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Abstract—Beamspace channel estimation for millimeter wave
(mmWave) massive MIMO system is investigated. An identity
matrix approximation (IA)-based beamspace channel estimation
scheme is proposed, including the design of hybrid precoding
and combining matrix as well as searching the largest entry of
over-sampled beamspace receiving matrix. The design of hybrid
combining and hybrid precoding is formulated as two optimiza-
tion problems. By decoupling the design of analog combining
and digital combining, closed-form solutions are obtained. Then
an algorithm based on bisection search is proposed to search the
largest entry of the over-sampled beamspace receiving matrix.
Additionally, computational complexity is compared between the
proposed scheme and the existing channel estimation schemes.
Simulation results show that the proposed IA-based beamspace
channel estimation scheme outperforms the existing schemes.

Index Terms—Millimeter wave communications, channel esti-
mation, hybrid precoding, massive MIMO, beamspace.

I. INTRODUCTION

Millimeter wave (mmWave) communications, which range
from 30GHz to 300GHz in frequency, have recently attracted
great attention due to high spectrum efficiency and large
available bandwidth [1]. Due to the large number of antennas
at both transmitting and receiving sides, the size of channel
matrix is very large, therefore the channel estimation is rather
time consuming. To reduce the complexity of channel esti-
mation in mmWave massive MIMO system, some advanced
schemes based on the beamspace channel have been proposed
very recently [2], [3]. The key idea of these schemes is to
efficiently explore the sparsity of beamspace channel by sparse
signal processing techniques.

However, the sparsity of beamspace channel may be im-
paired by power leakage due to the limited beamspace res-
olution, indicating that the beamspace channel is not ideally
sparse and there are many small nonzero entries [4]. Therefore,
it brings extra challenge for the sparse recovery [5]. To
solve this problem, a discrete compressive sensing (DCS)-
based channel estimation scheme is proposed in [4], where
the beamspace resolution can be set arbitrarily and can be
higher than the reciprocal of the antenna number, leading to
improved channel estimation performance. Moreover, an over-
sampled compressive sensing (OCS)-based channel estimation
scheme is proposed in [5], where the measurement matrix is
consisted of a large number of over-sampled steering vectors
and is capable of estimating the angle of arrival (AoA) and
angle of departure (AoD) more accurate than conventional

measurement matrix. However, both DCS-based and OCS-
based schemes use random measurement matrices, which can
not always achieve the optimal performance. In particular,
the estimated AoA and AoD can not be always within the
scale of quantization error even without any noise. Therefore
deterministic measurement matrix is more appealing.

In this paper, we investigate the beamspace channel esti-
mation for mmWave massive MIMO system. We propose an
identity matrix approximation (IA)-based beamspace channel
estimation scheme, which includes the design of the hybrid
precoding and combining matrix as well as searching the
largest entry of over-sampled beamspace receiving matrix. We
formulate the design of hybrid combining and hybrid pre-
coding as two optimization problems and then obtain closed-
form solutions by decoupling the design of analog combining
and digital combining. After that, we propose an algorithm
to search the largest entry of the over-sampled beamspace
receiving matrix. The algorithm is based on bisection search
and includes two stages, where we find the main lobe in the
first stage, and we find the largest entry corresponding to the
peak within the main lobe in the second stage. Additionally, we
compare the computational complexity between the proposed
scheme and the existing channel estimation schemes.

The notations are defined as follows. Symbols for matrices
(upper case) and vectors (lower case) are in boldface. (~)T,
()™, ()~ I, 1p, CN @, vee(), B{-}, 0, - [lo,
II-ll2s I - =5 Alp, gl (), Tr(-) and CN, denote the transpose,
conjugate transpose (Hermitian), inverse, identity matrix of
size L, vector of size L with all entries being 1, the set of
M x N complex-valued matrices, kronecker product, vector-
ization, expectation, zero vector of size M, lp-norm, l5-norm,
Frobenius norm, entry of A at the pth row and gth column,
round, trace and complex Gaussian distribution, respectively.

II. PROBLEM FORMULATION

We consider an uplink multiuser mmWave massive MIMO
system comprising a BS and U users. Both the BS and
users are equipped with an uniform linear array (ULA) [6].
Denote Ny, M4, Nr and My as the number of antennas
at the BS, number of antennas at each user, number of RF
chains at the BS and number of RF chains at each user. In
practical mmWave massive MIMO with hybrid precoding and
combining, the number of RF chains is much smaller than
that of antennas, i.e., Ngp < N4 and Mr < M 4. Each user
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performs analog precoding in RF and digital precoding in the
baseband, while the BS performs analog combining in RF and
digital combining in the baseband for uplink transmission. The
received signal vector at the BS can be represented as

U
y=WiWry H,Fr.,Fpus.+WsWgn (1)

u=1

where Fp, € CMrxMr Fp, < CMaxMr  Wp €
CNrXNr and Wx € CNr*Na are the digital precoding
matrix, analog precoding matrix, digital combining matrix, and
analog combining matrix for the u(u = 1,2,...,U)th user,
respectively. s, € CM= denotes the signal vector satisfying
E{s s} = Ih,. n € CN4 denotes additive white Gaus-
sian noise (AWGN) vector satisfying n ~ CN(0,02I ).
H, € CNaxMa denotes the channel matrix between the BS
and the uth user and can be expressed according to the widely
used Saleh-Valenzuela channel model [1] as

L,
NaMy =
H, =,/ i Z;gu,ia(m,eu,i)a (Ma,pui) ()

where L,, and g, ; denote the total number of resolvable paths
and the channel fading coefficient of the ith path, respectively.
Usually, there is a strong line-of-sight (LOS) path (z = 1)
and L, — 1 much weaker non-line-of-sight (NLOS) paths
(2 <1 < L,). The mmWave transmission essentially relies
on the strong LOS path. The steering vector «(N,0) is
defined as (N, 6) = [1,e9™, ...,e‘j”"(N_l)}T/N. Define
the AoA and AoD of the ith path of the uth user as O,
and @, ;, respectively. Further define 6, ; = 2CITBSsin Oy
and ¢, ; £ 2WEsin®, ;, where dps and dyp denote the
antenna interval of the BS and users, respectively. We usually
set dps = dyg = M/2, where X is the wavelength of
mmWave signal. In practice, both 6, , and ¢, ; obey the
uniform distribution [-1,1] [7].

It is observed that y in (1) is a mixed signal from different
users. To distinguish different user signal at the BS, each user
repeatedly transmits an orthogonal pilot sequence p, € CY
with length of U for 7775 times. For simplicity, we suppose
each user transmit the same pilot sequence for all My RF
chains, where the pilot matrix for the uth user can be defined as
P, 2 [p,,Pus- P = 1ar,pl € CMrXU_ The channel
keeps constant during 7T’ £ T\TL,U time slots [8]. We use
T, different digital precoding matrix and analog precoding
matrix, denoted as Fté,u € CMrxMr gpq F%u € CMaxMp
respectively, t1 = 1,2,...,T3, at the u(u = 1,2,...,U)th
user. We use 75 different digital combining matrix and analog
combining matrix, denoted as W' € CN#*Nr and W% €
CNrXNa respectively, to = 1,2, ..., T5, at the BS. During the
T) repetitive transmission of pilot sequence from the ((ty —
1)T} + 1)th transmission to (¢277)th transmission, we use T
different F'% , and F}} , for hybrid precoding while use the
same WtB2 and WtR2 for hybrid combining, where the received

pilot matrix Y**> € CVN#*U can be denoted as

U
YR =WEWEY H,F} Fi P, + WEWEN"™"
u=1

with 'z ¢ CNa*U representing the AWGN matrix. Each
entry of N*"'2 independently obeys complex Gaussian distri-
bution Wit}fl\gter(t) mean and variance of 2. To ease the notation,
we define N~ £ WiW N2 Due to the orthogonality
of p,, ie., pp,=1 and pfp, = 0, Vu,i € {1,2,...,U},
i # u [3], we can obtain the measurement vector r':f2 ¢ CN»
for the uth user by multiplying Y'**2 with p,, as

s ~t1,t
riv =YY" rp = WRH, f " 3)
where
Wh 2 Whwt fh A ph phoq, ghot 2 NP
=WeWg, fu = Fr Fp v n = Py-
)

Define T3 £ T, Nr. We stack the T received pilot sequences
together and have r’t = WH, f'* + 1", where

i S (DT AT )T e O,
é [(WI)T,(WZ)T,...,(WTQ)T]T E(CT3XNA, (5)
't 2 (R HT, R, wT)T)T e T
Further define
R, 2[r, 7, el Fu 2 [fu fo o £
n2@hat.. . ah. (6)
We have
R,=WH,F, +n. (7)

Considering the LOS channel path concentrates most channel
power in mmWave massive MIMO systems, we usually use
LOS channel path to transmit data for the wuth user [4].
Therefore, it is important to design W and F',, to estimate
the AoA and the AoD of the LOS path of H, in (7) for the
uth user, which will be discussed in the following sections.

III. OVER-SAMPLED BEAMSPACE CHANNEL ESTIMATION

We first propose a framework of over-sampled beamspace
channel estimation for mmWave massive MIMO system. Then
based on this framework, we propose an [A-based channel
estimation scheme. Finally, we compare the computational
complexity.

A. Framework of Over-sampled Beamspace Channel Estima-
tion

Denote H, € CN4*Ma a5 the beamspace channel matrix
for the uth user, which can be represented as [3]

H, = D(Ns,Nao)"H,D(Ma, M) (8)

where D(N,K) € CN*K is the sampling matrix, which
is defined as D(N,K) £ [a(N,—1 + 0/K),a(N,—1 +
2/K),a(N,—1 +4/K),...,a(N,—1 + 2(K — 1)/K)]. In
fact, D(N, K) samples the beamspace [-1,1] in an interval
of 2/K by K steering vectors. For H,, the AoA and AoD



is sampled in an interval of 2/N4 and 2/M 4, respectively.
Therefore the quantization error for the estimated AoA and
AoDis 2/N4 and 2/M 4, respectively. In order to decrease the
quantization error, we introduce the over-sampled beamspace
channel matrix for the uth user HY, € CE*K a5

H’ = D(Ny, K)"H,D(My, K) 9)

where K is the number of steering vectors with K > N4 and
K > M 4. Note that the coordinates of the largest entry of H,
are the AoA and AoD of the LOS path with the quantization
error of 2/K. To reduce the quantization error and improve
channel estimation, we can use a large K by finding the largest
entry of H.

However, we cannot directly obtain H_, based on R, in
(7), due to the hybrid precoding and combining operations
of F, and W, respectively. Note that the dimension of
H, is Ny x My, while the dimension of WH  F, is
T3 x Ti. In order to obtain the over-sampled beamspace
channel matrix as described in (9), we multiply R, with
WH on the left and Ff on the right, which can make the
dimension of WHWHuFuFuH the same as that of H,,. Now
we can obtain an over-sampled beamspace receiving matrix
RY € CEXK a5

R = D(NAo, K)WHWH, F,FIDM,, K) + 7"

(10
where 2’ £ D(Na, K)Y*WHRaFID(M,, K). 1t is expect-
ed that

D(Ny, K)WHW =y D(Na, K)",

. (11)
FuFTD(Ma, K) = v D(Ma, K).
where vy 2 |WHW|r/VNs and ~y 2

|Fo F2|r//My. However, in this case, it requires
that 75 > N4 and T} > M4, leading to huge pilot overhead.
Therefore, we need to reduce the pilot overhead in practice,
where none of D(Na, K)!WHW = AyD(N4, K)" and
F,FID(M,,K) = v D(My, K) can be satisfied. Now
we have the following two subproblems.

Subproblem 1 (Hybrid Precoding and Combining Matrix
Design): W and F',, should be well designed so that the
coordinates of the largest entry of R, are the AoA and AoD of
the LOS path with the quantization error of 2/K. Therefore,
the AoA and AoD of the LOS path can be estimated by finding
the largest entry of R;,.

Subproblem 2 (Search the Largest Entry): Due to the
large dimension of R;, finding the largest entry of R, is
computationally expensive. Therefore, it is better to design a
low-complexity search algorithm fully regarding the structure
of R;.

B. Hybrid Precoding and Combining Matrix Design

It is seen that R! in (10) is the over-sampled beamspace
channel matrix with noise if (11) is satisfied. However, due to
the fact that Ty < N4, Ty < My, the rank of W7 W and
FuFuH is less than N4 and M4, respectively. So we cannot
find a proper W and F',, satisfying (11).

The optimization problem for hybrid combining matrix
design is
min ID(Na, K)*WH"W —ynD(N4, K)?||r - (12)
st. W2 eWn, |[WEWSR|E = Py, to=1,2,..., Ty,

where Wy is the set of all feasible analog combining matrix
and Py is the given power for the hybrid combining. Note
that D(Na, K)D(Na, K)? = KIy,/N%. We have

ID(Na, K)*WHW — 4y D(Na, K)7 |2
= | D(Na, ) (WHTW —ynIn,)| 7
= KTe(WHW — an T, ) (WHW — Iy, ) ) /N3

= KWW —ynIn,|7/N3 (13)
Then (12) can be further rewritten as
min IWHEW — NIy, |F (14)
st. W2 eWr, |WEW2|E =Py, to=1,2,...,Ts.

It is seen that W defined in (5) is a flat matrix where
the columns are more than the rows. Therefore, it is infea-
sible that WHW equals ynIy - Instead, it is important
to design W so that W W /yn approximates the identity
matrix, a.k.a, identity matrix approximation (IA). To minimize
||WHW —YNIn,|F, W can be a submatrix of \/yxU by
selecting the first T3 rows of \/ynU, where U is any N4 x N4
unitary matrix [9]. For example, we obtain U by singular value
decomposition (SVD) of a Ny x N4 random matrix A, i.e.,
A = UXVH where each entry of A obeys the uniform
distribution [0,1]. I? this way, we obtain W. According to (5),

we can obtain W 2, to = 1,2,..., T, which is essentially
dividing W into T, submatrices. Then (14) is converted into
T, subproblems, where each subproblem can be expressed as

tQ tz ~t2 15
B R

st. W2 eWr,[[WEWE|2 = Py.

We cannot directly obtain solutions for (15) due to the non-
convexity of the constraints. Note that the second constraint
of (15) can be temporarily neglected during the optimization
of W’E and W%. After WtB2 and W% are obtained, we may
set W2 as

WP /Py WE/|WEWS|p, t2=1,2,...,T (16)

to satisfy the second constraint of (15).

To mitigate the interference among different data streams,
we impose a common constraint that the columns of the digital
precoding matrix are mutually orthogonal, i.e., WtB?HWtB2 =
BIN,, where 8 £ Py /(NoNg). Define W3 2 3~1W'3.
Then we have

—~t H- =t
IWEWSE - W |5 =W - W5 W |5 A7)
Therefore (15) can be expressed as
~t
min |[W2 - W2 W2 st. Wiz e We.  (18)
w2 w2

D R



Algorithm 1 Hybrid Combining Matrix Design for IA-based
Channel Estimation
1: Input: D(Na, K), Wg, Py, 5, W.
PR —
2. Obtain W~ based on W via (5), to = 1,2,...,Ts.
3: for to, =1,2,...,7T5 do ]
4:  Set i + 0, and obtain Wt}%’z randomly from Wp.

5 repeat

6 1+ 1+ 1.

7: Fix Wt“ ! and obtain W 2% via (21).
8 Fix Wg’ and obtain W2 I V1a (19).

9:  until € < §

._
@

Update WtB? via (16).
11:  Obtain W via (4).

12: end for

13: Obtain W based on W'z,
14: Output: W.

to 21,27...,TQ via (5)

It shows that Wﬁ% and W% are decoupled. Given W’B, the
solution of W*2 can be expressed as

W = agW2" W' We) (19)

where arg(A,R) first normalizes each entry of A and then
quantizes the normalized matrix in terms of R. Note that the
quantization is required since the resolution of phase shifters
is limited in practice, e.g., the resolution is 2/64 if the phase
shifter is 6 bits and the range of the angle is [-1,1].
Similarly, given W'}?, the optimization of W% based on
(18) can be expressed as
min [Wi - Wiz W3
w5 (20)
st. Wilwiz=p1Iy,.
It is seen that (20) is similar to the orthogonal Procrustes
problem [10]. Then the solution to (20) can be obtained as

Wiz = pg=12yvuH, 1)

where W% (Wt2)H UXV*" represents the SVD of
W%(W/t2)H. Then we obtain W' = W3,

As shown in Algorithm 1, we propose an algorithm of
hybrid combining matrix design for IA-based channel estima-
tion. We repeatedly fix Wﬁ% to obtain th via (21), and then
fix Wth to obtain W% via (19) in turn. Define the normalized
iteration error € as

to i to,i—1 to i to,i—1
o IWE —WEE+ |WE -WE %
- to,i—1 to,i—1
W& + W5 1%

€

, (22)

the stop condition is that the iterative update of both Wﬁij and
WtB2 is stable, i.e., € < §, where ¢ is the threshold.

The optimization problem for hybrid precoding matrix
design is

min |F FiD(Ma,K) — vy D(Ma, K)| r

st. Fi,€Fr |FR F3 l%=Pr t1=12,...,

(23)
Tl ’

where Fp is the set of all feasible analog precoding matrix
and Pp is the given power for the hybrid precoding. Similar
to (14), (23) can be rewritten as

min ||F F2 — I, le (24)

u

st. Fi,€Fr |FR F3, l%=Pr, t1=12,...,T.

We can obtain a solution as F, by selecting the first T}
columns of \/y5;U, where U is any M A x M 4 unitary matrix.

According to (6), we can obtain f as the t;-th column
of Fy, ty = 1,2,...,Ty. Define f33, = F3 Ang, t1 =
1,2,...,T1. Then we have ftl F%u ‘1 B
Similar to (15), (24) can be converted to 77 subproblems,
where each subproblem is expressed as
min
Filu P

s.t. Fgu € Fr, ||F§§,uFt§7u||% = Pp.

IF3 . f5 ulF (25)

Similar to (15), the second constraint of (25) can also be
temporanly neglected. Therefore, we may replace W%, W%,
W', Wr and Py in (15) with (£3.)7, (F's )H, (F.)H,
Fr and Pr, respectively.

In order to run Algorithm 1 to obtain F',, we have to
further replace N4, 7o, W and W with My, Ty, F',, and F,.
The routine of the algorithm is exactly the same, except that an
additional operation to obtain F'%} . 38 F%’u = MR e “ MR
is required after finishing step 9; and W 5 should be replaced
by (F%,U)H at step 10.

In summary, in the first half of the IA-based channel
estimation, we design of hybrid combining matrix and hybrid
precoding matrix; while in the other half to be discussed, we
will search the largest entry of the over-sampled beamspace
channel matrix in an effective way.

C. Search the Largest Entry

It is time-consuming to exhaustively search the largest entry
from R, defined in (10). In order to improve the efficiency
of the search algorithm, we analyze the structure of R).
Neglecting the term from the additive noise and assuming there
is single path, we rewrite R, as

R, = DN K)"W'WH,F.F/DMsK)
NAMAgu,irNTﬁ
where ry £ D(Na, K)*WH"Wa(Na,0,1), v £

ol (Ma, pu1)FuFED(My, K). Since ry is a column vec-
tor and 1% is a row vector, the largest entry of R!, essentially
depends on the largest entry of r and 7. Therefore we will
analyze the structure of r and ;.

In the ideal case, i.e., F , FZ D(My,K) = vy D(My, K),
Ty 1S an  over-sampled transmit steering vector of
a(Ma, p,,1) with an interval of 2/K. In order to apply fast
algorithms such as bisection search to find the peak of the
curve, we have to first find the main lobe with the width of
4/M 4; otherwise these algorithms may stop the search at the
peak of side lobes.



Algorithm 2 Searching the Largest Entry Corresponding to the
AoA and AoD of LOS Path for TA-based Channel Estimation
1. Input: R,,.
(First Stage)
Obtain R, via (27).
Obtain s, and s, via (28) and (29), respectively.
Obtain T' = [I'1, 5] and Y = [T, T3] via (30).
(Second Stage)
Obtain R, via (10).
while I'; — 'y > 2/K or Yo — 1> 2/K do
Obtain @1, @2, @3 and Q4 via (31).
Obtain Q4. via (32).
Update I" and Y.

D A A R o

—_—
—_ O

12: end while
13: Oy1 =T, o1 ="To
14: Output: 0.1, Py,1-

Now we propose Algorithm 2 to fast search the largest
entry of R, considering the structure of the steering vectors.
Algorithm 2 includes two stages. In the first stage, we find
the main lobe of rj); and rx without oversampling. In the
second stage with oversampling, we apply the bisection search
to find the peak of the main lobe.

In the first stage from step 3 to step 5, we search the
main lobe, which is formed by two adjacent columns and
two adjacent rows of H defined in (8) [11]. We obtain the
beamspace receiving matrix R, € CN4*Ma at step 3 as

R, = D(Ns,N\)"WHWH ,F ,FI DM, Ma) +n*
27)
where 7 £ D(Na, NA)*WHRFY D(M4, M,) is a noise
term. We first find two adjacent columns indexed by {sq, 8¢+
1} with the largest channel power from H, at step 4 via

S =arg _ max ||RZ’q||F (28)

=1,2,...,Ma—1

where R, ¢ Tepresents a submatrix consisted of two con-
secutive columns of RZ, with column indices denoted as ¢
and ¢ + 1. Similarly, we find two adjacent rows indexed by
{s,,5, + 1} with the largest channel power from R, at step 4
via

max

R’U
e L

Sp = arg 29)
where Rz,p represents a submatrix consisted of two consec-
utive rows of R7J with row indices denoted as p and p + 1.
By finding out the largest two adjacent columns {s,, Sq. +1}
and rows {s,, s, + 1} of beamspace channel matrix H, the

search of AoA and AoD can be limited to the range of
r= [Fl’FQL T = [Th TQ]a (30)

respectively, where I'; £ —1 + 2(sp —3/2)/Na, 'y £ 14
2(sp +1/2)/Na, T1 2 —142(sy —3/2)/Ma, To 2 —1+
2(sq+1/2)/M 4. In this way, we narrow down the search space
of the AoA and AoD from [—1,1] to T" and Y, respectively.

In the second stage from step 7 to step 13, we find the
coordinates of the largest entry of R, corresponding to the

AoA in I'" and AoD in Y. Note that the quantization error
of the AoD and AoA is reduced from 2/M,4 and 2/N4 to
both 2/K by oversampling. We apply the bisection search.
Define quan() as the quantization function to quantize the
consecutive € into K discrete points, which is denoted as
quan(0) £ <K(02+1)2 The two points that divide I" into two
equal parts are quan(I'; /2+T2/2) and quan(T'y /2+T2/2)+1.
Similarly, the two points that divide Y into two equal parts
are quan(Y1/2 + To/2) and quan(Y1/2 + Y5/2) + 1. The
entries corresponding to these four points are

RY [quan(T'1/2 4+ T2/2), quan(Y1/2 + T2/2)],  (31)
= R, [quan(T'1 /2 4+ T'3/2), quan(Y1/2 + Yo /2) + 1],
Q3 = R, [quan(T'1 /2 + T3 /2) + 1, quan(T1/2 + T2 /2)],
Q4= R, [quan(T'1 /2 +T3/2) + 1, quan(Y1/2 + Y2/2) + 1].

Then we compare the amplitude of @1, Q2, @3 and Q4 to
find the largest one, which is expressed as

Qmaz = ma'X{IQl‘a ‘QQ‘a ‘QZ&‘, ‘Q4‘}

We delete the parts that do not include @, and update T'
and Y. For example, if Q4. = @1, the updated I'y, I's, Ty
and Yo, denoted as T'y, T's, T and Yo, respectively, can be
represented as ['y = 'y, [y =11 /2+15/2, T1 =Ty, To =
T1/24Y5/2. We repeat the procedures until 'y —T'y < 2/K
and T2 — Ty < 2/K, which means the resolution 2/K of
over-sampled search is reached for both the AoA and AoD.
Finally we output the estimated AoA and AoD of LOS path

at step 14.

(32)

D. Computational Complexity

Now we compare the computational complexity for the [A-
based, DCS-based and OCS-based schemes.

Since the hybrid precoding matrix and hybrid combining
matrix can be designed off-line before the channel train-
ing, the computational complexity mainly comes from the
search of the largest entry in Algorithm 2. For IA-based
scheme, in the first stage, we need to compute Frobenius
norm in (28) and (29), resulting in the complexity to be
OMANg(M4g — 1) + 4Ma(N4 — 1)). In the second stage,
we use the bisection search to find the largest entry among
2K /N x2K /M 4 entries. In the first logy (2K /N 4) iterations,
we compute four bisection points in each iteration. In the
following logy (2K /M 4) —logy (2K /N 4) iterations, since the
Ao0A has been estimated, we only need to compute two bisec-
tion points in each iteration. Therefore the total computational
complexity for the IA-based scheme is

O(4NA(MA — 1) + 4MA(NA — 1) + 810g2(2K/NA) (33)
(Na +1)My + 4(logy (2K /M a) — logy (2K /N4)) Ma).

For the DCS-based scheme [4], where the main lobe is
first searched and then the largest entry within the main lobe
is further searched by exhaustive search, the computational
complexity is O(2N4(Ma—1)+2Ma(Na—1)+2K?*(Ns+
1)/Na). For the OCS-based scheme [5], the largest entry
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is directly searched by exhaustive search, the computational
complexity is O(2Ma(Na + 1)K?). Since K > N, and
K > My, the computational complexity of the IA-based
scheme is much lower than that of DCS-based and OCS-based
schemes.

IV. SIMULATION RESULTS

We consider the uplink multiuser mmWave massive MIMO
system, which includes a BS and U = 4 users. The BS
is equipped with N4 = 64 antennas and Np = 4 RF
chains, while each user is equipped with M4 = 16 antennas
and Mpr = 1 RF chain. The number of resolvable paths in
mmWave channel is set to be L,, = 3, while g, 1 ~ CN(0,1)
and g,;, ~ CN(0,0.01) for i = 2,3. We use K = 1024
over-sampled steering vectors.

As shown in Fig. 1, we compare the channel estimation
performance in terms of normalized mean square error (N-
MSE) for the proposed IA-based scheme, the DCS-based
scheme [4] and the OCS-based scheme [5]. We set T} = 4
and T, = 4. Then T35 = ToNir = 16. In order to make
fair comparisons, we set the total time slots of the DCS-
based scheme and the OCS-based scheme the same as the
IA-based scheme. The number of total time slots for pilot
training is fairly set to be U1} T, = 64. Suppose we use
6 bit and 4 bit digital phase shifters at the BS and users,
respectively. It is observed from Fig. 1 that IA-based scheme
outperforms the DCS-based and OCS-based schemes. At SNR

of 15dB, TA-based scheme has 89.1% and 49.7% performance
improvement compared with the DCS-based and OCS-based
schemes, respectively. The reason is that both DCS-based and
OCS-based schemes employ random precoding and random
combining matrix, which are not optimal.

As shown in Fig. 2, we verify the convergence of
Algorithm 1. Suppose we use 5, 6 and 7 bit digital phase
shifters at the BS, respectively. It is seen that € in (22)
decreases rapidly as the number of iterations grows, and e
decreases faster with higher resolution of digital phase shifters.
Using 6 bit digital phase shifters at the BS, € is smaller than
102 when the number of iterations is larger than 25, which
means 25 iterations is enough for § = 1073,

V. CONCLUSIONS

In this paper, we have proposed an IA-based channel estima-
tion scheme, which includes the design of the hybrid precoding
and combining matrix as well as searching the largest entry of
over-sampled beamspace receiving matrix. Future work will
focus on the interference mitigation for multiuser mmWave
MIMO transmission.
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