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orthogonal matching pursuit algorithm, in which a beam-band function is constructed
and used to capture the power of each path component to estimate the spatial
direction. In addition, the support of each path component at different sub-carriers is
estimated to reduce the influence of the beam squint effect. Moreover, the support

is estimated adaptively to improve the estimation accuracy further. Simulation results
demonstrate that the proposed scheme reduces the pilot overhead under the beam
squint effect and improve the estimation accuracy significantly.
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1 Introduction

Millimeter-wave (mmWave) massive multiple-input multiple-output (MIMO) technol-
ogy has been has been widely recognized as a promising technology for 5G and beyond
wireless communication systems for providing a large bandwidth of (30-300 GHz), high
gain, and significant data rate [1-3]. However, a large number of antennas and radio-
frequency (RF) chains in the mmWave massive MIMO systems inevitably bring very
high and even unaffordable hardware complexity and power consumption [4—6]. To
solve the problems of high hardware complexity, power consumption, and path loss, a
lens antenna array for mmWave massive MIMO systems has been proposed [7]. A lens
antenna array directs the signals arriving from different directions to different antennas
and converts the spatial channel of a mmWave massive MIMO system to a beamspace
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channel with sparse scattering nature [8—10]. This reduces the effective array dimension
and the number of associated RF chains by selecting a number of power-focused beams,
which can significantly reduce power consumption and hardware complexity [11]. How-
ever, a beamspace channel with a relative high dimensional is still required at a base sta-
tion (BS) to select the power-focused beams. Because the number of antennas is much
larger than the number of RF chains, it is problematic for mmWave massive MIMO sys-
tems with lens antenna arrays to observe the complete channel state information (CSI)
in the baseband directly.

By using the sparse characteristics of the channel response of a lens antenna array, the
channel estimation can be regarded as a sparse signal recovery. An expectation—maxi-
mization (EM)-based algorithm was proposed in [12]. In [13], a channel estimation
method based on the sparse mask detection (SMD), which uses the classic least squares
(LS) algorithm to estimate the reduced dimension channel, was proposed. Although
this method can effectively reduce the channel dimension of a beamspace, it has a high
pilot overhead and requires certain prior knowledge about channel sparsity, which can
increase the computational complexity, making this method not suitable for practical
applications. An antenna selection and path number estimation algorithm were pro-
posed in [14] to construct a criterion function to infer the actual position of the arrival
signal by using the discrete Fourier-transform (DFT) beam difference (DBD). This algo-
rithm has the advantage of not requiring any prior information on a channel. In [15], a
parallel scheme for a lens array millimeter-wave full-dimensional (FD) MIMO system
was constructed, and a pilot training framework based on compressed sensing (CS) was
proposed under the constraint of antenna switching network (ASN). In addition, a dedi-
cated redundant dictionary for an FD lens array was constructed, and the pilot signals
were transmitted or received to improve the channel estimation performance. The afore-
mentioned beamspace channel estimation schemes have been designed for narrowband
systems, but with growing demands for higher data rates and larger system capacity, the
research being conducted on wideband millimeter-wave systems has been increasing
rapidly.

The increase in bandwidth and dimension in wideband systems can lead to a beam
squint effect that results in a beam direction changes as response to the frequency and
beam energy distribution of different path components on different carrier frequencies.
Thus, narrowband channel estimation schemes cannot be directly applied to a wideband
system. In [16], an explicit wideband channel estimation technique, which can be used
in the time or frequency domain and combined time-frequency domain, was proposed.
This technique first estimates the support of each of the wideband beamspace channels
at certain frequencies individually and then combines them into common support at all
frequencies. In [17], the estimated sparse vectors shared a common support set, and an
EM-based algorithm was developed to improve the channel estimation accuracy. This
algorithm makes full use of channel characteristics and reduces the number of unknown
parameters significantly. Further, the wideband beamspace channel estimation problem
was regarded as a multiple measurement vector (MMYV) problem associated with com-
mon support in [18], and a simultaneous orthogonal matching pursuit (SOMP) based
scheme was proposed. Although the above-mentioned schemes can improve the chan-
nel estimation accuracy of wideband millimeter-wave systems to a certain extent by
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assuming a common support set, the system performance is limited because of the beam
squint effect [19-21]. To address this problem, a parameter extraction of the uplink and
downlink channel estimation strategy was proposed in [22] using the channel sparsity
in the angle and delay domains. However, this method has the drawback of requiring
knowledge about the whole channel matrix before training, which results in unaccept-
ably high training overhead. An innovative framework that jointly exploits the chan-
nel’s low-rank and angular information was proposed in [23]. This framework not only
improves performance in short-beam training lengths but also can work under high-
noise conditions. To solve the beam squint effect of the mmWave MIMO system, [24]
exploited the shift-invariant block sparsity of the resulting nonstandard channel model
to develop a compressive sensing-based channel estimation algorithm. In [25], the block
sparsity of massive MIMO channels was exploited, and the channel autocorrelation
matrix was calculated by investigating the prior channel information based on the CS
theory. A compression-based linear minimum mean square error (CLMMSE) channel
estimation algorithm, which solves the convex optimization problem by using the regu-
larized method, also was proposed. In [26], performance bounds on the channel esti-
mation of one-bit mmWave massive MIMO receivers were defined for different types
of channel models. The angles of arrival (AoAs) and angles of departure (AoDs) have
been continuously distributed in practice. The channel estimation algorithms in [23-26]
assume that the AoAs/AoDs are discrete, which causes the power leakage problem and
results in an inevitable loss of channel estimation performance under the beam squint
effect. To reduce the beam squint effect caused by a wide bandwidth in practice, a sparse
Bayesian learning-based algorithm was proposed in [27]. This algorithm updates chan-
nel parameters iteratively to maximize the posterior probability. It is sensitive to the ini-
tial value, however, and is prone to fall into a local optimum. In [28], a successive support
detection (SSD)-based scheme was proposed to avoid the common support assumption.
This scheme follows the classical idea of successive interference cancellation; the support
of each path component is jointly estimated at different frequencies to improve the accu-
racy, and the influence caused by the beam squint effect is removed when estimating
the remaining path components. However, the preset value of a fixed-value SSD scheme
causes the number of nonzero elements near the strongest element to be retained, which
will cause more nonzero elements to be discarded for components with high sparsity,
thus affecting the estimation accuracy. The mmWave communications strongly rely on
precise directional alignment of the transmitter and receiver beams, and neglecting the
beam squint effect can result in severe performance losses. However, the narrowband
channel estimation schemes cannot be directly applied to a wideband system. In addi-
tion, the existing wideband schemes always adopt the common support assumption,
which leads to significant performance losses and can cause high computational com-
plexity. Therefore, it is of great significance to realize high-precision channel estimation
at a low pilot cost and low complexity for broadband systems.

In this paper, we propose a beam-band function-based orthogonal matching pursuit
(BBOMP) algorithm for beamspace channel estimation to reduce the beam squint effect
in a wideband mmWave massive MIMO system. By using the frequency-dependent
property of the wideband beamspace channel, the channel estimation problem is for-
mulated as a carrier frequency beam direction estimation problem. Then, we develop
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a beam-band method to estimate the spatial direction of a beam, in which the support
of a path component is uniquely determined by the carrier frequency, where its spatial
direction lies according to the frequency-dependence. We also define a beam-band func-
tion that is equivalent to a tie to delineate a range containing several adjacent array flow
vectors. The proposed method captures the power of a path component through correla-
tion calculations so that the index of the strongest element could be determined, and the
spatial direction of the carrier frequency could be obtained. Moreover, to improve the
estimation accuracy, the proposed algorithm adaptively determines how many nonzero
elements could be retained based on the sparsity of each path component to calculate
the support. Theoretical analyses verify that the proposed scheme has a lower pilot over-
head than some existing schemes. In addition, the simulation results demonstrate that
the proposed BBOMP scheme has better estimation accuracy than the existing schemes,
under both in the case of low and high signal-to-noise (SNR) conditions.

The rest of this paper is structured as follows. In Sect. 2, the channel model of a wide-
band mmWave massive MIMO system using lens antenna arrays is presented. In Sect. 3,
the sparse reconstruction problem is formulated, and the proposed BBOMP algorithm is
introduced. Simulation results and analysis are given in Sect. 4. Finally, the main conclu-
sions are drawn in Sect. 5.

Notations: The following notations used throughout the paper are as follows: a, a, A
represent the scalar, vector, and matrix, respectively; A7, A", and A~! denote the trans-
pose, conjugate transpose, and inverse of matrix A, respectively; |A| and ||A|l denote
absolute value and second-norm, respectively; || A ||gstands for the Frobenius norm of A.

2 Methods

In this paper, we first introduce the research background and related channel estimation
methods for mmWave massive MIMO systems in Sect. 1. Compared with narrowband
channel estimation algorithms, wideband channel estimation schemes are more in line
with the practical requirements of multi-user services in modern communication sys-
tems. However, the existing wideband channel estimation algorithms perform channel
estimation with relatively low computational complexity, and their estimation accuracy
is problematic because they do not take into account the problem that the beam direc-
tion changes as the response to the frequency and beam energy distribution of different
path components on different carrier frequencies due to the beam squint effect caused
by the increase in bandwidth and dimension in wideband systems. Therefore, wideband
channel estimation schemes with low complexity and high accuracy become a key solu-
tion for mmWave massive MIMO communication systems.

We propose a wideband channel estimation scheme based on compressed sensing for
downlink multi-user multi-antenna mmWave massive MIMO systems to address the
beam squint effect. To reduce the complexity while ensuring the estimation accuracy, the
wideband channel estimation is divided into channel estimation transformation problem
and algorithm design. In the transformation of channel estimation, we exploit the special
frequency-dependent sparse structure of the wideband beamspace channel to transform
the channel estimation problem into a beamspace direction estimation problem. In the
algorithm design, we propose an beam-band function-based orthogonal matching pursuit
algorithm, which constructs a beam-band function for capturing the power of each path
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component to estimate the spatial direction. In addition, the effect of beam squint effects is
reduced by estimating the support of each path component at different sub-carriers. More-
over, the support is estimated adaptively to further improve the estimation accuracy.

To verify the effectiveness of the proposed algorithm, we have conducted a variety of
experiments to obtain the comparison results between the proposed BBOMP scheme and
some existing broadband schemes. The comparison results and specific analysis obtained

can be found in Sect. 5.

3 System model

3.1 Wideband beamspace channel model

Consider a time-division duplexing (TDD) wideband mmWave massive MIMO system
with a BS and K single-antenna users as shown in Fig. 1. The BS employs a lens antenna
array with I antennas and Igr RF chains. The number of sub-carriers in the orthogonal fre-
quency-division multiplexing (OFDM) scheme is M, and it is assumed that the cyclic prefix
(CP) is long enough to handle the maximum multipath delay and maximum propagation
delay of electromagnetic waves traveling across the antenna array.

The widely used Saleh—Valenzuela multipath channel model is used in the frequency
domain to characterize the dispersive mmWave MIMO channel [28, 29]. The spatial chan-
nel of the k-th user can be expressed as follows: H = [hy, hy, ..., hy].

Assume there are Ly resolvable paths from the k-th user to a BS; then, the channel at the

sub-carrier m (m = 1,2, ... M)is given by

Ly

Z :Bla(d’l,m)e_ﬂnplfm;l =12,...L, (1)
=1

1

h:
" Lk

where §; and p; are the complex gain and time delay of the /-th path, respectively; f, is
the frequency of the sub-carrier 1, and it is defined as

o= (1= ) 41 @)

where f. and B are the carrier frequency and bandwidth, respectively [30];
O1m = 12% sin 6; is the spatial direction at a sub-carrier m; 6; is the physical direction; and
a(¢y,,) is the array response vector of ¢;,,. In this paper, a typical uniform linear array
(ULA) is used [31], so a(¢y,,;,) can be expressed as follows:
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Fig. 1 Block diagram of a wideband mmWave massive MIMO-OFDM system with a lens antenna array
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1 .
a(Prm) = We_’z”‘b’-m’, teT, @)
where T = _%, _%, L %]T'

An electromagnetic lens is similar to an optical lens, which can change the propaga-
tion direction of electromagnetic rays to realize energy focusing or beam collimation.
As shown in Fig. 2, the electromagnetic wave w arriving at the lens passes through the
plane lens at a certain incidence angle and is gathered on the feed antenna A located at
the focal point of the lens for constructive superposition. By employing a lens antenna
array, the spatial channel (2) can be converted into a beamspace. By carefully designing
the phase shift profile, electromagnetic rays received at the lens focal curvature can be
approximated to the spatial DFT of the electromagnetic rays received at the lens’s aper-
ture [32]. Then, a lens antenna array can be expressed as a DFT matrix U € C'*/, which
is givenby U = [a(q_bl), a(@),..., a(¢_>1)}, where ¢; = %(i — HTI),i =1,2,...,1is the pre-
defined spatial orientation of the lens antenna array, indicating that I orthogonal direc-
tions of the array response vector spanning the entire space are contained in matrix U.

Consequently, the beamspace channel H? can be expressed as
HB = U HLT [h?, hg, ey hﬁ/[], and hly’n =UHh,, is defined as follows
hfn = ﬁ 1221 ﬂle_ﬂ”ﬂlfmblym where b; ,,, = U a(¢;,,,) denotes the component of a sub-

carrier m on the /-path. Based on the analysis in [33], by, can be expressed as

bl,m = [f(¢l,m - 4_51)’f(¢1,m - &2): cee :f(¢l,m - QSI)]T> (4)

where f(x) = % is the Dirichlet sinc function. When ¢;,, is the same as one of
the beam directions predefined by a lens antenna array (i.e., one of the directions set
(b1, 02, ..., ¢1], the power of by, will be focused on only one beam. In practice, ¢, is
arbitrary, with a high probability of being different from any of ¢;. Therefore, the path
power will be distributed on several predefined beams. According to the property of flx)

that it is larger when x is closer to zero, the indices of the power-focused beams should

y Lens focal
! curvatie

\ lens plare

Fig. 2 Block diagram of a wideband mmWave massive MIMO-OFDM system with a lens antenna array
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be adjacent, which means that most of the power of b; ,,, is concentrated in a small num-
ber of elements. In addition, the number of paths L is small because of the limited scat-
tering capability of a mmWave, so h, is a sparse vector [34].

4 Wideband beamspace channel estimation
4.1 Proposed BBOMP scheme
Because of the considerable time delay of electromagnetic wave propagation throughout
an antenna array, different antennas may receive different time-domain symbols from the
same physical path at the same sampling time in communication systems using large-scale
antenna arrays. The beam squint effect results in AoA diffusion and broadens the beam-
width of the desired signal in the spatial domain. It is observed from Fig. 3 that the actual
spatial AoAs change with the signal frequency f1, f5, f3. Specifically, in OFDM systems, dif-
ferent sub-carriers observe different physical AoAs for the same physical path due to the
beam squint effect. Moreover, the effect of beam squint is even magnified as the increase
in the number of antennas and bandwidth in mmWave massive MIMO system. When the
system is a narrowband system or the number of antennas I is small, we have B < f; and
fe X fin. In this case, ¢y, = % sin 6; is frequency-independent. However, when the number
of antennas [ is large or the system is a wideband system, the approximation of f, ~ f,,, does
not hold, and ¢; ,,, is frequency-dependent. Therefore, the beam power distribution of the /-
th path component at different sub-carriers will be different, that is by ;,,, 7 by 2, 111 # M2,
which indicates that beam squint introduces more serious influence for wideband systems.

Since the beam squint and the reality that the beamspace channel are the sum of several
resolvable path components, the support of beamspace channel is frequency-dependent,
which is different from the common support assumptions considered in existing beam-
space channel estimation schemes. Therefore, the beam squint effect should be thoroughly
considered in channel estimation. Without the loss of generality, a transmission channel is
assumed to remain constant within the uplink pilot transmission time slot, and the widely
used orthogonal pilot transmission approach is employed to make the estimation of a user’s
channel independent of the other channels’ estimations [35]. Finally, an adaptive selection
network is used to combine the received pilots [36].

Assume x4 is a pilot symbol of a user at a sub-carrier #; then, the received pilot vector
Ymg € CRF*1at the BS can be expressed as

Ying = Wl xp s + 0y g),m=1,2,...,M;qg=1,2,...,Q, (5)

X \ \
90 / \ -90

Fig. 3 Diagram of the frequency-dependent spatial direction beam squint effect in the wideband system
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wheren,, ; € C!*1is the noise vector and W, e Crex1 is the receiver combining matrix.
Further, assume that all users have a pilot frequency transmission instant of Q; then, the
measurement vector ¥,, € C&F*1 after all Q pilot transmission instants have been fin-
ished can be obtained as

N b
Ym = [Y;Z;'lr y};;g: st 7y£'Q]T = Whm + Ny, (6)
where  f,; = [Wing,,... ,WQnm,Q]T is the effective noise vector, and
W = [WIT ,WzT e ,Wg} € Clrrx1 s the collective combining matrix; each column

in W has low interdependence to ensure a high recovery accuracy in the sparse recovery
process using the compressed sensing theory.

Without the loss of generality, it is always assumed that x;,; = 1[37]. Then, according to
(9), h2, can be recovered using known values of ¥, and W. Because h? is a sparse vector,
it can be solved by a compressed sensing approach and does not require a large pilot over-
head (ie, Q << 7-) [38].

Based on this analysis, when the actual spatial direction of a beam is closest to the pre-
defined spatial direction of a lens antenna array, the beam occupies the largest part of
the path power, which also means that index i;ym of the dominant element of by, is
determined by ¢, ,,, which can be expressed as follows: i}’m = arg miin {q&l,m — 4_5,‘ Fur-

thermore, because the other weaker nonzero elements are distributed around the domi-
nant element, the support o;,, of b; ,,, can be obtained

Olm = EI(ig'm —-Q,..., i;,m + Q), 7)

where E;(x) = mod;(x — 1) + 1 ensures that all element in o0y, are in nonzero positive
integers, and € is a parameter that defines how many nonzero elements of b;,, can be
retained.

When solving the channel estimation problem, traditional algorithms usually consider
Q a fixed value; for instance, 2 was set to four in [30]. However, this can cause some of
the nonzero elements to be discarded for path components with a relatively large spar-
sity; also, some part of the path power will be lost, and the estimation accuracy will be
limited. To address these shortcomings, we propose a solution to adaptively estimate 2.
Similar to the definition of i;, ,» the beam with the largest deviation in the spatial direc-
tion from the predefined direction of a lens antenna array has the weakest path power.
Then, the index of the weakest element of b; ,,, can be obtained as

i, = arg max |b1m — @il- (8)
Next, 2 can be adaptively adjusted with i), and l;lm asQ = }i/l,m —i"1m| — 1, where the
value of minus one is adopted to reduce the error because the weakest element is almost
always suppressed by the noise and can be rounded off.

Based on the definition of ¢; ,,,, the spatial direction ¢; . of the /-th path at a carrier fre-

quency f. can be obtained by ¢; . = % sin ;. Then, f,, can be rewritten as

B
fm:(cM

M—1
m—1-— T)H)fc- )
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Based on the definition of ¢ ,, and ¢ ., (9) can be re-expressed as
fin B M-1
= —_— = —_ 1 _—— 1 .
¢l,m (f)l,cfc ¢l,c M m b + (10)

where M, f;, and B are given system parameters. Because ¢, is determined by ¢;, it

holds that o7, can be determined by ¢; ..

To realize the beamspace channel estimation, first, beam-band functions are defined to
obtain the support set. By assuming that ¢; . is one of the predefined spatial directions ¢; of
a lens antenna array and defining the path component matrix B; = [b;1,b;2,..,b; 5], the
power of the n-th row of B; can be calculated as

M
1B, 113 =Y f* (b1 — bn)- (11)

m=1

where w = ZT”d sin 0 represents the corresponding spatial frequency. According to (10),

- i"j\l/f (m —-1- #), substituting it into (11) yields,
M i—n
I1Bi(m, )13 = Zlfz(T + bm). (12)
m=

Because ¢;, = ¢; = %(n — HTI), (12) can be re-expressed as follows:

M M
1B, )5 =D f*(bim — u) = D 2 (B1c + b — bn)

m=1 m=1

Mo I+1\ 1 I+1\ -

_ P P e e W A

=325 ) () 03
M 5 i—n A

:Zf( 7 +¢m)

1

3
Il

where q;m is small because of the large number of sub-carriers m. Equation (12) can be

approximated to the integral form as follows:

o Z_Mﬁ/m (— ) .
IB;(m, )5 = 38 I, f 7 +¢ |do. (14)

In the process of transforming (12) into integral form, the upper and lower limit of the

integral is, respectively, expressed as

. fe 1 M—-1a fii
~ pie 1 M—1 A Bey,
¢1:f¢>z, 1 A Bg, 6

o M2 2f,

where A is valid because the value of M is large, A% ~ 1. In this way, the power of any
row in B;, namely the power of any beam, can be obtained.
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Because of the beam squint effect, the power of each beam cannot be obtained accu-
rately, which limits the estimation performance. To solve this problem, we propose a
beam-band function. Considering the beam squint effect, the beam-band is defined as

M =C/(i—8i—8+1,...,i+3), (17)

which denotes the portion centered at the i-th row of B; from (i — §) to (i + §).
Then, based on (14), we can use I1; to clutch part of power of B;,

s .
Mf, /¢M NI
B,(I;,:)||% = = -+ ¢ |do,ten, 1
IB:(IT5, ) 7 ¢i3t;3 L g re)dbeem (18)
I -
and the total power of B; is M. Because it holds that > f(¢;,, — ) = 1, the ratio of
n=1
the power of a beam-band to the total power 1 can be obtained as
_IBi(I1;, )||p / (t A) N
- = S 4 ¢)dd,t e (19)
[:A0 B tZs 1
In contrast, f(x) = Sslfy;;‘ = 3" e/27*[10], so (19) can be rewritten as
ieT
i+8  rdu ) . R
n= _f—c / e_]4n1(§+¢)dtd¢,t e I1;. (20)
¢iB 1 ¢1

According to (20), when ¢; . is equal to any #;, a suitable beam-band function can cap-
ture most of the power of B;. The full power of the received signal can be obtained by
applying I beam-band functions, and then, the support can be obtained as follows:

, IB(T1;, ) ||
I =argmax ——————

, 21
i IT1;] (1)

where |T1;| = 28 + 1; thus, it follows that ¢;, = ¢;.

In (20), all parameters except for § are predefined, so a suitable beam-band function
should be defined so that § is appropriate for a beam. To extract as much power as pos-
sible from B; and handle the interference and noise that B; may encounter, I1; should
satisfy the following condition:

A2
I, = arg rrll_[aix IIB; (T1;, )| £ @2)

At the same time, to avoid interference, the other beam-band I; (i” # i’) should acquire
as little power of B; as possible, which is given as follows:

I}, = arg min [1B;(My, - (23)

Then, to estimate ¢; . correctly, it should satisfy the following condition:

BT, )17 > max (1B (Mo I ), (24)
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which means that if the goal is that the beam-band extracts the most power of the cur-
rent component, § should satisfy the following condition:

8* = arg max {IIB,-(I'[,; )E - ry/}ix (“Bi”(ni; 1)||%:)]- (25)
s i"#i

Because the Dirichlet sinc function has the power-focusing capability, || B; (I, :) ||12_~ may
be larger than ||B;(I1;, :) ||% when i is close to i; then, mix (||Biu(1'[i, :)||%) can be rewrit-
i #i

ten as
2 2
max (1B (115,12 = [[B ey (1T 9 06

where E;(i + 1) is introduced to ensure that i” belongs to[1,...,I1and i” # i. When [ is
large, <13 &;(i+1) can be approximated to @i, and (25) can be rewritten as

8

. M 3 (Pt Y (0L ]
) —arggnax [qui tga/qh [f(1+¢) -f (1+¢>}d¢]. (27)

Exchanging the orders of integration and summation in (27) and following the even

function property of the Dirichlet function, we have the following:

bm . . .
5* =arg;nax2/[£ /¢ {jﬂ(f—i—q)) —f2<8—;1+¢)]d¢. (28)

According to the integral properties, § should satisfy the following condition

$ Bopi(M — 1)
=M= @9
So, the optimal § can be calculated as
_ B(M — DI
T M (30)

The specific steps of the proposed BBOMP scheme for wideband beamspace channel
estimation are shown in Algorithm 1. Before the algorithm starts, the residual matrices E
initialized as, E = Y and (6) is rewritten as follows

Y =WH? +N, (31)

where Y = [§1,¥2,...,ym), H? = [0, b5, ... h%,], and N = [fiy, fia, . . ., fiar])
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Algorithm 1 The proposed BBOMP channel estimation algorithm.

Input: Measurement vectors: Y; Combining matrix: W; number of paths L;
beam-band parameter 6.
Initialization: Residual matrix E =Y.
for: 1<[<L
for: 1<¢<1T
R, = WHE;

Ju—

2: IL==2;(i—6i—6+1,...,i+0);
2 8 M (Bi/2 p2 (¢ A\ g
IR = 3 450 P () gt e
t=—
a2
4: i] , = argmax 7”&%“1]')“1”;
, S i

5: ¢l,c = ¢i,l,c;

end for

forr 1<m<M
6 b = duef = e [l (m -1 - 25 1],
v i;,m =arg Innin }¢l7m - $l|7lgt7n = argm;’ix ‘Qsl,m - qu}a Q= |i/l,m - Z'”l,m|_1;
8: Olm = EI (i;,'m - Q’ RS ig,’m + Q)?

~ ~ -1 ~
9: bim(01,m) = [(WH(:7 oLm) * W(s, O‘lﬁm))} * WH(:, Olm) * B
10: En=Y — VAV(:7 1m)brm (01,m);

11: U,ln:O'l.’mUO'l,LmU...UO'Lm;
- - -1 - N
12: h? = [WH(27O'/m) * W(;o’m)} *WH(: 0! )+ Y
end for
end for

Output: H? = [h} h, ..., h,].

Compared to the traditional OMP algorithm, the proposed BBOMP algorithm con-
siders noise and beam squint effect. Since without considering noise and beam squint
effect, the traditional OMP algorithm estimates the indexes of all elements sequen-
tially in one iteration step, which increases computation complexity and decreases
estimation accuracy. In contrary, to reduce the interference of noise, the BBOMP
algorithm calculates the supports of the strongest path component at all sub-carri-
ers jointly. Then, the influence is removed when estimating the second strongest path
component and the procedure is repeated until all path components have been con-
sidered. In addition, to compensate the performance loss caused by the beam squint
effect, a beam-band function is derived to process adjacent beams simultaneously.
This improves the performance significantly under both high and low SNR condi-
tions. Compared with SSD-based scheme, the proposed BBOMP scheme maintains
the nonzero elements of the sparse vector dynamically. According to the deviation of
a beam’s direction from the predefined spatial direction of a lens antenna array, the
proposed BBOMP scheme can adaptively adjust Q2 to retain nonzero elements in dif-

ferent path components to improve the estimation accuracy.
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4.2 Complexity analysis

As shown in Algorithm 1, the complexity is mainly reflected in Steps 1, 3, 9, 10, and
12, and it is characterized by the number of multiplications. In Step 1, the multiplica-
tion of WH e CI*IzrQ and E € CIrFQ*M g calculated, so the complexity is O(I[rpMQI).
In Step 3, the power of I R;(IT;, 1) is calculated, which has a complexity of O(IM). In Step
9, matrices W(:, alym)H and E,, are multiplied, so the complexity is O(Irr QS2). In Step 10,
W, o1,,) and by, (07 ,,,) are multiplied, and the complexity of this step is O(IrrQS2). In
Step 12, the supports of all components are merged, so the complexity is O(IRFQ|0’ |2),
which is similar to the complexity in Step 9. Finally, considering the loops in which the
individual steps are located, the total complexity of the BBOMP scheme is calculated as
OMIgrQRL) + O(MIgrQSQL?) 4+ O(rrQL)

Because the value of Q2 is much smaller than the number of antennas I, the complexity
of the BBOMP scheme is much lower than that of the traditional OMP-based scheme;
particularly, it is lower by one order of magnitude /. Note that the SSD-based scheme
proposed in [28] has lower complexity than the proposed BBOMP scheme because it
removes the path components computed in the previous iteration at the current iter-
ation, so the computational effort decreases with the iteration number. However,
the advantage of the proposed BBOMP scheme in solving the support set is that the
retention of nonzero elements can be realized dynamically instead of statically, which
improves the estimation accuracy. The complexity comparison results of the OMP, SSD,
and BBOMP schemes are presented in Table 1.

5 Simulation results and discussion
We conducted several simulations to verify the performance of the proposed BBOMP
scheme. The proposed scheme is compared with the conventional OMP, SOMP, SSD,
and Oracle LS schemes. In simulations, we assume that locations of the maximum
power elements are known in the Oracle LS scheme, so the Oracle LS scheme is used as
an optimal performance reference. The normalized mean-squared error (NMSE) is used
as a performance evaluation indicator. The simulation parameters are shown in Table 2.
We compare the NMSE performance of the proposed BBOMP scheme with the NMSE
performance of some existing broadband schemes under different SNR values. As shown
in Fig. 4, the accuracy of the OMP and SOMP schemes is poor, because the common
support assumption does not hold in wideband systems due to the beam squint effect.
The BBOMP and SSD schemes have higher accuracy than the OMP and SOMP schemes
under all SNR values and achieve an NMSE performance close to that of the Oracle
LS scheme. The BBOMP and SSD schemes exploit the sparse structure of a wideband

Table 1 Complexity comparison results of different schemes

Algorithm System hypothesis Total complexity

SD [33] TDD, Narrowband, single user O(L,Q22) 4+ O(QLLN) + O(QCard? (Ty))
SOMP [18] TDD, Wideband, multi-user OMIgeQS23L3) + O(IMIgr QL)

OMP [16] TDD, Wideband, single user OMIgeQS2313) + O(IMIgr QL)

SSD [28] TDD, Wideband, multi-user O(IML) 4 O(lre MQLS2%) + O(lReMQL?R?)

BBOMP TDD, Wideband, multi-user OMIgeQSL) + O(MIgrQS2L2) + O(lge QL)
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Table 2 System simulation parameters

Parameters Value
Number of lens antenna array elements / 256
Number of RF chains Igr 4:2:16
Number of users K 4:2:16
Number of sub-carriers M (128:64:512)
Bandwidth B (1:0.5:4) GHz
Carrier frequency f. 28 GHz
Number of paths L 3
Number of instants per users for pilot transmission Q (6:2:20)
Complex gain per path g CN(@O, 1)
Physical direction 6, U(=2,2)
Time delay per path p; U(0,20ns)
10°

—©— Oracle LS scheme

—#%— SOMP scheme

—&— OMP scheme

~—— BBOMP scheme

SSD scheme

NMSE (dB)

0 5 10 15 20 25 30

SNR (dB)
Fig. 4 The NMSE performance of different schemes under different SNR values

beamspace channel and suppress the beam squint effect. The proposed BBOMP, how-
ever, has a better performance than the SSD scheme. Because the proposed scheme does
not use a fixed €2, the support set could be estimated more accurately for some of the
components. Finally, note that for all schemes, the elements of the wideband beamspace
channel with indices outside the support are regarded as zeros, which make the perfor-
mance of the schemes converge gradually to a fixed value as the SNR increases.

The NMSE performance of different schemes versus the number of users K is pre-
sented in Fig. 5, where the SNR is 0 dB and 15 dB. As shown in Fig. 5, when the num-
ber of users increases, the performance of the traditional OMP scheme decreases
significantly and its performance is not as good as those of the other schemes; thus, this
scheme is not suitable for multi-user situations. Because the increase in the number
of users indicates an increase in the number of pilots, the estimation error of the com-
mon support assumption increases accordingly. In addition, the curves in Fig. 5a and b
show a decreasing and smooth trend, which indicates that an estimation error caused by
the inter-user interference and hardware loss exists. In contrast, the proposed BBOMP
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SSD scheme

(a) (b)
Fig. 5 The NMSE performance of different schemes versus the number of users K. a. SNR=0 dB, b. SNR=15

dB

—©— Oracle LS scheme
~—#— SOMP scheme
—&O— OMP scheme
~—e— BBOMP scheme
SSD scheme
107
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b
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B (Hz) <10°

Fig. 6 The NMSE performance of different schemes versus the channel bandwidth B

scheme has a relatively stable performance for a different number of users and is more
robust to changes in the number of users. In addition, it has a better performance than
the currently advanced SSD scheme, proving that the proposed BBOMP scheme could
provide a reliable channel estimation performance when the number of users is relatively
large.

The NMSE performance comparison of the schemes against the bandwidth B is shown
in Fig. 6, where SNR is 15 dB. As shown in Fig. 6, when the bandwidth is narrow (e.g.,
B = 1GHz), the beam squint effect is not obvious, and the SOMP scheme could achieve
satisfactory performance. However, as the bandwidth increases, the performance of the
SOMP scheme gradually decreases; at a wide bandwidth, the performance of the SOMP
scheme is even worse than that of the OMP scheme. When the bandwidth is large, the
support of different sub-carriers for the wideband beamspace channel is more dispersed,
and the common support assumption leads to more severe decay in the estimated per-
formance. The proposed BBOMP scheme has better robustness to the bandwidth than
the advanced SSD scheme.
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Fig. 7 The NMSE performance of different schemes versus the number of instants Q. a. SNR=0 dB, b.
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Fig. 8 The NMSE performance of all schemes when the number of sub-carriers changes. a. SNR=0 dB, b.
SNR=15dB

The NMSE performance of different schemes versus the number of pilot transmission
instants Q under SNR of 0 dB and 15 dB is shown in Fig. 7. As shown in Fig. 7, the higher
the pilot overhead is, the higher the accuracy of channel estimation is. This is because
more pilot symbols contain richer information on the channel state. When the pilot
overhead is too high, however, the system spectral efficiency is reduced. Compared with
the other schemes, the proposed BBOMP scheme has a lower NMSE performance under
the same number of pilot overhead and needs fewer pilot symbols to achieve the same
estimation accuracy. This result demonstrates that the pilot overhead of the proposed
BBOMP scheme is lower and more advantageous than those of the other schemes.

The NMSE performance comparison results of all schemes when the number of sub-
carriers m changes are shown in Fig. 8. In Fig. 8, it can be seen that the performance
of each of the schemes remains stable with the increase in the sub-carrier number. As
the bandwidth increases, the OFDM system contains more sub-carriers, but they are
orthogonal to each other and do not affect each other. Therefore, the increase in the
number of sub-carriers has a slight impact on the channel estimation performance. In
addition, the proposed BBOMP scheme is robust to the number of sub-carriers, and its
performance is better than those of the other schemes. This is in agreement with the

bandwidth performance experiment, whose results are presented in Fig. 6, which has
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proven that the proposed BBOMP scheme is preferable for a broadband system. Moreo-
ver, the proposed scheme can also achieve good channel estimation performance in nar-
rowband systems; namely, when the beam spread effect is not obvious or even disappear,
the proposed scheme still work normally.

The performance comparison of different schemes for a different number of base sta-
tion antennas under SNR of 15 dB is presented in Fig. 9. As shown in Fig. 9, the OMP
and SOMP schemes have the worst performance among all schemes. Specifically, the
NMSE value of the SOMP scheme increases obviously with the number of base station
antennas, indicating that the channel estimation performance of this scheme shows a
downward trend. As the number of receiving antennas increases, the interference also
increases, and the common support assumption of the SOMP scheme leads to the esti-
mation performance degradation. On the contrary, the performance of the proposed
BBOMP scheme remains stable with the number of base station antennas. It is expected
that with the rapid development of wireless communication, the number of antennas in
future base stations inevitably will increase gradually. According to the results shown
in Fig. 9, the proposed BBOMP scheme could have certain application potential in the
future.

Figure 10 shows the achievable sum-rate performance comparison for a different
downlink SNR. According to Fig. 10, when the uplink SNR is high, for instance, 15 dB,
the achievable sum-rate performance of all channel estimation schemes is improved.
Obviously, a larger uplink SNR makes the channel estimation more accurate, and the
receiver has more accurate information on the channel state, which improves the sys-
tem’s achievable sum-rate. Furthermore, the BBOMP and SSD schemes achieve a higher
achievable sum-rate than the other schemes. The performance of the proposed BBOMP
scheme is close to that of the ideal channel when the SNR is high, which further proves
the performance advantage of the proposed BBOMP scheme.

Finally, considering the impact of problems such as unstable signal reception caused
by system hardware damage on channel estimation, supplementary experiments are car-
ried out in this paper. The simulation parameters are the same as Table 2, but additional

—©— Oracle LS scheme
~—#%— SOMP scheme
—&— OMP scheme
~—#— BBOMP scheme
SSD scheme

)
9,
w 107
1%}
=
z
¢ & < 9 % © < ¢ v
F——k e He i % € - . 3
= 5 * ek
o © S © © ©
250 300 350 400 450 500

Fig. 9 The NMSE performance results of different schemes versus the number of antennas /
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Fig. 10 Achievable sum-rate comparison against SNR for data transmission
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Fig. 11 Effect of hardware impairment on different schemes

error coefficients are added to the system model in the simulation experiment. In exist-
ing communication protocols, the hardware damage is commonly defined by the error
vector amplitude (EVM). The error vector amplitude at the transmitter is expressed as
EVMr = /K7, where the coefficient K7 € [0, 1] indicates the degree of hardware dam-
age. During the experiment, K7 is set as 0.98. Figure 11 compares BBOMP with Oracle
LS scheme. It can be seen that the hardware damage does have a significant impact on
the channel estimation performance, but BBOMP scheme has a similar certain adapt-

ability as Oracle LS scheme to the system error caused by hardware damage.

6 Conclusion
In this paper, we propose a channel estimation scheme for wideband mmWave mas-
sive MIMO systems with a lens antenna array to reduce the beam squint effect. The

proposed scheme has low complexity but high estimation accuracy. Specifically, the
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channel estimation problem is formulated as a carrier frequency beam direction esti-
mation problem using frequency-dependent sparse structure of a wideband beam-
space channel. We propose a BBOMP channel estimation scheme to obtain the power
of different path components by constructing a beam-band function and jointly esti-
mating the support of each path component at different sub-carriers. In this way, the
impact of the beam squint effect on the estimation performance is minimized, and
the assumption of common support is abandoned, which improves the estimation
accuracy. Additionally, an adaptive threshold method is proposed to extract indexes
of nonzero dynamically elements when estimating the support to improve the estima-
tion accuracy further. Simulation results show that the proposed scheme has better
performance than some existing wideband channel estimation schemes and is robust
to bandwidth. Finally, the proposed scheme is also suitable for narrowband systems.

Abbreviations
mmWave Millimeter wave
MIMO Multiple-input multiple-output

5G The fifth generation

RF Radio frequency

BS Base station

csl Channel state information

DFT Discrete Fourier transform

EM Expectation—-maximization

SMD Sparse mask detection

LS Least square

DBD Discrete Fourier-transform beam difference
FD MIMO  Full-dimensional MIMO

(@) Compressed sensing

ASN Antenna switching network

MMV Multiple measurement vector

SOMP Simultaneous orthogonal matching pursuit
CLMMSE  Compression-based linear minimum mean square error
AoAs Angles of arrival

AoDs Angles of departure

SSD Successive support detection

BBOMP Beam-band function-based orthogonal matching pursuit
SNR Signal-to-noise ratio

TDD Time-division duplexing

OFDM Orthogonal frequency-division multiplexing
@3 Cyclic prefix

ULA Uniform linear array

OMP Orthogonal matching pursuit

NMSE Normalized root-mean-square error
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