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

Ying Wang , Qiang Guo , Jianhong Xiang , Member, IEEE, and Yu Zhong

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.

I. INTRODUCTION

THE 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
et al. [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 cases1.

1 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 �{·} denote the extract real and imaginary part
operations, respectively. ◦ 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 x̃l,k/2 denotes the QAM symbol transmitted at subcarrier
position l and time position k, then the function P(·) completes
the time-domain precoding for x̃l,k/2 . In matrix algebra, the

encoded symbol vectorx = [x1,1, . . . , xL,K ]T ∈ C
LK×1 can be

expressed as

x = P

(
[x̃1,1, . . . , x̃L,K/2 ]

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 Q users, each with one antenna, or equivalently, one user
withQ antennas. According to the typical millimeter-wave beam
space MIMO system model [14], [16], the downlink received
signal vector r = [r1(t), . . . , rQ(t)]

T ∈ C
Q×1 can be expressed

as

r = HHs+ n, (2)

where H ∈ C
M×Q denotes the beam space millimeter-wave

MIMO channel. s = [s1(t), . . . , sM (t)]T ∈ C
M×1 denotes the

transmitted signal vector and n = [n1(t), . . . ,nQ(t)]
T ∈ C

Q×1

the additive Gaussian noise. Note that in practice, the signals
are discrete. Thus, in discrete form of FBMC, the signal sm(t)
transmitted bymth BS antenna is a sampled signal sm ∈ C

N×1

with N sample values, denoted as

sm = Gmxm, (3)

where Gm = [g1,1, · · ·gL,K ] ∈ C
N×LK denotes the base pulse

matrix for the mth antenna, and the base pulse vector gl,k ∈
C
N×1 contains N sample values. xm ∈ C

LK×1 denotes the
transmitted symbols of the mth BS antenna. According to (2),
the received signal rq ∈ C

N×1 of the qth user can be expressed
as

rq =

M∑
m=1

hm,qsm, (4)

where hm,q is the (m, q)th element of H. Assuming perfect
time synchronization, the received symbols of the qth user
can be obtained by matched filtering, i.e., yq = GH

q rq . Each
user can perform pre-decoding on the received symbols y =

[y1,1, . . . , yL,K ]T ∈ C
LK×1 to obtain the data symbol vector

ỹ ∈ C
LK/2×1, denoted as

ỹ = iP (y) , (5)

where iP(·) denotes the pre-decoding operation fory ∈ C
LK×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 h̄q ∈ C

M×1 between theM -antenna BS and
the qth user can be expressed as

h̄q =

√
M

Np

Np∑
np=1

αq,np
Λ
(
ϕaziq,np

, ϕeleq,np

)
, (6)

where Np denotes the number of resolvable paths. αq,np
, ϕaziq,np

andϕeleq,np
denote the complex gain, azimuth and elevation angles

for the npth path, respectively. Λ(ϕaziq,np
, ϕeleq,np

) denotes the
M × 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 Λ(·) is determined by only one
angle, denoted as

ΛULA (ϕ) =
1√
M

[
e−j2πd sin(ϕ)m/λ

]
, (7)

where m = [−(M − 1),−M + 3, . . . ,M − 1]T . λ denotes the
carrier wavelength and d = λ

2 the antenna spacing [18]. For the
widely considered UPA, Λ(ϕazi, ϕele) can be expressed as

ΛUPA

(
ϕazi, ϕele

)
=

1√
M

[
e−j2πd sin(ϕazi) sin(ϕele)m1/λ

]

⊗
[
e−j2πd cos(ϕele)m2/λ

]
, (8)

wherem1 = [−(M1 − 1),−M1 + 3, . . . ,M1 − 1]T andm2 =

[−(M2 − 1),−M2 + 3, . . . ,M2 − 1]T . Note that M =M1 ×
M2. M1 and M2 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

hq =

√
M

Np

NP∑
np=1

αq,np
UΛ

(
ϕaziq,np

, ϕeleq,np

)
, (9)

where U ∈ C
M×M denotes the DFT matrix. For ULA, U =

1√
M
[e−j2πψ1m, . . . , e−j2πψMm]

H
with ψm = 1

M (m− M+1
2 ).

For UPA, U = [Λ̄(ψazi1 , ψele1 ), . . . , Λ̄(ψaziM1
, ψeleM2

)]
H

with

Λ̄
(
ψazim , ψelem

)
=

1√
M

(
[e−j2πψazi

m m1 ]⊗ [e−j2πψele
m m2 ]

)H
,

(10)
where ψazim = 1

M1
(m− M1+1

2 ) and ψelem = 1
M2

(m− M2+1
2 ).

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 hm,q will be replaced by a
time-varying convolution matrix Hm,q ∈ C

N×N [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

SIRFBMC
ICI =

1F2

(
1
2 ;

3
2 , 2;−(πνmax

F )2
)

1− 1F2

(
1
2 ;

3
2 , 2;−(πνmax

F )2
) , (11)

where νmax 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

RΔ =
Δt

Δf
≈ τrms

νrms
, (12)

where Δt and Δf denote time localization and frequency local-
ization, respectively. τrms and νrms denote Root Mean Square
(RMS) delay spread and RMS Doppler spread, respectively.
For the PHYDYAS pulse, Δt =

0.2745
F and Δf = 0.328F [26].

Combined with (12), the subcarrier spacing F should be set as

Fappx.,PHYDYAS ≈ 0.91
√
νrms/τrms . (13)

Unlike (13), we derive the SIR formulation for themth 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 Ω ∈ C

LK×LKcontaining the channel gain,
denoted as

Ω = GT
m

(
ΓHRhm,q

Γ
)
G∗
m st. Γ = IN×N ⊗ gl,k, (14)

where Rhm,q
= hm,qh

∗
m,q ∈ C

1×1 denotes the channel correla-
tion value. If hm,q is replaced by Hm,q ∈ C

N×N , then Rhm,q

becomes the channel correlation matrix RHm,q
∈ C

N2×N2

, de-
noted as

Rhm,q

∧
= RHm,q

= E

{
vec{Hm,q}vec{Hm,q}H

}
. (15)

Secondly, we need to perform phase compensation on Ω ∈
C
LK×LK 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

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 Ξ ∈ C

1×LK can be calculated as

Ξ = exp

⎛
⎝−jarctan

⎛
⎝�

{
[V

√
D]�,:

}
�
{
[V

√
D]�,:

}
⎞
⎠
⎞
⎠

st. ΩV = VD, (16)

where � = l + (k − 1)L. V ∈ C
LK×LK denotes the eigenvec-

tor matrix of Ω and D ∈ C
LK×LK the eigenvalue matrix. The

phase compensation and real part extraction operations can be
expressed as

Ω̄ = V
√
D ◦ (Ξ⊗ 1LK×1) , (17)

ΩOQAM = �{
Ω̄
}�{Ω̄}H

. (18)

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

Fopt. = argmax
F

{SIRm}

st. SIRm =
1

LK

LK∑
�=1

[ΩOQAM]�,�
Tr {ΩOQAM} − [ΩOQAM]�,�

. (19)

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 τrms = 341ns and νrms =
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 I.

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

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 Pn 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

ĥm,q = E {ym,qP /xqP } , (20)

where ym,qP denotes the received pilot symbol at the qth antenna
from the mth transmitted antenna. xqP denotes the pilot symbol
corresponding to the q 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

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 paths is 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× 8 system
is higher than that of the 2× 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.

Authorized licensed use limited to: Harbin Engineering Univ Library. Downloaded on March 20,2025 at 01:52:07 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: MILLIMETER-WAVE MIMO TRANSMISSION FOR FBMC SYSTEMS WITH LENS ANTENNA ARRAYS 1145

REFERENCES

[1] C. Cordeiro, D. Akhmetov, and M. Park, “IEEE 802.11 ad: Introduction
and performance evaluation of the first multi-Gbps WiFi technology,” in
Proc. 2010 ACM Int. Workshop mmWave Commun., Circuits Networks,
2010, pp. 3–8.

[2] F. Giannetti, M. Luise, and R. Reggiannini, “Mobile and personal commu-
nications in the 60 GHz band: A survey,” Wireless Pers. Commun., vol. 10,
pp. 207–243, 1999.

[3] F. Rancy, “5G and“ IMT for 2020 and beyond” [Spectrum Policy and
Regulatory Issues],” IEEE Wireless Commun., vol. 22, no. 4, pp. 2–3,
2015.

[4] A. Aminjavaheri, A. Farhang, A. RezazadehReyhani, and B. Farhang-
Boroujeny, “Impact of timing and frequency offsets on multicarrier wave-
form candidates for 5G,” in Proc. IEEE Signal Process. Signal Process.
Educ. Workshop, 2015, pp. 178–183.

[5] C. Lélé, P. Siohan, and R. Legouable, “The alamouti scheme with CDMA-
OFDM/OQAM,” EURASIP J. Adv. Signal Process., vol. 2010, pp. 1–13,
2010.

[6] R. Nissel, E. Zochmann, and M. Rupp, “On the influence of doubly-
selectivity in pilot-aided channel estimation for FBMC-OQAM,” in Proc.
IEEE 85th Veh. Technol. Conf., 2017, pp. 1–5.

[7] R. Nissel, E. Zöchmann, M. Lerch, S. Caban, and M. Rupp, “Low-latency
MISO FBMC-OQAM: It works for millimeter waves!,” in Proc. 2017
IEEE MTT-S Int. Microw. Symp., 2017, pp. 673–676.

[8] C. -Y. Liu et al., “An 8X-parallelism memory access reordering polyphase
network for 60 GHz FBMC-OQAM baseband receiver,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 63, no. 12, pp. 2347–2356, Dec. 2016.

[9] S. Srivastava, P. Singh, A. K. Jagannatham, A. Karandikar, and L. Hanzo,
“Bayesian learning-based doubly-selective sparse channel estimation for
millimeter wave hybrid MIMO-FBMC-OQAM systems,” IEEE Trans.
Commun., vol. 69, no. 1, pp. 529–543, Jan. 2021.

[10] A. I. Pérez-Neira et al., “MIMO signal processing in offset-QAM based
filter bank multicarrier systems,” IEEE Trans. Signal Process., vol. 64,
no. 21, pp. 5733–5762, Nov. 2016.

[11] P. Singh, R. Budhiraja, and K. Vasudevan, “Probability of error in MMSE
detection for MIMO-FBMC-OQAM systems,” IEEE Trans. Veh. Technol.,
vol. 68, no. 8, pp. 8196–8200, Aug. 2019.

[12] P. Singh, H. B. Mishra, A. K. Jagannatham, K. Vasudevan, and L. Hanzo,
“Uplink sum-rate and power scaling laws for multi-user massive MIMO-
FBMC systems,” IEEE Trans. Commun., vol. 68, no. 1, pp. 161–176,
Jan. 2020.

[13] Y. Wang, Q. Guo, J. Xiang, L. Wang, and Y. Liu, “Bi-orthogonality
recovery and MIMO transmission for FBMC systems based on non-
sinusoidal orthogonal transformation,” Signal Process., vol. 219, 2024,
Art. no. 109427. [Online]. Available: https://www.sciencedirect.com/
science/article/pii/S016516842400046X

[14] Y. Zeng and R. Zhang, “Millimeter wave MIMO with lens antenna array: A
new path division multiplexing paradigm,” IEEE Trans. Commun., vol. 64,
no. 4, pp. 1557–1571, Apr. 2016.

[15] R. Nissel and M. Rupp, “Enabling low-complexity MIMO in FBMC-
OQAM,” in Proc. 2016 IEEE Globecom Workshops, 2016, pp. 1–6.

[16] T. Xie, L. Dai, D. W. K. Ng, and C. -B. Chae, “On the power leakage
problem in millimeter-wave massive MIMO with lens antenna arrays,”
IEEE Trans. Signal Process., vol. 67, no. 18, pp. 4730–4744, Sep. 2019.

[17] A. Alkhateeb, O. El Ayach, G. Leus, and R. W. Heath, “Channel estimation
and hybrid precoding for millimeter wave cellular systems,” IEEE J. Sel.
Topics Signal Process., vol. 8, no. 5, pp. 831–846, Oct. 2014.

[18] S. Han, C. -l. I, Z. Xu, and C. Rowell, “Large-scale antenna systems with
hybrid analog and digital beamforming for millimeter wave 5G,” IEEE
Commun. Mag., vol. 53, no. 1, pp. 186–194, Jan. 2015.

[19] X. Wei, C. Hu, and L. Dai, “Deep learning for beamspace channel estima-
tion in millimeter-wave massive MIMO systems,” IEEE Trans. Commun.,
vol. 69, no. 1, pp. 182–193, Jan. 2021.

[20] X. Gao, L. Dai, S. Han, C. -L. I, and X. Wang, “Reliable beamspace channel
estimation for millimeter-wave massive MIMO systems with lens antenna
array,” IEEE Trans. Wireless Commun., vol. 16, no. 9, pp. 6010–6021,
Sep. 2017.

[21] X. Gao, L. Dai, and A. M. Sayeed, “Low RF-complexity technologies to
enable millimeter-wave MIMO with large antenna array for 5G wireless
communications,” IEEE Commun. Mag., vol. 56, no. 4, pp. 211–217,
Apr. 2018.

[22] Y. Wang, Q. Guo, J. Xiang, and Y. Liu, “Doubly selective channel estima-
tion and equalization based on ICI/ISI mitigation for OQAM-FBMC sys-
tems,” Phys. Commun., vol. 59, 2023, Art. no. 102120. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S1874490723001234

[23] S. Kim and J. Verboom, “On the coexistence of WiGig and NR-U in 60 GHz
band,” in Proc. IEEE 93rd Veh. Technol. Conf., 2021, pp. 1–5.

[24] P. Robertson and S. Kaiser, “The effects of doppler spreads in OFDM(A)
mobile radio systems,” in Proc. Gateway 21st Century Commun. Village.
VTC 1999-Fall. IEEE VTS 50th Veh. Technol. Conf. (Cat. No. 99CH36324),
1999, vol. 1, pp. 329–333.

[25] B. Farhang-Boroujeny, “OFDM versus filter bank multicarrier,” IEEE
Signal Process. Mag., vol. 28, no. 3, pp. 92–112, May 2011.

[26] R. Nissel, S. Schwarz, and M. Rupp, “Filter bank multicarrier modulation
schemes for future mobile communications,” IEEE J. Sel. Areas Commun.,
vol. 35, no. 8, pp. 1768–1782, Aug. 2017.

[27] 3rd Generation Partnership Project (3GPP), “Evolved Universal Terrestrial
Radio Access (E-UTRA); User equipment (UE) radio transmission and
reception,” 3GPP, Sophia Antipolis, France, Tech. Specification 36.101,
Dec. 2007. [Online]. Available: http://www.3gpp.org

[28] R. Heath, “Wearable networks: A new frontier for device-to-device
communication,” presented at WCNC, 2015. [Online]. Available:
https://wdpc.fiu.edu/wp-content/uploads/2015/03/WDPC-Keynote-
Panel-R.HEATH_.pdf

[29] 3rd Generation Partnership Project (3GPP), “Study on channel model
for frequency spectrum above 6 GHz,” 3GPP, Sophia Antipolis, France,
Tech. Rep. 38.900, Jun. 2018. [Online]. Available: http://www.3gpp.org/
DynaReport/38900.htm

Authorized licensed use limited to: Harbin Engineering Univ Library. Downloaded on March 20,2025 at 01:52:07 UTC from IEEE Xplore.  Restrictions apply. 

https://www.sciencedirect.com/science/article/pii/S016516842400046X
https://www.sciencedirect.com/science/article/pii/S016516842400046X
https://www.sciencedirect.com/science/article/pii/S1874490723001234
http://www.3gpp.org
https://wdpc.fiu.edu/wp-content/uploads/2015/03/WDPC-Keynote-Panel-R.HEATH_.pdf
https://wdpc.fiu.edu/wp-content/uploads/2015/03/WDPC-Keynote-Panel-R.HEATH_.pdf
http://www.3gpp.org/DynaReport/38900.htm
http://www.3gpp.org/DynaReport/38900.htm


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


