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Millimeter-Wave MIMO Transmission for FBMC
Systems With Lens Antenna Arrays

Ying Wang“, Qiang Guo

Abstract—Millimeterwave (mmWave) techniques will be a key
enabler for wireless communications to achieve high data rates.
Additionally, Filter Bank Multi-Carrier (FBMC) with good spec-
tral properties has also been regarded as an important transmis-
sion technique for future wireless communications. In this letter,
we design and analyze an FBMC-based mmWave Multiple-input
Multiple-output (MIMO) system. Specifically, we first pre-code
quadrature amplitude modulation symbols in time to ensure that
the MIMO technique becomes simple in FBMC. Secondly, we de-
termine the optimal subcarrier spacing by maximizing the signal-
to-interference ratio. Finally, using a lens antenna array combined
with a simple channel estimator, we transmit data to the receiver.
Simulation results show that FBMC can effectively support multi-
antenna and mmWave techniques, providing favorable efficiency
and reliability. Furthermore, we also verify that Alamouti’s space
time block code can provide considerable diversity gain.

Index Terms—mmWave, FBMC, time-domain precoding, lens
antenna arrays.

1. INTRODUCTION

HE next decade will see an explosion in wireless data

volumes. Millimeter wave technique that can utilize the
huge bandwidth of 30-300 GHz becomes an interesting solution.
Millimeter wave has already been applied in several standards,
e.g., 5G new radios, IEEE 802.11ad for wireless local area
networks [1] and wireless personal area network [2], etc. The
International Telecommunication Union’s IMT-2020 project
has identified Filter Bank Multi-Carrier (FBMC) as a candi-
date for 5G [3]. Thus, combining millimeter-wave Multiple-
Input-Multiple-Output (MIMO) technique with Offset Quadra-
ture Amplitude Modulation (OQAM)-based FBMC allows for
higher data rates and better spectral properties.

FBMC employs a time-frequency localization prototype filter.
Thus, it can significantly reduce out-of-band emissions and
easily meet the demands of strict synchronization [4]. However,
many scholars claim that FBMC cannot effectively meet the
key requirements for 5G like multiple antennas and low-latency
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transmission [5], [6]. This is not generally true. As shown by
the measurements of R. Nissel et al. [7] over the 60 GHz real
world channel, multi-antenna and low-latency transmission is
feasible in FBMC once the data symbols are precoded in time
domain. C.-Y. Liu et al. [8] described a 60 GHz FBMC-OQAM
baseband receiver with 8x parallel memory access. S. Srivastava
etal. [9] described a channel estimation technique for millimeter
wave hybrid MIMO-FBMC-OQAM systems. A. I. Perez-Neira
et al. [10] proposed a scheme to combine FBMC-OQAM wave-
form with MIMO. P. Singh et al. [11] derived MMSE receiver
for MIMO-FBMC-OQAM. Also, P. Singh et al. emphasized
the superiority of FBMC-OQAM waveforms over Orthogonal
Frequency Division Multiplexing (OFDM) in massive MIMO
systems [12]. On the other hand, the complexity of combining
FBMC with MIMO can be reduced by precoding in time [13].
And, the transmitting lens antenna array can steer the transmitted
signal with a sufficiently separated angle of departure, while
the receiving lens antenna array can focus the signal with a
sufficiently separated angle of arrival to different subsets of
receiving antennas [14]. Based on the above theory, we designed
an FBMC-MIMO millimeter-wave system with lens antenna
arrays. The main contributions are summarized below:

1) This letter provides a scheme to incorporate FBMC into
millimeter-wave MIMO systems and integrate lens an-
tenna arrays. Specifically, we first perform time-domain
precoding for Quadrature Amplitude Modulation (QAM)
symbols to ensure that the MIMO technique becomes sim-
ple in FBMC-OQAM. Secondly, we construct the FBMC-
OQAM millimeter-wave MIMO transmission model and
increase the carrier frequency to 60 GHz. Finally, we
employ a lens antenna array to transmit the signal to the
receiver.

2) We derive an expression for the optimal subcarrier spacing
by maximizing the Signal-to-Interference Ratio (SIR). Al-
tering the subcarrier spacing, we can identify the weakest
constraints on Doppler spreading and delay spreading,
thus obtaining the minimal level of Inter-Symbol Inter-
ference (ISI) and Inter-Carrier Interference (ICI). Based
on this, we obtain the optimal subcarrier spacing by max-
imizing the SIR.

3) We adopt the Saleh-Valenzuela (SV) channel model,
which is widely considered for millimeter waves, and
the 3GPP “CDL-D” channel model to verify the stability
of the system. The results show that the FBMC-MIMO
millimeter-wave system can perform robustly in both
single-path and multi-path transmission cases'.

! The detailed code can be downloaded at https://www.sciencedirect.com/
science/article/pii/S016516842400046X.
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Notations: vec{-} denotes the column vectorization opera-
tion. {-} and I{-} denote the extract real and imaginary part
operations, respectively. o and ® denote the Hadamard and the
Kronecker product, respectively.

II. SYSTEM MODEL

In FBMC-OQAM, the real and imaginary parts of the trans-
mitted QAM symbols are staggered by half a symbol period.
Maximum spectral efficiency is ensured by compressing the
time-frequency spacing, which leads to orthogonality holding
only in the real domain and to more challenging applications
of MIMO. However, through time-domain precoding, we can
restore the biorthogonality of FBMC-OQAM (abbreviated as
FBMC), making MIMO as simple as in OFDM [13], [15].
If % ,/2 denotes the QAM symbol transmitted at subcarrier
position [ and time position k, then the function IP(-) completes
the time-domain precoding for Z; /o . In matrix algebra, the

T c CLK><1

encoded symbol vectorx = [z1,1, . . canbe

expressed as

. JL,K}

x:P([gzl,l,...,gzLﬁK/Q]T), (1)

where L and K denote the number of subcarriers and time
symbols, respectively. The operational details of (1) can be found
in (5) of [13]. For convenient description of millimeter-wave
MIMO transmission in the FBMC system, we assume that the
Base Station (BS) is equipped with M antennas, and that there
are () users, each with one antenna, or equivalently, one user
with @) antennas. According to the typical millimeter-wave beam
space MIMO system model [14], [16], the downlink received
signal vectorr = [r1(t),...,rq(t)]" € C2*! can be expressed
as

r=H"s +n, @)

where H € CM*? denotes the beam space millimeter-wave
MIMO channel. s = [s1(t),..., s (t)]" € CM**! denotes the
transmitted signal vector and n = [y (¢), ..., ng(t)]" € CO**
the additive Gaussian noise. Note that in practice, the signals
are discrete. Thus, in discrete form of FBMC, the signal s,,, (¢)
transmitted by mth BS antenna is a sampled signal s,,, € CV*!
with N sample values, denoted as

Sm = Gmxm7 (3)

where G, = [g1.1, - g1.x] € CV*FF denotes the base pulse
matrix for the mth antenna, and the base pulse vector g; 5 €
CN*1 contains N sample values. x,, € CE5*1 denotes the
transmitted symbols of the mth BS antenna. According to (2),
the received signal r, € CN*! of the gth user can be expressed
as

M
ry = Z hm,qsma 4)
m=1

where h,, 4 is the (m, ¢)th element of H. Assuming perfect
time synchronization, the received symbols of the gth user
can be obtained by matched filtering, i.e., y, = Gf r,. Each
user can perform pre-decoding on the received symbols y =

yi1,-.. ,yL’K}T e CHEXL to obtain the data symbol vector
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y € CLE/2X1 denoted as
y =iP(y), ©))

where iP(-) denotes the pre-decoding operation fory € CH£*1,
see (6)in [13].

To formulate the spatial domain millimeter-wave MIMO
channel, we consider the widely used SV channel model [17].
The channel vector h, € C**! between the M -antenna BS and
the gth user can be expressed as

Np
B _ M E a A azi ele (6)
q Np 4mp SO(Ivnp ’ SO(Ivnp ’

np=1

where N, denotes the number of resolvable paths. agn,,, ¢35

and gpgfflp denote the complex gain, azimuth and elevation angles
for the n,th path, respectively. A(@gf,fp,wgfzp) denotes the
M x 1 steering vector, which depends on the array geometry.
Without loss of generality, we omit subscripts and consider Uni-
form Linear Arrays (ULA) and Uniform Planar Arrays (UPA).
For ULA, the steering vector A(-) is determined by only one
angle, denoted as

1
Aura () = Wi
wherem = [—(M — 1), =M +3,..., M — 1] & denotes the
carrier wavelength and d = % the antenna spacing [18]. For the
widely considered UPA, A(¢®*, ©°/¢) can be expressed as

eijstin(cp)m/)L:| , (7

Aupa (gani7 (pele) = [e—jQTrdsin(gpazi)sirl(weze)ml/k

vM
® |:efj27rdcos(gp“"“)m2/)x , (8)
wherem; = [—(M; — 1), —M;1 +3,...,M; — 1]Tandm2 =
[—(My — 1), =My + 3, ..., My —1]". Note that M = M, x
M. My and M, denote the number of horizontal and vertical
antennas, respectively.

The space-domain channel can be directly converted into
a beam space channel by using a lens antenna array [19].
Mathematically, the Lens Antenna Array functions as a Discrete
Fourier Transform (DFT) [20], [21]. For ULA and UPA, the
beam space channel can be expressed as

Np
M )
By =[5 O con, UA (05,655, ), O
p ny=1
where U € CM*M (denotes the DFT matrix. For ULA, U =
#M[e‘p’”plm, . 7e‘j27”/’Mm]H with ¢y, = & (m — 245,

~ ; = ; H .
For UPA, U = [A(4¢*, 4), ..., A7, 5] with

A azi ,ele 1 _i2mh 3% im iomvClem H
A( m W%)ZW(@ 2 N®le 2, 2]) 7
10
where 1/}0427; = L(777/ - M1+1) and d)ele =1 (m — MZi‘(Fl))
mo M, 2 m M, B} .

The FBMC millimeter-wave MIMO downlink transmission
structure with lens antenna array is shown in Fig. 1. If we
consider the case of low-latency communication with ordinary
antennas and mobility, the channel h,,, , will be replaced by a

time-varying convolution matrix H,, , € CNxN [22].
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Fig. 1. FBMC millimeter-wave MIMO downlink transmission structure with
Lens Antenna array.

III. OPTIMAL SUBCARRIER SPACING

The millimeter-wave band has abundant available band-
width [23]. Also, the 5G new radio allows flexible allocation for
subcarrier spacing, which makes subcarrier spacing a relevant
factor for practical millimeter-wave systems. By increasing the
subcarrier spacing, the ICI can be reduced, thereby improving
the SIR of the system. For the classical Doppler spectrum, we
can adopt a hypergeometric function to measure the ICI level
for FBMC [24], expressed as

By (48,2 - (2pes)?)
1B (48,2 (2me)?)

where v, denotes the maximum Doppler shift. As a rule of
thumb, the chosen subcarrier spacing should ensure that the
localization ratio is approximately equal to the spread ratio [25],
denoted as

SIR;&MC =

(1)

. Trms
= —r —,
Af Vrms

RA (12)
where A, and Ay denote time localization and frequency local-
ization, respectively. Tyms and 14,5 denote Root Mean Square
(RMS) delay spread and RMS Doppler spread, respectively.
For the PHYDYAS pulse, Ay = %272 and Ay = 0.328F [26].
Combined with (12), the subcarrier spacing F' should be set as

Fappx.,PHYDYAS ~ 0.91 V Vrms/Trms .

Unlike (13), we derive the SIR formulation for the mth antenna,
implicitly assuming that all antennas use the optimal subcarrier
spacing to maximize the SIR. Based on the base pulse matrix
and channel information, we first calculate the base pulses
correlation matrix € CY**LE containing the channel gain,
denoted as

Q=G (T"Ry, T)G;, st.T =Iy.y®gu,

13)

(14)

where Ry, = him ghy, 4 € C**! denotes the channel correla-

tion value. If h,, , is replaced by H,,, , € CV*¥ then Ry,
becomes the channel correlation matrix RHM eV IxN 2, de-
noted as

Ri,., % Ru,,, = B {vec{H,, ,}vec{H,, }" } .

m,q

15)

Secondly, we need to perform phase compensation on 2 €
CHE*LE and extract the real part. The reason is that millimeter-
wave FBMC is realized based on OQAM, and the phase shift
factor is characterized in base pulses. Thus, the calculation of
the SIR depends on the base pulse and requires phase com-
pensation. On the other hand, although the FBMC can directly
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Fig. 2. SIR versus subcarrier spacing. Increasing the subcarrier spacing can
improve the SIR. However, large subcarrier spacing leads to smaller symbol
spacing, which causes Inter-Symbol Interference (ISI).

transmit precoded complex QAM symbols, the precoding does
not change the properties of FBMC. Thus, the operation of
extracting the real part for correlation matrix is also necessary.
The compensation angle Z € C'*2X can be calculated as

s{vvD], }
»{IvvD],, }

= =exp | —jarctan

st. QV = VD, (16)

where £ = [ 4 (k — 1)L. V € CE¥ LK denotes the eigenvec-
tor matrix of © and D € CF¥*LK the eigenvalue matrix. The
phase compensation and real part extraction operations can be
expressed as

Q=VVDo(E®1rkx), (17)
= =\ H

Qoqam = R{Q} R{Q}". (18)

Finally, we can calculate the optimal subcarrier spacing Fgp. as

Fopt. = argmax {SIR,, }
F

t. SIR, 1 Lzlf [QOQAMLZ’K (19)
St. m = — )
LK /=1 Tr {QOQAM} - [QOQAM]&Z

Considering the “Extended Vehicular A” channel model with
strong fading [27], we can simulate the SIR for different subcar-
rier spacings, see Fig. 2. Note that the RMS delay and Doppler
spread for “Extended Vehicular A” are 7,15 = 341nsand vys =
1.57 kHz, respectively. According to (13), we observe that the
simulated maximum SIR is approximately 0.1 dB higher than the
SIR corresponding to the subcarrier spacing in (13). Therefore,
in this letter, we consistently use the subcarrier spacing that
maximizes the SIR.

IV. NUMERICAL RESULTS

To evaluate the reliability of the millimeter-wave FBMC-
MIMO system, we perform a series of simulation experiments.
Unless otherwise stated, the simulation parameters are summa-
rized in Table L.

Unlike low-frequency signals, millimeter-wave signals suffer
from large attenuation due to high-frequency properties. Mil-
limeter wave signals cannot be reliably transmitted in strong
fading channels. Thus, the subcarrier spacing in Table I is
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TABLE I
SIMULATION PARAMETERS

Parameters Value
Carrier Frequency 60 GHz
Subcarrier spacing F' 120 kHz

Number of subcarriers L 256
Number of time symbols in per frame K | 16

Bandwidth F'L 30.72 MHz
Sampling rate 15F'L 460.8 MHz
Constellation 4-QAM

Bit rate (ignoring pilot) 35.35 Mbit/s
No. of antennas M and users @ 64, 8

Number of resolvable paths Ny, 10
Array Geometry UPA
Prototype Filter, Overlap Factor PHYDYAS, 4

CDL-D, 3km/h@60GHz, Np = 10

Bit Error Ratio

MIMO-ZF AN N
MIMO-ML \
MISO-Alamouti2x1 code Y

—+=-=Theory, AWGN \

-10 -5 10 15

0 5
Signal-to-Noise Ratio, P,/P, (dB)

Fig. 3. BER performance for FBMC-MIMO millimeter-wave system with
mobility in the case of low-latency indoor transmission (no lens antenna array
assisted). Ps and P, denote signal and noise power, respectively.

recalculated based on the adopted channel. Moreover, as shown
in Table I, the bandwidth is only 30.72 MHz, which is much
smaller than the 2.16 GHz bandwidth available for millimeter
waves [28]. The reason is that the maximum sampling rate
allowed by our equipment is about 500 MHz and lowering the
sampling rate may result in signal distortion. However, there
is no direct relationship between bandwidth and uncoded BER
(i.e., without error-correcting codes) [7]. BER usually depends
on the SNR of the received signal. In other words, as long as
the same SNR is guaranteed under different bandwidths, the
bandwidth has no effect on the uncoded BER.

For each user (or each received antenna), we consider a simple
channel estimator, denoted as

hm,g =E{yp"/xp },

where y7"? denotes the received pilot symbol at the gth antenna
from the mth transmitted antenna. x% denotes the pilot symbol
corresponding to the ¢ th received antenna. In FBMC-MIMO
millimeter-wave systems with lens antenna arrays, the normal-
ized mean-square error for the channel estimator in (20) can
reach —34 dB. Thus, we believe that the estimator of (20) is valid.
On the other hand, we realize symbol detection by employing
Zero Forcing (ZF) and Maximum Likelihood (ML) detection at
the receiver. For the multipath, we adopt Alamouti’s space time
block code technique.

Considering ordinary multi-antenna transmission, Fig. 3
shows the BER performance of the FBMC-MIMO millimeter-
wave system in the “CDL-D” [29] channel with a velocity
of 3 km/h. This channel model provides a low-latency indoor
Non-Line-of-Sight (NLOS) transmission case with mobility. We

(20)
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Bit Error Ratio

-5 0 5 10
Signal-to-Noise Ratio, P,/P, (dB)

Fig. 4. BER performance for FBMC-MIMO millimeter-wave system in SV
channel (with Lens Antenna Array assist).

observed that the reliability of the system is greatly impacted
despite the small mobility. This indicates that the FBMC-MIMO
millimeter-wave signal fading is more serious than the low-
frequency FBMC signals. Further, we observe that Alamouti’s
space time block code provides diversity gain. Since the number
of resolvable pathsis set to 10, Alamouti’s space-time block code
utilizes spatial diversity, thereby improving the reliability of the
system.

Considering the multi-antenna transmission with Lens An-
tenna Array assist, Fig. 4 shows the BER performance for
FBMC-MIMO millimeter-wave system in the SV channel. We
observe that Alamouti’s space time block code provides no
diversity gain anymore in the one-path case. However, once
the path number increases, Alamouti’s space time block code
provides diversity gain. On the other hand, the lens antenna
array can focus and amplify the signal. Thus, FBMC-MIMO
millimeter-wave systems with Lens Antenna Arrays are more re-
liable. For example, the performance of ZF and ML is improved
by about 22.12% and 50.5% , respectively, and the performance
of Alamouti’s space time block code is improved by about
97.5% . Note that the BER is limited by the saturation effect
of lens focusing and the channel separability. When the number
of antennas and users increases excessively, the saturation effect
of lens focusing intensifies, leading to focal spillover and insuf-
ficient signal diversity gain. Thus, the BER of the 64 x 8 system
is higher than that of the 2x 1 system.

V. CONCLUSION

This work investigates the performance of FBMC signaling
in next-generation millimeter-wave communications. An archi-
tecture for incorporating FBMC into millimeter-wave MIMO
systems is presented. We calculate the optimal subcarrier spac-
ing by maximizing the SIR. At the receiver, we adopt a simple
channel estimator and consider ZF equalization and ML detec-
tion to achieve symbol detection for the system. For multipath
fading, we consider Alamouti’s space time block code technique.
Once the system has multiple paths, spatial diversity technique
enhances the system reliability. Additionally, high subcarrier
spacing reduces transmission time, leading to low-delay trans-
mission. Therefore, FBMC-MIMO millimeter waves can fulfill
5G requirements. However, issues such as hardware mismatch
and the intensified focusing saturation effect in larger-scale
antenna systems for mmWave FBMC-MIMO still require further
investigation.
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