,—1
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For the frequency and time indexes (1mg, ng), we define a; =
a™ [mo + p,mo + g and the received data on the antenna n,
after demodulation is:

~n M n *
Y " = Zk 017, T[ ]gmg no[k]

= (Zn“_o quH usTr g u) +b T
with:
(TN M Lhil"n n j2m 0-H)l —jnZ(Lg—1) ¥
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Vyq= ¢[mo +P, no + q) — ¢[mo, no) + Tpng.

(14)
Compared to (4), H (T;‘QT)L;(O o) represent the channel compo-
nents that lead to intercarrier and intersymbol interference. In-
deed, as it does not use any CP, an FBMC/OQAM modulation
also suffers from intrinsic interference caused by the frequency

selectivity of the channel. We now define the channel matrices:

e [F7e,0 el nu,No—11T
ItIp,q = [{{%q :’fnq - 1\{{ q ] ; (15)
Hy, = [Hp,q Hp qg prf ] ’
and the received data vector y = [3° 7' - ng""l]T.
The MMSE decoding matrix is defined by:
. -1
W = HO 0 (Ho oHO ot+p 1IN11, (16)
— [WO Wl WNu—l] ,
so that:
ag0 =N [VNVH}N’} = [ado g0 &évg_l}T an

As only the real part is retained, the noise power is reduced
to o /2 and the value of the SNR is the same as in an OFDM
link, meaning p = 02/(0?/2) = 02/07. For a given user n,,
the received estimated data is therefore:

N X " n n
agy = R {(W"“) Ho,ut)} g o
A7 H n n
+ Zparoo R {(W ) Hp | ol
H ~ "L, n/
+ Zw’ Ny, Z(p q) R |:(W’ﬂu) HP%:| apq
- H
+ R [(W") b] .
As for (8), the first, second, third and fourth lines of (18)
respectively stand for the useful part, the intrinsic and Doppler

effect interference part, the multiuser interference part and the
noise part of the receive signal.



The impact of the Doppler effect can now be ana-
lyzed through a theoretical analysis of the OFDM and
FBMC/OQAM performance in the studied context.

III. THEORETICAL PERFORMANCE ANALYSIS

The aim of this part is to highlight the impact of the mobility
as well as the benefits and limitations of the OFDM and
FBMC/OQAM modulations. Therefore, based on their SINR,
we compare the achievable rate per user for both modulations,
for a finite and an infinite number of antennas at the base
station.

A. Signal to interference-plus-noise ratio
For the OFDM modulation, the SINR ~"+ is computed

for the user n, by using (8) and for the FBMC/OQAM
modulation, the SINR 4™+ is obtained by using (18):

Y= Ppt/ (PP + Py + PR, (19)
= Bpe) (P B+ ).
with:
n H ¢yn, 2 2
P = ‘(W"u) | 02,
5 . NH . 12 (20)
Py = | (W) g | o

defining the useful power,

’ 2
Moy no\H 11"
Py Zn;‘;ﬁnuzp‘(w )T Hyt| o2,
. . H_ 12
Pl = Supon, Spa®| (W) i a2
ey
the multiuser interference power and
P = (WP,
~]’f\: X7 2 bQ (22)
P = HW 02/2,

the noise power. The intrinsic interference and the Doppler
effect interference powers are defined by:

2
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and are induced by the time and frequency selectivity of the
channel. Since for the OFDM modulation the SINR does not
take into account the loss of spectral efficiency, the achievable
rate per user is a more fair metric and is computed in the next
subsection.

B. Achievable rate per user

For the OFDM (resp. FBMC/OQAM) modulation, the
achievable rate per user R (resp. R) is defined by:

{ R = axElog,(1++")],
R = Ellog, (1+5")],
with o = Ty/ (To + Top), Top being the length of the CP.

For a low SNR, a moderate speed and if IV, is low enough, the
intrinsic interference and the Doppler effect interference can

a<l 24)

be neglected compared to the noise and multiuser interference
and we have:

{ (P]CI“U_'_P]\]}“) >>P1nu7 (25)

(Pt + Pyt) > Pp.
Under this condition, one can see that the problem is simplified
and is comparable to the one described in [14] where the
authors showed that the OFDM and FBMC waveforms lead
to the same SINR (y™+ = 4™+). Furthermore, according to
[11], the SINR for the OFDM modulation increases as the
value of NV, increases. Therefore, we have R = o X R and the
higher the value of [V, the higher the value of R and thus the
higher the difference (R — R). Thereby, the FBMC/OQAM
modulation should outperform the OFDM modulation, thanks
to the lack of CP.

However, above a certain value for N,, (25) are not
valid anymore and the performance of the OFDM and
FBMC/OQAM modulations are dependent on Pj* and Pj™
and thus on the time and frequency selectivity of the channel.
Moreover, for a high SNR or under high speed conditions,
(25) are never valid even with a moderate number of antennas
at the base station. Therefore, in a massive MIMO system
with a large number of antennas at the base station and in
mobility conditions, the asymptotic achievable rate per user
(when N, — +400) could reveal to be an interesting metric as
developed in the next section.

C. Asymptotic values

When N, tends towards infinity, multiuser interference
(when n/, # n,) vanishes as stated in [11] and owing to the
law of large numbers, we have Vn,, n,:

\NH n
I (H") H L =0,
N 0 0 } 0
~ ! H ~
lim < (Fgy) Hpp e =
i (Hob) Holy =0,

N {Imge )} = Mo [ (26)

’
: ryn 2 o L) 2
i {5 = v g []

Thus (H(I){Ho + p_llNu) and (I:I(I){OI:I()’O + p_IINu> be-
come diagonal and we have:

lim {Wns} = HI™ (NTE [\ng"r 2} + p—l) -

N,—o00 1
~ ~ ~ 2 -
Nlrlgloo {W'Ilu} = Hg:(‘) (NTE |:‘H6L,16,nr } + p—l) )
(27)

Moreover, as the multiuser and noise components become
negligible when N, tends towards infinity [11], the asymptotic
achievable rates per user R, and 1:200, for the OFDM and
FBMC/OQAM modulations respectively, are defined by:

R 1 (1 (13)” )
= axlo TR D E——
- g2 ZP#0<H?)2+(H5‘)2 (28)
Ry = log (1 + (ao)
? 200 (@8e)" )’



with Vn,, n,:

B[R [(Hg="")" Hye])”,

B[S () Hy-o]

()" = & [R[(557) ]

Ry is impacted by the intrinsic interference and by the
Doppler effect, while R, is only limited by the Doppler effect.
However, as the FBMC/OQAM waveform is less sensitive to
the Doppler effect (see [6]-[8]), in high mobility conditions
we might have Roo > R

To conclude, the FBMC/OQAM modulation can benefit
from its better spectral efficiency. However, the Doppler effect
has an impact as the performances of both the OFDM and
FBMC/OQAM modulations are limited by the time selectivity
of the channel. Moreover, the FBMC/OQAM waveform is also
impacted by the frequency selectivity of the channel because
of the lack of CP. Therefore the choice between the OFDM
and FBMC/OQAM modulations is not straightforward in an
analytic point of view as there is a trade-off between the time
and frequency selectivity of the channel. Thus, simulations are
necessary to accurately compare those two waveforms.

(u 2?)
(19)” = (29)

N -

IV. SIMULATION RESULTS

In this part, we numerically compare the achievable rate
per user for the OFDM and the FBMC/OQAM modulations
as a function of the number of users NN,, the number of
receive antennas at the base station side [V, and the speed
of the users. The FBMC/OQAM modulation uses the TFLI1
(Time Frequency Localization) filter of length 7y defined in
[16], which is designed to combine a small length and a
good time-frequency localization in order to counteract the
time selectivity of the channel. Classical values for LTE
communications are chosen, a FFT size of M = 1024 with
600 active subcarriers, a subcarrier spacing of Fy = 15 KHz
and a CP length of Top = 4.7us for the OFDM modulation.
Moreover, the central frequency is set to 6 GHz and the SNR
to p =10 dB.

A. Connected car scenario

We first set the speed of the users to 50 km/h (urban
configuration) and 130 km/h (highway configuration). The
Extended Vehicular A (EVA) channel model is used for this
simulation as it is suitable for cellular communications in a
NLOS environment. Indeed, it describes propagation channel
for studying LTE communications (see [17], [18]). Due to user
mobility, the coherence time limits the available duration to
acquire channel state information (CSI) and thereby limits the
number of users too. Thus, we set the number of users to
5 (resp. 2) for 50 km/h (resp. 130 km/h) in order to have
less than 10% of the coherence time dedicated to the channel
estimation. Under these conditions, the values of R., and
Roo, defined in (28), are estimated through simulations. While
Rs = 21.1 b/s/Hz for 50 km/h and R, = 17.3 b/s/Hz
for 130 km/h, R., = 10.7 b/s/Hz for both speed values.
Therefore, Roc > R and in this context the frequency

12
g 11 "
- 10 /‘ et =
2. N AT
8 /g 9 Roc ..w"*:’—
558 Pl
5L 7 ey
s ’,i °" ----m---.50 km/h -OFDM
2 6 - - - - == =--50 km/h - FBMC/OQAM
2 57 e I — 130 km/h - OFDM

4 D —— 130 km/h - FBMC/OQAM

10 100
Number of antennas (N ) at the base station

Fig. 4. Achievable rate per user as a function of the number of receive
antennas (/V,-) with 5 users at 50 km/h and 2 users at 130 km/h and with the
EVA channel model.

selectivity is predominant compared to the time selectivity
of the channel and should limit the performance of the
FBMC/OQAM modulation with high values of N,.. Figure 4
shows the achievable rate per user for the OFDM and the
FBMC/OQAM modulations as a function of V..

Even with a speed of 130 km/h, we have R < R, and the
Doppler effect has impact neither on the OFDM performance
nor on the FBMC/OQAM one. With the FBMC/OQAM mod-
ulation, we can consider that the equations in (25) are valid
for N, < 20. This leads to a maximum gain of approximately
0.4 b/s/Hz with speed values of 50 km/h and of 130 km/h
compared to the OFDM modulation. For higher values of
N,., the equations in (25) are not valid anymore and the
FBMC/OQAM modulation is limited by its intrinsic interfer-
ence. The difference (R — R) thus decreases as N, increases
and even becomes negative when NN, > 100. Regarding the
central frequency, a base station with more than 100 uncor-
related antennas is actually very optimistic. Therefore, the
FBMC/OQAM modulation performance is slightly above the
OFDM performance for this scenario but other metrics such
as complexity or spectral confinement should be considered.

B. High speed train scenario

Then, we study very high speed communications such as
train connection with speed values from 150 km/h to the limit
defined by [2], 500 km/h. We choose a line-of-sight (LOS)
channel model which better meets this type of high-speed
scenario. The considered channel model called Rural Area is
made up with 4 taps (RA4) and has a Rician K factor of 6.7
as defined in [19]. With such a mobility, the available time
to estimate the propagation channel is very small and only
one user can be considered. Moreover, the equations in (25)
are not valid. In Figure 5, the achievable rate is computed
as a function of the speed for the OFDM and FBMC/OQAM
modulations and for NV, = 64, N, = 128 and N,. = co.

With this LOS propagation channel and a speed above
150 km/h, one can see that ROO > R.. Therefore the
FBMC/OQAM modulation always outperforms the OFDM
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Fig. 5. Achievable rate as a function of the speed with 64 and 128 receive
antennas at the base station side and with the RA4 channel model.

modulation whatever the value of the speed, of p and of
N,.. Moreover, the difference (R — R) increases with the
speed and, when the number of receive antennas tends towards
infinity, the maximum value of 1.9 b/s/Hz can be reach. The
FBMC/OQAM modulation is thus interesting in this high
speed context. For example, with 64 receive antennas and a
speed of 250 km/h, the FBMC/OQAM modulation can send
1.2 b/s/Hz more than the OFDM modulation.

V. CONCLUSION

This paper presents the impact of the Doppler effect on the
capacity of an uplink communication associated with multiuser
massive MIMO techniques at the base station side. The OFDM
and the FBMC/OQAM modulations are considered.

With a moderate speed, we demonstrate that the lack of
CP for the FBMC/OQAM modulation can be an advantage
when the number of antennas at the base station is low.
However, when this number is higher, the intrinsic inter-
ference created by the frequency selectivity of the chan-
nel becomes non-negligible and limits the performance of
the FBMC/OQAM modulation. Simulation results show that
the impact of the Doppler effect is actually not significant
even at 130 km/h and compared to the OFDM modulation
performance, the FBMC/OQAM modulation performance is
equivalent or slightly better in terms of achievable rate per
user. Thus, the choice between these two modulations has to
be done taking into account other metrics such as complexity
or spectral confinement.

In very high mobility conditions, with a speed from 150
km/h to 500 km/h, we demonstrate that the Doppler effect lim-
its both the OFDM and the FBMC/OQAM modulations. How-
ever, thanks to its prototype filter (TFL1), the FBMC/OQAM
modulation is actually less impacted as confirmed by the
simulation results. Indeed, in terms of achievable rate, the
OFDM modulation performance is always outperformed by
the FBMC/OQAM modulation performance in this context.
Therefore, the FBMC/OQAM modulation can significantly
improve the capacity of a massive MIMO uplink system in
very high mobility conditions.

This paper actually paves the way for deeper studies. The
system model could be closer from a real system taking
into account channel coding and synchronization processes
and a real channel estimation for example. Similarly, a more
general scenario can be considered with multiple-antenna users
having heterogeneous speeds and variable distances to the base
station.
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