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ABSTRACT Having the ability to provide an ultrafast and high-rate data exchange, millimeter-
wave (mmWave) massive MIMO has been viewed as one of the technologies with the most potential for
vehicular cellular systems in next-generation wireless communications. To alleviate the adverse influence
of huge path losses, beamforming techniques are always introduced in various mmWave systems to
provide sufficient channel gains. However, it is important to note that the traditional channel estimation
algorithms may no longer be available in vehicular cellular networks due to the rapid movements of
pedestrians and vehicles. Under this condition, this paper proposes a noise elimination-based discrete Fourier
transform (DFT) channel estimation strategy, namely, the NE-DFT channel estimation strategy, for mmWave
vehicular communications. Specifically, we first use the iterative cancellation method to initially estimate
all path parameters. Then, to further improve the estimate accuracy, we set a decision threshold to determine
the authenticity of the estimated paths. Furthermore, the energy distribution of each path in the channel
is analyzed, and an additional estimation scheme is designed that enables a more accurate estimation of
the previously estimated paths, which uses the comparison value between the total channel matrix energy
and the actual signal matrix energy as an auxiliary judgment to successively select the path with the
minimum comparison value until a sufficient number of real paths are selected. Finally, the channel matrix is
reconstructed using the estimated channel parameters. Simulation results verify that the proposed NE-DFT
channel estimation scheme can achieve much better NMSE performance than the conventional scheme, even
in comparison with the time-variant channel.

INDEX TERMS Massive MIMO, millimeter-wave (mmWave), vehicular communication, channel
estimation.

I. INTRODUCTION

Due to its wide bandwidth [1], [2] and high spec-
tral efficiency [3]-[5], millimeter-wave (mmWave) massive
multiple-input multiple-output (MIMO) has been considered
as a key technique for 5th generation (5G) wireless com-
munications to meet the significant growth of mobile traffic.
Importantly, mmWave signals usually suffer from much high
free-space path loss caused by high atmospheric attenua-
tion [6], and even worse, these signals will suffer a greater
path loss when they are blocked by obstacles such as build-
ings, foliage, and the user’s body, etc. [7]. In addition, given
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the high maneuverability of the vehicle network, the beam-
forming needs to be completed in a short time, the channel
coherence time between the base station (BS) and the mobile
users (MS) is greatly reduced [8]-[10] and useful signals in
the channel are susceptible to noise interference [11]-[14].
Fortunately, the benefit of the high directional power gain of
beamforming can sufficiently compensate for the high path
loss in the mmWave band, which guarantees a high signal-to-
noise ratio (SNR) at the receiver to support extremely high
data rate transmissions with large bandwidths [15], [16].

To date, numerous works have been conducted on the
application of mmWave massive MIMO in various scenarios,
i.e., cellular systems [1], [5] and vehicle to everything (V2X)
communications [6], [9], [11], [12]. Taking the mmWave
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FIGURE 1. A mmWave V2X fast vehicle communication model.

massive MIMO V2X systems as an example, as shown
in Fig.1, the BSs are built on the side of the road in the
downtown area, the fast-moving vehicle users communicate
with BS by mmWave within a short-range area, a vehicle
directionally connects with other ones, roadside infrastruc-
tures, or pedestrians and vehicle to vehicle (V2V) and/or vehi-
cle to infrastructure (V2I) communication links are simulta-
neously established. In this system, the beamforming process
must be completed in an extremely short time given the
adverse impact of fast-changing channel communication, and
thus, timely and effective channel state information (CSI) is
important to ensure the superiority of the mmWave massive
MIMO scheme. Since the wireless conditions in vehicu-
lar networks are more severe than that in common cellular
networks, higher demands are encountered on existing fast
channel estimation techniques [6], [8], [9].

To address this issue, a number of research works
focus on channel estimation of mmWave massive MIMO
V2X communications in static or slowly time-variant cases
[5],[11],[13],[17],[18].In[7], [19], [20], the authors pointed
out that mmWave massive MIMO communication is the only
feasible way to achieve high-bandwidth connected vehicles.
The authors in [12], [14] considered some key parame-
ters affecting channel estimation accuracy, such as Doppler
frequency, antenna patterns, etc. Moreover, the authors of
[7] and [17] proposed to incorporate nested arrays into the
analog array architecture in high-speed scenarios, and these
schemes can effectively reduce the complexity and power
consumption of the system. In addition, some works stud-
ied the channel estimation schemes in high-mobility vehi-
cle cellular systems, such as the proposal of the authors
in [6], in which a 3D structured orthogonal matching
pursuit algorithm-based downlink channel estimation tech-
nique in high-mobility scenarios was reported that can
achieve accurate CSI with low pilot overhead, and the work
of [14] that transformed the channel estimation problem-
based mmWave-OFDM system into a harmonic retrieval
problem and proposed two methods to approximately acquire
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the maximum likelihood (ML) estimate. Unfortunately,
existing schemes only considered the analog beamforming
cases, which limited the processing capability of mmWave
transceivers and caused a considerable performance loss,
particularly for mobile users. Moreover, the deployment of
an analog-only beamforming approach imposes several con-
straints on engineering and degrades the system performance.
To overcome the limitations of analog beamforming and
achieve good performance of digital beamforming, a new
idea of hybrid beamforming is proposed in [1], [5], [7],
which a multistage adaptive channel estimation algorithm is
deployed to achieve spatial multiplexing gain by using multi-
stream and multiuser transmission. In this regard, the authors
in [21] and [22] proposed a feedback mechanism to adap-
tively adjust the length of the training sequence with the
channel change to accurately estimate the channel. Unfortu-
nately, the algorithms exhibit low estimation accuracy and
requires a large number of feedback bits. Apart from that,
the use of specific beam training and a new greedy channel
estimator combination in the case of highly mobile users has
been recently proposed [7], [19], [23], which can effectively
estimate the sparse characteristics of the mmWave massive
MIMO channel and the dynamic characteristics of the target
user channel. Unfortunately, the algorithms need to perform
the common beam training more frequently, which leads to
higher training overhead. In [24] and [25], the power of each
channel path is mainly concentrated on the intersection of
two adjacent rows and two adjacent columns of the channel
matrix, which is exploited to find the path with the maximum
energy and the position of the main energy path is determined.
Since the path energy is random distribute, it finds the path
that maybe formed by side lobes or the peaks around the main
lobe. However, our proposed algorithm can not only esti-
mate the paths with the maximum energy, but also estimate
more paths from channel that are seriously affected by noise.
Especially, our proposed scheme can effectively estimate the
useful signals that completely submerged by noise when users
are moving fast.

Importantly, we note that the channel estimation schemes
in the abovementioned works were studied under the assump-
tion of static or slowly time-variant scenarios. However, in a
fast changing channel scenario, such as in the mmWave
massive MIMO vehicle system, those channel estimation
algorithms may no longer be available due to the rapid move-
ments of pedestrians and vehicles. However, to the best of
the authors’ knowledge, in a fast changing channel scenario,
the existing schemes cannot adjust to the training sequence
length with the channel changes, and a high-precision channel
estimation algorithm has not been studied in the mmWave
massive MIMO vehicle system, especially when the noise
interference is severe.

To fill this gap, this paper proposes a novel noise
elimination-based discrete Fourier transform (DFT) chan-
nel estimation scheme, called the NE-DFT channel esti-
mation scheme, and analyzes the estimation performance.
In the proposed channel estimation scheme, we first exploit
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a conventional DFT-based channel estimation algorithm
(DFT-CEA) to initially estimate all channel parameters [20].
To further improve the estimation accuracy, a threshold based
on noise energy is proposed to judge the authenticity of the
channel paths estimated by DFT-CEA. Furthermore, we ana-
lyze the energy distribution of channel paths and design an
appropriate submatrix for energy extraction to estimate the
paths whose energy is below a threshold, which can further
eliminate noise interference. Finally, we perform a compari-
son calculation between the total channel matrix energy and
the actual signal matrix energy to achieve a more accurate
estimation of the previously estimated paths, and the com-
parison value as an auxiliary judgment is used to estimate the
remaining paths until enough paths are estimated. Simulation
results show that our proposed scheme can effectively elimi-
nate noise interference, while offering better estimation accu-
racy for the fast-changing channel scenario. We summarize
the main contributions of this paper as follows:

« In the mmWave massive MIMO V2X fast vehicle com-
munication system, a novel noise elimination-based
DFT channel estimation scheme, called the NE-DFT
channel estimation scheme is proposed to capture
the channel state changes. Compared with the tradi-
tional DFT-CEA, the NE-DFT algorithm can effectively
improve the channel estimation accuracy and signifi-
cantly reduce noise interference.

o We first deploy a conventional DFT-CEA to initially
estimate all channel path parameters. Second, a thresh-
old is proposed to determine the authenticity of the
channel paths estimated by DFT-CEA. Then, the energy
distribution of the channel paths is analyzed, and subma-
trices are designed for energy extraction. Furthermore,
the comparison parameter between the total energy of
the channel matrix and the energy of the actual signal
matrix is calculated, which are used as an auxiliary
decision for the estimated paths whose energy is lower
than a threshold. The paths with the smallest comparison
values are selected in turn until the expected number
of paths is estimated. Finally, the channel matrix is
reconstructed using estimated channel parameters.

o The simulation results show that the estimation accu-
racy of the proposed NE-DFT algorithm is higher than
that of the conventional channel estimation algorithms-
based DFT (DFT-CEA). Furthermore, the complexity
analysis of the proposed scheme shows that the pro-
posed NE-DFT algorithm achieves lower computational
complexity.

The rest of the paper is organized as follows. In Section II,
the system model of channel estimation for the mmWave
massive MIMO dynamic communication system is presented.
In Section III, we introduce the proposed NE-DFT channel
estimation scheme and analyze its performance. We present
the simulation results in Section IV. Finally, we draw the
conclusions in Section V.

Notation: Throughout this paper, vectors and matrices
will be represented by boldfaced lower-case and upper-case
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letters (e.g., a and A), respectively. Variables and con-
stants are denoted in lower-case and upper-case letters
(e.g., a and A), respectively. AT, A" A=Vand ||A| represent
the transpose, conjugate transpose, inverse, and Frobenius
norm of A, respectively; |a| denotes the amplitude of a;
diag(ay, ..., ay) represents a block diagonal matrix whose
diagonal entries are given by {aj, ..., an}; [y]a:b denotes
a vector obtained by extracting elements of vector y from
index a to index b; Oy« denotes a zero matrix of N x M
size; CN (u, R) is a complex Gaussian random vector with
the mean u and covariance R matrix; Iy € V>V denotes an
N x N identity matrix and [a] denotes the smallest integer
not smaller than a; and [E [X] denotes the expectation of the
random X.
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FIGURE 2. Block diagram of mmWave communication system.

Il. SYSTEM MODEL

In this paper, we consider the downlink of the mmWave
V2X fast vehicle communication system, as shown in Fig. 2.
Due to a small number of effective scatters at mmWave
frequencies, the rank of the MIMO channel matrix for each
user is low, and the optimal number of data streams is much
smaller than the number of antennas. Moreover, since the
minimum number of RF chains is determined by the number
of streams, the number of RF chains can be significantly
reduced by the hybrid architecture, leading to reduce cost and
energy consumption. In addition, although CSI is essential to
benefit from the array gain provided by multiple antennas,
it is challenging to acquire CSI in mobile networks when
the channel changes rapidly. Thus, we need to consider a
reasonable multistream system. We assume that there are L
scattering clusters between BS and MS, and there is only one
propagation path in each scattering cluster. The BS and MS
are equipped with N7 transmitting antennas and Ng receiving
antennas, respectively. We assume that the RF chains in BS
are NRE (NRF < Nr) and the RF chains in MS are NXF
v, ,§F < Npg). The transmitter and receiver are equipped with
the same array architectures [12].

In the BS, the transmitted signal s is first processed in
the digital Erecoder; next, we have that xp = Fps where
Fp € (CNTFXNS is the baseband precoding matrix. Then,
the new transmitted signal vector xp is processed in the
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analog beamformer, and we have that xRp = Frpxp where

Frr € CNrxN; i is the precoding matrix. Thus, the precoder
at BS is denoted as F = FrpFp € CM . Similarly,

Wgrr € CVRXNg" is the RE combiner matrix, Wp € CV&' *Ns
is the baseband combination matrix, and the combiner at MS
is W = WggWp € CNexNs,

We adopt a narrowband block-fading channel model; at the
receiver we observe the following:

yrF = HFRpxp + n, (D

where n ~ CN (Ongx1, O‘leR) is the Gaussian noise with
variance o> imposed on the received signal. Furthermore,
if the RF combiner matrix W is applied to the received
signal yrF, the processed received signal can be written as

yp = Wiiyrr = WHL(HFggxp + ), 2

and the final processed data at the MS is y = Wpyp. The
received signal at the MS can be expressed as

Y = W/HFs + W¥n, 3)

where H € CNRXNT denotes the mmWave channel matrix
between the BS and MS.

Assuming a uniform linear array (ULA) at both ends of the
transmission, the channel matrix H can be expressed as

L

1
H=—7 21: pres (97 ) agis (67) @

where o ~ CN(0,1), 1 = 1,2,...,L is the complex
gain of the [ path between BS and MS. 6/ € [0, 2] and
¢; € [0, 2] denote the azimuth angles of departure (AODs)
and the azimuth angles of arrival (AOAs) between BS and
MS, respectively. ags (6] ) and aps(¢]) are the antenna array
response vectors at BS and MS, respectively. Using a ULA,
oBs (Ol’ ) can be expressed as

(22 )d si 2 . T
ogs (9;) — I:l’ T sm(@lf)’ o N —1d sm(@})] . 6)

where A is the signal wavelength corresponding to the oper-
ating carrier frequency and d is the inter-element distance
of antenna elements which is assumed d = A / 2. Similarly,
the direction vector of MS, aMg(gol’ ), can be obtained. The
channel in (4) is written in a more compact form as

1

=TI

AusH, Al ©)
with

H/) = dlag(p)7p: [plv va--pr]T € (CNRXNTv (7)
Aus = [ams(@]), ams(@h), ... ams(e])]. ®)
Aps = [as(0]), aps(®3), ... aps(6)])], ©

where (8) and (9) contain received and transmitted angle
parameters of all paths, respectively.
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IIl. CHANNEL ESTIMATION ALGORITHM

BASED ON NE-DFT

Since users move fast in mmWave vehicle communication,
the signals of users are greatly interfered by noise and the
communication quality is deteriorated. Thus, the number
of channel paths estimated by the conventional estimation
method cannot maintain the normal vehicle communication.
To address this problem, we need to estimate more channel
paths and reduce noise interference.

In this section, inspired by the idea of the iterative can-
cellation conceived for channel estimation [20], namely, the
DFT-CEA, we propose a novel channel estimation scheme
called NE-DFT to support users under mobility, which signif-
icantly reduces noise interference, improves channel estima-
tion accuracy, and makes it a viable algorithm for mmWave
massive MIMO vehicular cellular scenarios. First, the con-
ventional DFT-CEA is employed to initially estimate all path
parameters. Next, a judgment threshold based on noise energy
is proposed to improve the accuracy of each path that has
been estimated. Then, the comparison between the channel
submatrix and the standard submatrix is calculated, and the
path with the smallest comparison value is selected from the
remaining paths as the actual path. Additionally, based on
the comparison value, an auxiliary judgment is developed
to estimate enough real paths. Finally, the channel matrix
is reconstructed by using estimated channel parameters. The
pieces are put together by explaining our proposed NE-DFT
algorithm.

A. PARAMETER ESTIMATION OF THE PATH BASED

ON THE CONVENTIONAL DFT-CEA

The received signals of all antennas cannot be extracted
simultaneously; therefore, the channel estimations are more
complicated in a hybrid mmWave architecture. Moreover,
the conventional channel estimation algorithms are not fea-
sible due to the constraint of analog beamformers and
the numerous transmit/receive antennas that require a very
long training sequence. In Part A, to address the shortcom-
ings of the traditional schemes, we deploy the conventional
DFT-CEA to initially estimate all parameters of channel
paths. Specifically, a training sequence that includes a set of
analog and digital beamformers is used to probe the channel.
By exploiting the scattering of the mmWave channel,
Algorithm 1 is developed to leverage the 2D-DFT of the
received training samples, and iteratively estimate AOA 6/,
AOD ¢; and gain p; of the different scatters.

In the mmWave massive MIMO vehicular cellular system,
the massive MIMO techniques provide a large space diversity.
Due to the large number of antennas, H can achieve a larger
dimension, which is up to hundreds of columns and rows
and depends on the number of antennas. However, since the
channel paths L are usually much smaller than the number of
antennas, i.e., only L elements of H are nonzeros, H is a spare
matrix. Thus, for the channel estimation of the mmWave
massive MIMO vehicular cellular system, we only need to
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estimate 2L angles and L complex gains to construct the
entire channel matrix. We estimate the entire channel parame-
ters by estimating a portion submatrix H of the channel matrix
H [20], [21], and from (6) we can construct the estimation
matrix for the entire channel H. For simple analysis, we can
define the following:

= (27 /1)d sin(6)), (10)

O] = (2m/r)d sin(g)), (1D

the (n, m) — th element of the channel matrix H is defined as
follows:

L
1 o
[H]iz,m:ﬁ§ ple/n‘ib,e—]m@f’ (12)
=1

wheren =0,1,2,--- , Np—landm=0,1,2,--- ,Nyr—1.
From (12), each element of H is a superposition of L complex
numbers, and each of complex numbers is determined by
path parameter py, 9[ , golr . Thus, the channel parameters can
be estimated by performing two dimensional DFT (2D-DFT)
processing on the channel matrix H.

From (6), each element of H contains all the path param-
eters information; we extract a part of submatrix H of H and
extract the required parameter information from H. We define
the N, 1? X Nj’f submatrix as follows:

H= [H]O:Ng—l,ow;’—lv (13)
where

Ng < Ng, N =sNgh, (14)

N¢ < Nr, NE=wNEF, (15)

where Ng and N}l are two suitable integer parameters to
be chosen depending on the length N7g of the training
sequence. Matrix H can be obtained by stacking the following
NBF < NEF submatrix blocks:

HO = (HInEF (s 1)NEF -1 NEF pyngr -1 (16)

where
S=O’1’2""’{N5/N1§F—‘_l’ (17)
,20,1,2,...,[1\,;{/1\;;1”}_1. (18)

To estimate H®?, BS sends some training sequences,
i.e., the column vector x( "om =012, ,NEF — 110

MS, where x(m) has 1/,/ NRF in position m and zero oth-
erwise. For each of these sequences, we design the analog
transmit beamformer Fg)F to switch on only transmit antennas
tN]@F, oL+ 1)N§F —1,1i.e., we set

» OtN;?F xNEF

; i

FRF = FRrr > ( 19)
O(NT—(z+1)N§F )xNRF

where Fgp is a N{fF X N{SF square matrix, whose elements

are chosen with unitary magnitude and arbitrary phases, and
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such that FRF has full rank. Meanwhile, we design the analog
receive beamformer by switching on only receive antennas

sNgF, O 1)NII§F —1,1.e., we set
® OsN};FxN,?F
s 3
Wrr = WRr ; (20)

O(NR—(s+1)N,§F)xN,§F

where Wgp is a N};F X N 1§F full rank square matrix, whose
elements have unitary magnitude and arbitrary phases. From
(2), the baseband signal at BS becomes

¥ = (Wip)! (HFgx” +n™)
= WHLHOFppxy” + ™), @

wherem =0,1,2,--- ,NR — 1 and

a0m — [ﬁ(Vn)]SNgF: HINEF 1 (22)

NRF
After all sequences x](;) ) xg ), xi) D spread over the

wireless channel, the receiver signal in MS is defined as
NEF 1
Y(S t)—[ (SIO)a (];tl)v"' 7y(];’t7 r )]- (23)

Then, based on (21) and (23), we can achieve the estimated
submatrix blocks

2 (s,1)
H /NRF(W ) ]Y(At)(F )

= H"" +q, (24)

where i = ,/NRF [ﬁ(o), ad), ...,ﬁ(NﬁF_l)] (FRF)_I.

To ensure the full rank of matrices F_‘Rp and WRF,
we employ the Hadamard matrices. This guarantees that the
noise in (24) is still white with variance o2. An estimated
submatrix H of the estimation matrix for the entire channel H
can be obtained by stacking several the estimated submatrix

2 (s,1)
blocks H in (24).

To estimate the parameters oy, 6’,’, <p,’, Il =1,2,...,L

of the L complex modes, we compute the 2D-DFT of H on
Nprr X Nppr samples, which can derived as follows:

NE—1Ng—1
W(k l)— Z Z [H —j2n’(im+kn)/NDFT’ (25)
m=0 n=0
fOI'k,i:O,l,...,NDFT—l.

Let R (n, m) denote a matrix with elements being one

1, O§n<Ng,O§m<N¥,

R(n,m) = 26
( ) 0, otherwise, (26)
and its DFT is given by
NE—1Nd-1
R(k, l) — Z Z e—j27‘r(im+kn)/N[)FT . (27)
m=0 n=0
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Uniform quantized CD; and <I>f , then we have the following:

2
q)t = - ) (28)
! Nprr
or = 2Tk (29)
"7 Nppr

Simplify (12), (27)-(29), (25) can be rewritten as
L
Wk, i) = 1 > iRk = kp i — i)+ Nk, i), (30)
ﬁ =1

where k,i = 0,1,2,--- ,Nprr — 1 and N(k,i) €
CN(0, NgN}iaz) is a noise matrix. According to formula
(30), the iterative cancellation method is adopted to estimate
the channel parameters of the different modes in Algorithm 1.
To be specific, by indicating with W;(k, i) the 2D-DFT of the
channel matrix obtained by removing the first / — 1 estimated
modes, at iteration /, we first estimate the index (121, 2;) that
maximize |W;(k, i)|, i.e.,

(kr, i) = arg max [Wy(k, i) . 31)

k,i
Then, the AOA and AOD of the /" ray can be computed by
(10), (11) and (28), as well as (29), so we have the following:

6! = sin~'(=2i;/Nprr), (32)
¢i = sin~'(2ki/Nprr), (33)

from (30), the complex gain turns out to be
pr = Wilkr, ipvV'L/(NEN{), (34)

after estimating all channnel parameters gy, <Z>l’ , ézt , from
(6) we can construct the estimation matrix for the entire
channel H.

Channel estimation is needed to fully benefit from the
beamforming and obtaining a reliable channel estimation has
been recognized as one of the main challenges. However,
since the channel is time-varying in a fast manner in the high-
speed scenario, the estimation accuracy of the iterative can-
cellation method may decrease with the change of the channel
state. The point selected by the iterative cancellation method
may not be the real path in (31); it could be noise jamming.
Therefore, we need to improve the defects of Algorithm 1.

Given that in time-varying channels, the accuracy of chan-
nel estimation is mainly the interference of noise, if the noise
interference can be effectively eliminated, the problem in
Algorithm 1 can be solved. Thus, if the characteristics of the
noise in |W;(k, i)| are known, we can eliminate the noise from
the real paths and determine the reliability of the paths. In the
following, to distinguish the noise, a strategy will be proposed
to judge the reliability of the estimated paths.

B. A STRATEGY OF REAL PATH JUDGMENT

In the mmWave vehicle communications, the channel of users
deteriorates at every moment due to the rapid movement of
the users, which leads to the signal gain becoming weaker
during the propagation of signals. Thus, the conventional
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Algorithm 1 The Iterative Cancellation Method to Estimate
the Channel
Input: BS and MS know N7, Ng, NX*  NRF L, Nppr;
Output: Matrix H € CNrXN7;

Initialization: Nf = NRF Nd = NEF;
BS sends )fg") and uses Fg]):, M§ uses ng):
calculate H®? and stack them H
Wik, i) = W(k, i)
fgr lA =1tolLy
(ki, i) = argmaxy ; [Wi(k, i)
pr = Wilki, iDv/L/(NGN{)
Wik, i) = Wik, i) — piR(k — k[, i —i))/~/L
0} = sin™'(=2i1/Nprr), §| = sin~ ki /Nprr)
end

—_

R A A R i

channel estimation schemes encounter difficulty in obtaining
the ideal estimation accuracy, especially when serious noise
interference exists. Additionally, the DFT-CEA in Part A
is only suitable for static or slowly time-variant scenarios;
the paths estimated by the conventional channel estimation
algorithms may be misjudged when in the fast time-variant
channel. Then, we need to analyze the distribution character-
istics of the noise and useful signals in the channel as well
as their relationship when the signals are severely disturbed
by noise. To address the problems, we set a threshold based
on the noise energy to judge the real paths estimated by the
DFT-CEA in Part A.

Estimating the submatrix from equation (24) based on
above analyses, it is expressed as

H=H+hn, (35)

where H is the real path, and i € CNi*Nf s a noise
matrix whose elements are i.i.d. and it obeys the Gaussian
distribution CA/(0, o'2). Substituting (35) into (25), we have
the following:

NE—1NZ-1

W)= 3 3 ((Hl,, + [, e 27k /Norr
m=0 n=0
Nf—1Nd—-1

— Z Z [ﬁ]n me—j2ﬂ(im+kn)/N[)1:T

m=0 n=0
d d
Ny—1Ng—1

+ Z Z [ﬁ]n,me_jzn(im"rk”)/NDFT

m=0 n=0

= H(k,i)+ Nk, i), (36)

where N (k, i) is the noise matrix after 2D-DFT processing,
and each element obeys a complex Gaussian distribution

N(k.i) € CN(, N¢NZo?), and the modulus ‘N(k,i)) of

noise N (k, i) obeys the Rayleigh distribution whose cumu-
lative distribution function is as follows:

Fx) = 1— e X /2NiNgo? ¢ > 0. 37)
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FIGURE 3. The position of the last path.

According to the sparse nature of the mmWave channel,
i.e., only the angles (AOAs and AODs) at the real paths have
a large energy, the energy in the remaining angle is close
to zero. |[H(k,i)|,k,i = 0,1,2,--- , Nprr — 1 is a matrix
whose angle of the path corresponds to a position with a larger
value, and the value of other positions is approximately zero.
The position of the path presents an “‘energy peak’, as shown
in Fig. 3.

According to the distribution characteristics of |H(k, i)|
and ’N (k, i)T, from (36) we can obtain

Wk, Dl = [Hk, i)+ Nk, )

~ H Kk, D]+ [Nk, i

; (38)

if we know the characteristics of noise ‘N(k,i)‘ within

|W(k, i)|, |[H(k,i)| and )N(k, i)| can be distinguished; then,
the reliability of the estimated path is decided.

Based on [20], the point of the maximum energy can be
found from (38) as follows:

(ki i) = max | W (k, )|
N

A max (39)
ki

to guarantee the accuracy of the estimation. The noise inter-
ference should be eliminated as much as possible, in other

words, the energy of the selected point ‘W(l%l, 21)‘ should be

greater than that of the noise interference ‘N (k, )|, i.e.,

(Waz,,;,)\ > max (N(k, i)‘ . (40)

Eq. (40) is the condition for determining whether the path
is a real path. However, it is difficult to meet (40); therefore,

we replace mkaix )N (k, i)‘ with a threshold &5, and (40) can

be rewritten as

Wk 30| = s (1)
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Since ‘N (k, i)) is arandom variable that obeys the Rayleigh

distribution, and according to (37), let xo = 30, /N?N 1‘; ; then,
(37) can be rewritten as

Flxo) = 1 — e /2NVeo" 0988 1, (42)

let xo be a proper threshold. To fine-tune the threshold,
an adjustable coefficient 7 is set as follows:

Sthres = nxo, (43)

where 7 is a variable with a value close to 1. Based on (41),
(42) and (43), we can achieve the following:

Wk 30| > Sues = 3n0r\/NENS. (44)

Then, we can determine the reliability of paths estimated
by Part A based on (44). In other words, if the estimated paths
satisfy condition (44), the estimated paths are considered to
exist; otherwise, the estimated paths are considered unreli-
able.

C. ANALYSIS OF PATH ENERGY DISTRIBUTION AND

DESIGN OF SUBMATRIX FOR EXTRACTING ENERGY

In Part B, we proposed the channel estimation method to
effectively judge the real paths whose energy is greater than
the threshold §:,,.s. However, the signals are susceptible to
noise because the communication channels in the vehicle
cellular systems are time-varying. In particular, it is difficult
to effectively estimate the actual path by using the judgment
method of Part B when the energy of some paths is lower

than the threshold &5, i.€., ‘W(lgl, ?1)‘ < Sthres. Therefore,

the estimated parameters oy, 91’, (pl’ ,1=1,2,...,Lofthe L
paths may not be accurate enough, especially the paths with
a smaller gain that may be submerged in the noise, resulting
in misjudgment of the channel estimation in the previous
step. To estimate the channel paths whose energy is less than
threshold 841,75, We need to extract energy and then perform a
comparison operation. Thus, the energy distribution of each
path and its own adjacent paths is need to analyzed before
the path energy is extracted. An appropriate submatrix for
energy extraction is designed to avoid extracting the energy
of adjacent paths when the energy of the estimated path is
extracted. In particular, the number of channel paths judged
by the channel estimation method in Part B may not have
reached the expected number of paths. Therefore, we need to
select enough paths from the remaining paths whose energy
is lower than threshold 84,5, Which to reach the expected
number of paths.

Next, the analysis of the path energy distribution is given to
design the submatrix for extracting energy. To avoid extract-
ing energy from the adjacent paths, we analyze the approx-
imate power distribution of each path, and the relationship
between the energy distributions of the estimated paths and
that of adjacent paths.
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1) THE ANALYSIS OF THE SINGLE PATH CASE

The 2D-DFT of the estimation submatrix of the channel H is
defined as W (k, i). Most of the power for W (k, i) concentrates
around (k;, i}). Specifically, W(k, i) only has one nonzero
point (k;, i) as k — 00, i — 0.

The author of [26] has analyzed the energy distribution of
the path in the mmWave channel, proving that the most of
energy of all single channel paths was concentrated on one
point, and the energy of each channel path did not overlap
with each other. Similar to [26], ULA is used in our algorithm,
the sparsity of the path and the distribution characteristics
of the main channel energy have been proven. An example
for the position of the last path is illustrated in Fig. 3, in which
2D-DFT is depicted with Nprr X Nppr = 512 x 512, and the
number of transmitting and receiving antennas are M = 128
and N = 064, respectively. As shown in Fig. 3, it can be
checked that the central point of the channel after 2D-DFT
is (145, 325, 2048). Most of the power concentrates around
points (k;, 7)), and the position and height of the “energy
peak” correspond to the angle parameters and the path gain,
respectively.

The DFT graph of channel matrix is estimated by the algorithm

FIGURE 4. The DFT graph of the channel matrix is estimated by the
algorithm.

2) THE ANALYSIS OF THE MULTIPATH CASE

From the above analysis, the most of power for each channel
path concentrated around a point in their own paths after the
channel matrix is processed by 2D-DFT. This analysis pro-
vides theoretical support for the proposed scheme to extract
the main energy of the path at point (k;, 7). The DFT graph
of the channel matrix estimated by the proposed algorithm
is shown in Fig. 4. We can see that the energy of each
path is almost concentrated at its own point (kl’ , i;), and the
path “peak” is far from the adjacent path “peak”, namely,
the energy of all paths does not overlap with each other.
Moreover, the lowest point (i, j) of the groove is taken as
the boundary between the two adjacent paths. Additionally,
a submatrix W with dimension N fe"b X N}“b is designed to
extract the most power from the path W (k, i) at point (k;, i)).
Similarly, a submatrix R with the dimension N 1§”b X N;"b is
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used to extract the most power from the signal H (k, i) at point
(kj, i}), where N ,§”b and N;“b are the row and column of the
submatrix, respectively. Thus, the energy of the adjacent path
will not be extracted when we extract the most power at point
(kj, i}), and misjudgment does not occur.

Although two paths are very close with a small probability,
misjudgment can still occur. d is the distance between two
adjacent paths in which the energy is lower than threshold
Sthres- d /2 is the distance between point (i, j) and point (k/, 7)),
where point (i,j) is the boundary of two adjacent paths,
i.e., the point (i, j) is where we extract the maximum path
energy.

I. d/2 is greater than the maximum dimension
max {NI‘E,"[’ , N}”b } of the energy submatrix when we extract
energy at point (k/, i), ie., % > max {Nf?“b, N;”b}. The
two paths can be distinguished when we extract the most of
power from the path with strong energy, and the energy of the
adjacent path with weak gain is not extracted.

II: d is smaller than the minimum dimension
min {N3**, N3#*} of the energy submatrix when the two paths
are very close, i.e.,d < min {Nfe“b, N;”b}. As shownin Fig. 5,
the signals are completely submerged by noise, we consider
them to belong to the same path, and the energy extraction
can be achieved by the proposed algorithm.

3) DESIGN OF SUBMATRIX DIMENSIONS

The dimensions of submatrix W and submatrix R are all
N}“b X Nfe”b = 19 x 9, and W and R are used to extract
the energy of the path and signal at (k;, i), respectively.
To effectively estimate the channel, the number of rows and
columns of the submatrix should be greater than the num-
ber of RF chains in the transmitter and the number of RF
chains in the receiver, respectively. The minimum number
of rows or columns for the submatrix must be greater than
the minimum number of RF chains in either the transmit-
ter or the receiver, i.e., min {N;”b,Nlé"b} > min {NFF, NRFY.
Therefore, we can ensure that under the premise of extracting
the main energy around the point (k;, i;), the range of the
submatrix for extracting energy does not exceed the lowest
point (i, j) of the groove.

D. JUDGE THE AUTHENTICITY OF THE ESTIMATED PATHS

From the above analyses, it is difficult to accurately estimate

the path using the channel estimation method in Part B when
W(l%l, ;1)‘ < 8ihres- In particular, the number of paths judged

by the estimation method in Part B cannot reach the expected
total number of paths, so enough paths from the remaining
paths whose energy is lower than threshold ;1,5 are selected,
which reach the expected total number of paths. Moreover,
in part C, we analyze the main energy distribution of all
paths and give the design of the submatrix for extracting
path energy, which are used to judge the authenticity of
the remaining paths. To compensate for the shortcomings of
Part B, the matrix for extracting energy is exploited and a
comparison operation is performed to estimate the sufficient
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[W(k,i)| Feature diagram

IWik.i)|

FIGURE 5. Instance diagram, SNR = —6dB, L = 6, Nprr = 512,
the “peaks” are actually paths with a larger gain and other paths with a
smaller gain are submerged in noise.

number of paths from the remaining paths whose energy is
less than threshold 8.5, until the expected total numbers of
estimated paths are reached.

According to the conclusion of [20], incorporating (30)
and (36), W(k, i) is decomposed into the following:

1 & i
Wik, i) = —= > iRk —ki,i — i) + N(k. )
ﬁ =1
= H(k, i) + N(k, i), (45)

where k,i = 0,1,2,- - -,Nprr — 1, and R(k, i) is the
2D-DFT transform of the matrix with all elements being one.
After the 2D-DFT processing on W;(k, i) in (45), the param-
eters are set as SNR = —6dB, L = 6, Nprr = 512,
and |W;(k,i)| as shown in Fig. 5, which presents a simu-
lation example of ‘W(lgl, ?1)‘; moreover, a few path direc-

tions with a larger path gain are clearly indicated by the
2D-DFT transform of W;j(k,i). Since the number of L is
generally much smaller than that of elements in |W;(k, i)|,
the channel matrix |W;j(k,i)| can be modeled as a sparse
matrix in the angular domain. The position and height of the
“energy peak” correspond to the angle parameters and the
path gain, respectively. Other paths with a smaller gain are
submerged in noise. |R(k — ki l)| presents a huge gain

N (k, i)‘ obeys Rayleigh distribution; thus,

around (k;, i}),

\LFL'OI/ ’R(k -k i— i’1)| and ‘N(k, i)| are superimposed, and

‘W(l%l, 21)‘ emerge as “‘energy peaks”. The “energy peaks”
of all paths are similar in shape, while the noise is irregular.
The main energy of the region that is centered on (k/, i})
is extracted~ from W;(k, i) when path is estimated, and the
submatrix W with the dimension N fe"b X N;“b is obtained as
follows:

W =[W]

Nsub71 Nsub_y ) Nsub_y )
k'j— R2 k' + R2 g — T2 A+

N%uzl771 5 (46)
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the main energy of region is centered on (kj, ;) is extracted
from matrix ﬁpl/ ‘R(k — k' i— i’1)| when a real path exists

at (k;, i), and the submatrix R with the dimension N fe"b X

N}“b can be obtained. We define E; as the auxiliary judgment

parameter, and E; represents similarity between W and INS

The similarity E; is obtained by operation (47) between W
and R as follows:

o a2 a2

£ = W =[]

(47)

By comparing the size of Ej, we can know the similarity
between W and ﬁ, i.e., the smaller E; is, the more similar w
and R are, which indicates that the existence of an actual path
at (k;, i) with greater probability. The E; is used as a criterion
for judging whether an actual path at (k/, ;) exists.

We first estimate the Ly (Ly > L) paths using the method
of Part A when L paths need to be estimated; then, the scheme
of Part B is used to determine S (S < L) paths where S is
the number of paths satisfying (44). However, S has not yet
reached the expected total number of paths L, so we need to
select another (L — §) paths from the remaining unreliable
paths (Ly — S) to reach the expected total number of esti-
mated paths L. For this reason, E; in operation (47) is per-
formed on each of the remaining unreliable paths (Lg; — S),
respectively. All the E; values are in descending order, and
the (L — §) paths with the smallest E; value are selected from
the descending order of E; as the actual paths, until the total
estimated number of paths L are reached.

According to the above analyses, we judge the total Ly
estimated paths to ensure the accuracy of all estimated L
paths. Firstly, Part A is exploited to estimate enough paths,
then we determine the reliability of paths that estimated by
Part A based on (44). If the estimated paths satisfy condition
(44), the paths are considered to exist, otherwise, the esti-
mated paths are considered unreliable. Finally, we perform
comparison operations one by one on the remaining paths that
are judged to be unreliable. The paths with the smallest E;
are selected in the remaining paths until enough L paths are
selected. The channel matrix H can be reconstructed using the
previous formula (6) after all path parameters are estimated.

Based on the above discussions, the pseudocode of the
proposed NE-DFT algorithm is summarized in Algorithm 2,
the proposed algorithm requires the same training sequence
length as that of the DFT-CEA, which is Nrg =
[Ng /N,I-fF —| (N;l /NﬁF —| NYISF . Moreover, the complexity of
calculating the 2D-DFT using the fast Fourier transform
(FFT) is O(Nprrlog,Nprr).

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
NE-DFT algorithm, we consider a typical mmWave massive
MIMO system model described in Section II. The ULA at
BS and MS are equipped with N7 = 128 and Np = 64
antenna elements, respectively. There are N}QF = 16 RF
chains at BS and N};F = 8 RF chains at MS. The spacing
between antenna elements is equal to A / 2, the number of
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Algorithm 2 Noise Elimination DFT-Based Algorithm

Input: BS and MS know_ N7, Ng, N{fF, NZIEF, L, L,
Nprr, 0, 8ihres and have Frg, WRp
Output: Matrix H € CNeXN7;
Initialization: N = NRF Nd = NEF
1: BS sends Xg") and uses Fg% MS uses ng);

2 (5,1) 2
. calculate H and stack them H

: calculate W(k, i) and Wy(k, i) = W(k, i)
for floAl =1tolLy

(ki ip) = arg maxy,; |[Wi(k, i)

pj = Wilks, inV/L/(NENG)

cut out W from Wi(k,i) and cut out R from
pi |Rk =K1, i = i'D] VL

~ ~ 112 ~ 12
s: E1=HW—RH/R

9: Wisi(k, i) = Wik, i) — pjRGk — k], i — i))/~/L
10: end
11: for do/=1toL

N ke

12: it (1/VL)AINENG > Sunes
13: o1 = ,Ol/, /21 =k, ,1:1 = i;
14: 0f = sin~"(=2i/Npr),
¢f = sin~'ki/Nprr)
15: E; = inf
16: else
17: (7) = argmin, E(r)
18: 01 = ,O;, /21 = k;, ;1 = i;
19: élt = Sin_l(—g;I/NDFT),
@7 = sin~'(2k;/Nprr)
20: E; = inf
21: end
22: end
estimating paths is Ly = 3L; the numbers of extracted
the rows and columns from submatrix are N ]‘3”]7 = 19 and

N3 =9, respectively. Since Fg% switches on only NXF
antennas, SNR; = SNR + 10 % lg(N{fF /Nr) when all anten-
nas are used. Set the signal power of the training sequence as

. . . _ RF
1, and the noise variance is o2 = 10~ SNR+10+lg(Nr™ /N7))/10

We define NMSE E as a parameter used to evaluate the per-
formance of channel estimation, and the calculation formula
is as follows:

E= i —n| /e, (48)

where H denotes the estimated value of the entire channel H.

Fig. 6 compares the NMSE performance between the pro-
posed NE-DFT algorithm and the conventional DFT-CEA.
From Fig. 6, we can observe that the curves of the pro-
posed NE-DFT algorithm are below that of DFT-CEA, which
indicates that the proposed scheme has significant perfor-
mance improvement compared to the conventional scheme
when L = 6,8,12. The NMSE difference of the two
schemes rises with the SNR increasing. Specifically, for
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FIGURE 6. NMSE versus SNR for different L with Ng =39 and N¢ = 78.

SNR € [-5dB, 15 dB], the NMSE of the NE-DFT algo-
rithm is less than that of DFT-CEA when L = 6. By con-
trast, our scheme is approximately 1.5 dB away from the
conventional scheme at SNR = 15 dB. Moreover, our pro-
posed algorithm is superior to the traditional algorithm by
approximately 0.98 dB when SNR = —5 dB. The NMSE
performance degrades in low SNR levels under the time-
variant channel because the severe noise interference exists
in the variant channel, which is consistent with our previous
theoretical analysis. Additionally, we compare the NMSE of
the two algorithms with L = 8; the NMSE of the NE-DFT
algorithm is smaller than that of DFT-CEA at approximately
1.3 dB at SNR = 15 dB, and the proposed scheme also
achieves approximately 0.91 dB improvement compared with
the conventional scheme when SNR = —4 dB. Furthermore,
the curve trend of the two algorithms is basically similar when
L = 12. Our proposed algorithm is superior to the traditional
algorithms at approximately 1.3 dB at SNR = 15 dB, and
the performance gap between two algorithms reaches 0.9 dB
when SNR = —3 dB. It can be seen that the channel esti-
mation accuracy based on the NE-DFT algorithm is better
than that of the DFT-CEA, which proves the advantages of
our proposed scheme. To summarize, the proposed scheme is
superior to the traditional scheme in channel estimation under
the time-variant mmWave channel.

Fig. 7 illustrates the NMSE performance against SNR
when L = 8, Nl‘f and N;l take different values. The for-
mula for calculating the length of the training sequence is as
follows:

Nrs = (N;; JNERF ] {N;i JNEF W NEF, (49)

where the length of training sequence varies with N, g and N;l .
We can see that the NMSE decreases with the length Nrg
increasing, which indicates that the increase of Nrs can
effectively improve the channel estimation accuracy. The
simulation results are basically consistent with the actual
scene of mmWave vehicle dynamic communication. Due to
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FIGURE 7. NMSE versus SNR for different Ng and N7‘.’ with L = 8.

the high mobility of the channel users, the channel estima-
tion accuracy decreases. Therefore, we need to adaptively
adjust the training sequence length for time-varying chan-
nel estimation. When N¢ = 30,N¢ = 60 and SNR €
[-10 dB, 15 dB], our proposed algorithm is 1.9 dB better
than that of the traditional scheme at SNR = 15 dB. Moreover,
the NMSE difference between the two schemes decreases
with SNR decreasing. Similarly, an approximate 0.45 dB
difference between the two schemes can be obtained when
SNR = —3 dB. In addition, when Ng = 39,N7‘{ = 78
under the same SNR condition, our scheme is approximately
2.2 dB higher than the traditional scheme at SNR = 15 dB,
and the gap between the two schemes is approximately 0.5 dB
when SNR = —6 dB. By contrast, the curve trends when
N = 39,N¢ = 78, N& = 49,N¢ = 98 are similar
to that of the curves when ng = SO,NJ‘Z = 60. We can
achieve approximately 2.4 dB difference between the two
algorithms at SNR = 15 dB, and the gap between the two
schemes reaches 0.65 dB when SNR = —10 dB. Obviously,
the estimation accuracy of our proposed algorithm is sig-
nificantly improved for different training sequence lengths,
and the accuracy of our proposed algorithm increases with
the increase of the training sequence. A higher estimation
accuracy can be obtained even in the case of the shorter train-
ing sequence. Since the mmWave vehicular communications
exhibit time-varying channel characteristics, our proposed
scheme is more suitable for time-variant mmWave channel
estimation in a massive MIMO system.

V. CONCLUSIONS

This paper investigates the channel estimation problem for
single-user mmWave massive MIMO in vehicular cellular
systems. For the time-varying characteristic of the mmWave
communication channel, the NE-DFT scheme with a higher
estimation accuracy was proposed. First, several path parame-
ters were estimated by CEA-DFT. Next, a judgment threshold
was used to judge the accuracy of each path that has been esti-
mated. Then, the path energy distribution was analyzed and
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submatrices for energy extraction were designed. Further-
more, the comparison operation was performed between the
total channel submatrix and the actual signal submatrix, and
the paths with the smallest comparison value in the remain-
ing paths were selected as the real paths, and an auxiliary
judgment is developed to estimate enough real paths. Finally,
the channel matrix was reconstructed using estimated chan-
nel parameters. The performance analysis showed that our
proposed algorithm exhibits superior estimation performance
under the scene that has a large number of paths, is time-
variant and has a shorter training sequence, which effectively
reduces noise interference. So our proposed scheme is suit-
able for the rapidly changing channel in the mmWave band.
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