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Abstract—In this paper, a practical precoding method for
the downlink of filter bank multicarrier-based (FBMC-based)
massive multiple-input multiple-output (MIMO) is developed.
The proposed method includes a two-stage precoder consisting
of a fractionally spaced prefilter (FSP) per subcarrier for flatten-
ing/equalizing the channel across the subcarrier band, followed
by a conventional precoder whose goal is to concentrate the
signals of different users at their spatial locations. This way,
each user receives only the intended information. In this paper,
we take note that channel reciprocity may not hold perfectly in
practical scenarios due to the mismatch of radio chains in uplink
and downlink. Additionally, channel state information (CSI) at
the base station may not be perfectly known. This, together with
imperfect channel reciprocity can lead to detrimental effects on
the downlink precoder performance. We theoretically analyze
the performance of the proposed precoder in the presence of
imperfect CSI and channel reciprocity calibration errors. This
leads to an effective method for compensating these effects.
Finally, we numerically evaluate the performance of the proposed
precoder. Our results show that the proposed precoder leads to
an excellent performance when benchmarked against OFDM.

Index Terms—FBMC, multiuser, precoder, massive MIMO,
downlink.

I. INTRODUCTION

The success of massive multiple input multiple output
(MIMO) technology in the recent roll-out of the fifth genera-
tion wireless systems (5G) is an advocate on the importance
of multiple antenna techniques for future networks [1]. Thus,
massive MIMO will be among the key building blocks that
underpin the future of 5G Advanced and the sixth gener-
ation wireless networks (6G) [2]. The shortcomings of the
orthogonal frequency division multiplexing (OFDM) such as
its high sensitivity to synchronization errors were taken on
board in the design of 5G new radio (5G NR) standard by the
introduction of the flexible subcarrier spacings [3]. However,
OFDM still suffers from bandwidth efficiency loss considering
the extended cyclic prefix of the length 25% of symbol
duration, [3]. Furthermore, the advent of new applications,
such as autonomous driving, where wireless channels become
highly time varying, call for alternative waveforms that are
more resilient than OFDM to the time variations of the channel
[4]. Filter bank multicarrier (FBMC) is one of a kind with a
high bandwidth efficiency and resilience to the synchronization
errors and the channel time variations [5]-[7].
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The above observations, clearly, justify the significance of
exploring FBMC-based massive MIMO as a candidate tech-
nology for the future wireless systems. FBMC-based massive
MIMO was first introduced in [8]. In this work, the authors
showed how FBMC benefits from the channel flattening effect
of massive MIMO to widen the subcarrier bands and thus
further improve the bandwidth efficiency. As a follow up
contribution, in [9], the authors addressed the pilot contami-
nation problem in the uplink of FBMC-based Massive MIMO
systems. Further studies in [10], [11] provide the mean squared
error (MSE) and sum-rate performance of FBMC in the uplink
of massive MIMO channels, respectively. Channel estimation
and equalization aspects of FBMC-based massive MIMO were
covered in [12], [13] and [14], [15], respectively. While ideal
scenarios are considered in a large body of the available
literature on the topic, in a more recent work, we focused on
the practical aspects of FBMC-based massive MIMO systems
[12]. In particular, we investigated imperfect channel state
information (CSI) effects on the performance of FBMC-based
massive MIMO in both co-located and distributed antenna
setups [12].

As of today, most publications on FBMC-based massive
MIMO have focused on the uplink, [12], [15]-[18]. A few
of these publications have assumed perfect reciprocity and,
accordingly, have noted that the proposed uplink detection
methods may be reversed to design precoders for the downlink
of the same link, e.g., see [15]. However, the assumption of
perfect reciprocity may not be valid, both due to channel aging
in time division duplexing (TDD) and the differences in radio
chains (even after calibration) in the uplink and downlink
directions. Works such as [19], [20] have investigated imper-
fect reciprocity problem for narrow-band systems. While the
extension of such analysis to OFDM-based systems is straight-
forward, it requires particular attention and investigation to be
extended to FBMC-based massive MIMO.

In this paper, we focus on the downlink precoder design
for FBMC-based massive MIMO systems, in the presence
of channel estimation and reciprocity calibration errors. To
this end, we first formulate the downlink transmission for
FBMC-based massive MIMO systems, assuming a perfect
reciprocal channel. Following the uplink detector structure
developed in [12], we propose a two-stage precoder structure.
The first stage of this structure involves a short per-user
fractionally spaced prefilter (FSP) (equivalent to a fractionally
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spaced equalizer (FSE)) at each subcarrier for flattening the
equivalent channel over the respective band. At the second
stage, any of the conventional linear precoders based on the
maximum ratio transmission (MRT), the zero forcing (ZF),
or the minimum mean square error (MMSE) techniques can
be deployed. Next, taking into account the imperfect CSI and
reciprocity calibration error, we analytically derive their effect
on the received signals at the user terminals. We find that the
imperfect CSI and calibration error effects converge to a fixed,
error statistics dependent scaling factor, which is the same for
all the subcarriers.

The rest of the paper is organized as follows. Section II
presents principles of FBMC in the downlink of massive
MIMO assuming a flat subcarrier followed by Section III
proposing two-stage precoding to overcome frequency selec-
tivity in the channel. In Section IV we extend our analysis
to the imperfect CSI and channel reciprocity by modeling the
reciprocity error and proposing compensation methods to relax
the effect of both errors. Section V provides numerical analy-
sis, confirming the validity of our claims through simulations.
Finally, the paper is concluded in Section VI.

Notations: Matrices, vectors and scalar quantities are denoted
by boldface uppercase, boldface lowercase and normal letters,
respectively. A(m,[) represents the element in the m'" row
and the I*® column of A and A~! signifies the inverse of
A. I, is the identity matrix of size M x M. Superscripts
()74 ()T, ()" and (-)* indicate inverse, transpose, conjugate
transpose, and conjugate operations, respectively. R{-}, E{-},
(} M) and * represent real value, expectation, M fold deci-
mation and linear convolution operators, respectively. Finally,

0;; represents the Kronecker delta function.

II. DOWNLINK FBMC SYSTEM MODEL

In FBMC, real-valued data symbols are placed on a regular
time-frequency grid with the time and frequency spacings of
T/2 and 1/T, respectively. Each data symbol on the grid has
a +7 phase difference with its neighbours. This is to avoid
interference between the data symbols and hence make them
orthogonal in the real domain. The data symbols are pulse-
shaped with a prototype filter, f[I] where f[l] is designed
such that ¢[l] = f[l] » f*[-!] satisfies the Nyquist criterion.
Therefore, assuming M number of subcarriers, the Nyquist
pulse ¢[l] has zero crossings every M samples. Considering
a narrowband be subcarrier such that the data symbols ex-
perience approximately a flat fading, similar to OFDM, per
subcarrier precoding can be deployed in the downlink [21].

Let us consider a single-cell massive MIMO setup in-
cluding a BS equipped with N antennas and K single-
antenna users. Let d¥,  be the real-valued data symbol of
user k at the frequency index m and the time index n. For
each frequency-time instant (m,n), the precoder collates data
symbols d¥,  k=1,2,--- K from all users and constructs
the transmit signal vector

Sm,n = Psldm,na (1)

where P, is the K x N precoding matrix that can be chosen
from any of the common linear precoders, namely, MRT, ZF,
and MMSE, i.e.,

Dfnl H,,, for MRT,
P, = (H,HY) 'H,, for ZF, )
(H, HY +021x) 'H,, for MMSE.

Here, H,, is the K x N channel matrix at the center of
subcarrier m with elements H,, (k, ) representing the channel
galns between user k and BS antenna i, i.e., H,,(k,i) =

L hyallle™ 75 where hy ;1] is the respective channel
impulse response. In MRT, the K x K diagonal matrix
D,,, normalizes the precoder outputs with the coefficients
Dk — 25\5)1 |H,,(k,4)|?. Assuming reciprocal channels
in the uplink and downlink, the estimated channel responses
in the uplink phase are used in the above precoders. Note
that in the reciprocal scenario, downlink channel matrix is the
transposed version of the uplink channel matrix.

After precoding, the transmit signal at the BS antenna ¢ can
be formed by passing the symbols sinn through the synthesis
filterbank (SFB)

M-
where [, o[l] = f[l— ]6327”"1/1”6“r m+n)/2 ig the modu-
lated, time shifted, and phase adjusted pulse-shape that carries
sﬁnn Finally, the received signal at user k£ can be obtained as

Z . | 3)

n=—oo

N-1
> @ill] b (1] + mill], 4)
i=0
where 7 [I] ~ CN(0,07) is the additive white Gaussian chan-
nel noise at the termlnal k with the variance a . Considering
co-located BS antennas, we can assume the same PDP between
the BS antennas and any given user k. This PDP is denoted
by pg[l] for i =0,...,L — 1, where L is the channel length.
Accordingly, for user k, the channel taps are independent
of one another and their distribution follows CA (0, py[l]).
Furthermore, we assume the average transmit power of unity
for each user terminal

Considering perfect synchronization and channel knowledge
at the BS, the data symbols of each user can be extracted as

o = R[] % frnnll]) 1= npr 3. (5)

In FBMC, the assumption of flat fading subcarrier channels
can never be satisfied no matter how narrow the subcarrier
bands are made. Beside, for the purpose of spectral efficiency,
it is always desirable to keep the subcarrier bands as wide
as possible; see [8] and [22] for some explanations along
this line. Moreover, we may recall from [8] that channel
hardening effect in massive MIMO systems allows one to
widen the subcarrier bands. However, investigations in [15]
has revealed that this hardening effect flattens the channel
to a limit. Hence, an additional equalization/precoding step
is required for (near) perfect flattening of the channel over

Tk [l] =
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each subcarrier band. Moreover, imperfections in the available
CSI that may originate from channel estimation error and
aging in TDD, as well as reciprocity calibration errors have
to be compensated for. To tackle these practical issues, in
Section III, we propose a prefilter for flattening each subcarrier
channel, and in Section IV, we address the problems of
imperfect CSI and channel reciprocity.

III. SUBCARRIER PREFILTERING

By expanding (5) and using (4), we obtain

N-1

m n §R{ Z (fv[l] * hkﬂ[l] * f7"’7n[l]) ‘l:”TM + nﬁz,n}? (6)

i=0

where nfnm is the noise effect after filtering and phase adjust-
ment. Recalling (1) and (3), (6) can be simplified as

{ Soodn n/gmm[n—n’HnZ;,n}, (7)

m’ n’' k'
where
Grow (1] = (Fae 0> B0 % S [ ey ®)
N-1
Bl = 7 (PR ha kD, ©)
=0

and the coefficients P*? are the precoder coefficients given
by (2). As shown in [23], for a large number of antennas,
all the above precoders converge to %Hm. Accordingly,
the equivalent channel between the user terminal k£ and the
precoder input intended for the k’th user over the subcarrier
band m may be expressed as

NZ’

Using the law of large numbers, for a large number of

antennas at the BS, h,(fg,ﬂf,z 1] vanishes to zero, when k # k'

Additionally, when k& = k’, it can be shown that h;f%":) 1] in
(8) converges to [12], [15]

eqvlt
k,k’,m

hik[l]- (10)

ej27rlm/]\4 (11)
where py[l] is the channel PDP between the user terminal k
and the BS antennas. The above equation shows the residual
channel that breaks the Nyquist property is characterized by
the PDP response P, x[!]. This effect can be compensated
using a prefilter at each subcarrier. Our proposed prefilter is
a fractionally spaced one, [24], [25], that, for any m, covers
the m-th band of the filter bank, including the portions of the
band that overlaps with the adjacent bands. Therefore, this
prefiltering also eliminates the intrinsic interference from the
adjacent bands. The prefilter design may be a ZF or an MMSE
one that can provide satisfactory performance with minimal
taps. A closer look at equation (11) determines that the prefilter
at each subcarrier is the frequency-shifted version of the base-
band prefilter and needs to be calculated once for each user.
The proposed prefiltering before precoding, interpolation, and

P,k [l] = pi[l]

SFB flattens the channel at each subcarrier and improves the
output SINR significantly.

The proposed two-stage precoding procedure, in the down-
link of FBMC-based massive MIMO, is illustrated in Fig. 1.
The data symbols are passed through a set of FSPs followed by
a conventional linear precoder that repeats for each subcarrier
m and every user k for removing ISI and ICI. The first
stage can be thought of as a channel flattening step, making
it possible for the single-tap precoder to perform optimally.
Simulation results that confirm the efficacy of this prefilter
design are provided in Section V.

IV. PRECODING WITH IMPERFECT RECIPROCITY

In the developments up to this point, we considered perfect
knowledge of the channel at the BS and reciprocal channels
in both uplink and downlink directions. However, these as-
sumptions may not be accurate in practical scenarios as the
channel estimates at the BS antennas are obtained during the
uplink phase and they may differ from the downlink channel
responses. The reason for this is that while the propagation
channels may be the same in both directions, different trans-
mitter and receiver chains at the mobile terminals and the BS,
that are considered as a part of the channel, are not the same.
Moreover, in a TDD mode, channel aging between the time
that channel is estimated and when it is used for precoding
adds additional reciprocity error. Hence, such errors should
be considered in designing downlink precoders.

In the past, a number of channel reciprocity calibration
techniques have emerged [26]. However, it has been noted
that the reciprocity calibration error can still lead to detri-
mental effects on the downlink transmission [20]. Recently,
considering the channel estimation technique in [17] and the
associated channel estimation error statistics that are provided
in [12], we have noted that one can quantify the effects of
inaccurate channel estimates on signal detection. According
to the results provided in [12], the estimation error for the
channel tap | between BS antenna i and user k, Ah[l],
may be approximated by a complex Gaussian distribution
with zero mean and the variance 02, = %i% The accuracy
of this approximation has been confirmed through extensive
empirical experiments. The MSE of the estimation method
is also calculated in [12]. It has been also noted that the
estimation error at a given subcarrier m follows complex
Gaussian distribution with the variance 0% = LoZ. That is,
AHY (i, k) ~ CN(0,0%).

To tackle the aforementioned issues, in the following, we
start with the channel reciprocity calibration error model, and
analyze the calibration and channel estimation error effects
on the received signal. We then propose a correction method
whose efficacy is confirmed numerically in Section V.

A. Reciprocity Calibration Error Model

Assuming reciprocity calibration to be performed by one
of the methods in [26], RF chains cannot be considered
perfectly matched. Here, we extend the narrowband model
of [20] to FBMC by considering random calibration er-
rors that have a constant gain over each subcarrier band
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Fig. 1. The proposed two-stage precoding scheme. The first stage is a set

of FSPs that flattens the channel for the second stage of conventional linear

precoding. Conventional linear precoding repeats for each subcarrier m and every user k to remove ISI and ICIL.

and are independent at different subcarriers. Consequently,
these calibration errors can be transformed into the time
domain and modeled by a calibration error impulse response
at the BS transmit RF chain and any glven antenna 1,
ie. e ll] = FH[E, eI N Led%: |}, where &
and ¢f"; denote the magmtude and phase of the calibra-
tion error for subcarrier m, respectively. Similarly, ¢, ;[I] =

| 97iej¢9,i,...,f%ilewﬁffl]}, ™ and ¢ represent the
equivalent variables of the receive RF cham for antenna ¢ and
subcarrier m. Accordingly, uplink and downlink channels can
be obtained as

Prll] = P[] % e gl (12)

and

i 1] = ceix hu[l], (13)

respectively. Here, hy, ;[I] shows the propagation channel with
the PDP defined in Section II.

B. Analysis and Compensation

Here, we present an analysis in the presence of imperfect
CSI and reciprocity calibration. The precoder with imperfect
CSI is obtained by substituting H% (k,i) with H" (i,k) =
HY (i, k) + AHY (i, k) in (2). Therefore, elements of D,, in
MRT, becomes
N-1
> HY G, k) + AH (i, k)

=0

DEk — (14)
Assuming uncorrelated estimation errors and channel gains,
by the law of large numbers, in the asymptotic regime, D¥:¥
converges to
N (B{|Hy, (i, k)|*} + B{|AH,, (i, b))
= N (B{| Hpn (k, i) [*} + B{ge/5ig e ™00} + o)
=N+ NoZ, (15)

where, the variance of &, i considered to be small compared
to 1, agcordll}g to models in [ZQ]. Similarly, it can be shown
that (H%)YHY, converges to D,,. Therefore, the ZF and

MMSE precoders in the asymptotic regime are similar to the
MRT. Therefore, in the asympt0t1c regime, all three precoder
converge to P, = N +02 )H Consequently, from (10),
the equivalent channel between the user terminal & and the
precoder input intended for the k’th user over the subcarrier
band m converges to

N— 1

h(cqvlt)

m o Jo
k,k'm 6

=3
x (] > ceal).

Moreover, for large values of N, (16), reduces to

[Z] E{gme](brl( m(ka/ Z))*hkyl[l] *Ctyi[l]}.

a7
Assuming independent channel responses for different users,
independent channel taps, and uncorrelated channel estimation
errors, one will find that

(16)

h(eqvlt)
k,k’,m
1+ 0%

(eqvlt)

kkrm 1 = 1+o E{S) (JE{el?}
x B{(Hpu (K1) hi 1]} x B{eo (1]} (18)
Setting A = E{gm}E{erf%}’ we note that, E{cy;[l]} is

the time domain representation of calibration error and ac-
cordingly, converges to an impulse with magnitude of A.
Additionally, we we have [12]

E[(Hum(K i) hieil]] = prll]e?® ™M 0. (19)
Thus, the equivalent channel converges to
B 0] = B kU0 (20)
where \2 0
~ pm k
Pmll] = ———5—. 2D
1+ Uef

This shows that the effects of channel estimation and
reciprocity calibration errors converge to their statistical pa-
rameters. It is worth noting that the errors are subcarrier
dependent; however, in the asymptotic regime, similar to
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channel hardening, they average out and converge to an equal
value and become frequency independent. As a result, by
modifying our proposed two-stage precoding method, it is
possible to compensate for the effects of the reciprocity errors.

The above results lead to the following conclusion. To
compensate for the imperfect CSI and calibration error effect,
the scaling factor % should be added to the PDP p,, x[l].

This is equivalent to adding the correction factor % to
the designed prefilter. Since this correction factor may not be
known at the BS, as discussed in the next subsection, it may
be identified at the receiver/UE through a pilot signal that
transmitted by the BS.

C. Pilot-aided Compensation

The above theoretical development shows that as a result
of statistical averaging among the massive MIMO channels
between the BS and each UE, the channel estimation and
reciprocity errors reduce to a single scaling factor across all
the subcarrier bands. This scaling factor may be found at
the receiver if the BS transmit a pilot symbol/signal to each
UE.2 The UE uses this pilot to identify the gain factor, i.e.,
(14’_\705}), that should be applied to bring the received signal
level to the correct value. This clearly is a simple fix that
may be simultaneously applied to all UEs in the network, by
allocating a single FBMC frame for this purpose, or sending
a set of scattered pilots in the payload part of each downlink
packet. One may note that pilot symbols of different UEs can
overlap in time and/or frequency, since precoder conditions the
transmit signals such that each UE only receives its associated
information carrying signal. Packets that belong to other UEs
are suppressed/nulled.

V. SIMULATION RESULTS

This section is devoted to evaluate our mathematical devel-
opments in this paper by computer simulations. We consider
a single cell massive MIMO BS with co-located antennas. An
SMT system with M = 64 subcarriers using a PHYDYAS pro-
totype filter, [27], with overlapping factor x = 4 is employed
to transmit QAM (quadrature amplitude modulation) symbols.
Tap delay line-C (TDL-C) from 5G channel model, [28], used
to generate channels. This model provides a PDP based on
a normalized root mean square (RMS) delay spread. The
normalized RMS delay spread is randomly scaled for different
users in each simulation instance is scaled in the range of
[90 ns, 110 ns], i.e., for channels with moderate lengths, [28].
This is due to non-equal PDPs between the users and the
BS antennas in practical scenarios. Additionally, a normalized
PDP is assumed, i.e., ZlL:fol plll]=1for k=0,...,K — 1.
We consider average transmit power of K from BS antennas
which distribute equally between different users, accordingly,
we set signal-to-noise (SNR) of 10 dB at each user termi-
nal. Sampling frequency of 15.36 MHz considered in this
experiment which results in the subcarrier spacing of 240 kHz
and is inline with 5G NR specifications, [28]. To model the
magnitude of reciprocity calibration error, we consider &{;
and £ with uniform distribution between 0.98 and 1.02.

40
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Fig. 2. SINR vs. the number of BS antennas, N. The FSP design is based
on the PDP of the underlying channels, Lygp = 5 is considered.

Moreover, ¢{"; and ¢ considered to have uniform distribution
, ,

between —2F and 2T following measurements in [29]. We

have obtaine?i our results for 1000 independent realizations of
the channel with K = 4 users.

In Fig. 2, we evaluate the performance of our proposed
FSP, measured by the signal-to-interference-plus-noise ratio
(SINR). The FSP design follows the same procedure as the
fractionally spaced equalizer (FSE) design proposed in [12],
for uplink. Here, in the designs, the FSP length is set equal
to 5. In this experiment, we assumed perfect knowledge of
the channel. These results show that the proposed FSP signif-
icantly improves the performance. In addition, in Fig. 2 the
result of an OFDM precoder are presented for a benchmark.
We note that, by construction, when cyclic prefix (CP) length
in OFDM is sufficient, subcarriers are subject to a set of perfect
flat gains, hence, with an ideal precoding, FBMC performance
should match that of OFDM. The results presented in Fig. 2
confirm a near perfect operation of the two-stage precoder that
is presented in Fig. 1.

To evaluate our proposed design in a practical scenario, we
deploy the channel estimation method of [17], performed in
the uplink. Also, to obtain the scaling factor for compensation
of calibration and channel estimation errors, a set of pilots
are transmitted of the first FBMC block of each downlink
packet. The results of this study are presented in Fig. 3. As
seen, with no compensation, FSP provides a small gain of
about 2 dB for NV > 100. This gain increases to 5 to 10 dB
if the compensation scaling factor is known perfectly. For our
simulation setup, estimation of the scaling factor through pilots
incurs 1 to 3 dB loss in performance. However, we believe with
better design of pilots this gap may be reduced. Some research
into the details of pilot designs for this purpose is underway.

VI. CONCLUSION

In this work, we developed a practical precoding method
for the downlink of FBMC-based massive MIMO in a co-
located antenna setup. Theoretical results that show the im-
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Fig. 3. Output SINR vs. the number of BS antennas, N, for different FSP
designs with Lygp = 5.

pact of channel estimations error and reciprocity mismatch
in uplink and downlink radio chains were developed. The
proposed method includes a two-stage precoder. The first stage
of the precoder applies a fractionally spaced prefilter (FSP)
for flattening/equalizing the channel across each subcarrier
band. The second stage is the conventional precoder, like the
maximum ratio transmission (MRT), the zero forcing (ZF),
or the minimum mean square error (MMSE), whose goal is
to separate different users’ data symbols. We also studied the
theoretical impact of calibration and channel estimation errors
and showed that in massive MIMO, these errors can trivially
be obtained by sending a pilot signal and compensated through
a single scaling factor that is similar for all the subcarriers,
thanks to the channel hardening effect in massive MIMO
systems. Simulation results that corroborate our theoretical
findings were also presented.
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