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Utilizing Attitude Information for Efficient
Multi-User Millimeter-Wave Communications

Mingrui Li, Xiaowei Qin, Yunfei Chen, Weidong Wang, and Li Chen

Abstract—Sensing has played an important role in the 5G
wireless network. It is well recognized that the energy efficiency
of mobile devices can be further improved with the assistance of
sensing. As an important sensing resource, attitude information
is highly related to the angle of arrivals (AoAs) information
when user equipments (UEs) rotate. It provides great potential
to improve transceiver designs for multi-user millimeter-wave
(mmWave) green communications. In this paper, we propose
an attitude information aided block diagonalization receiver
design algorithm. We first adopt angle of departure aided block
diagonalization (AoD-BD) to eliminate inter-user interference
(IUI). Then we compensate the rotation for each UE by only
updating the receiver with attitude information from motion
sensors. Compared to the joint transceiver design performance,
we have theoretically proved that the sum spectral efficiency
performance penalty of keeping transmitter unchanged is gener-
ally negligible. Furthermore, we consider the effect of imperfect
attitude information, and derive a robust receiver by modeling the
measurement error as Gaussian. Finally, the simulation results
are presented to verify the effectiveness of the proposed design.
It is noted that no feedback is required between the base station
(BS) and UE during the rotation, which substantially reduces the
system overhead.

Index Terms—Attitude information, block diagonalization,
millimeter-wave (mmWave), transceiver design, user equipment
rotation

I. INTRODUCTION

W ITH the emergence of many applications in 5G wire-
less network, the high-quality wireless connectivity

requires to be guaranteed. Meanwhile, in millimeter-wave
(mmWave) systems, the massive increase in the number of
antennas and users makes the problem much more challenging
due to the high energy consumption [1]. To alleviate the
problem, sensing-assisted communication is regarded as a
promising way to further improve the energy efficiency [2],
[3]. A typical example is the spectrum sensing in the context of
cognitive radio, where the secondary user detects the presence
of the primary user over a frequency band of interest, and then
utilizes the idle spectrum resources to transmit information [4].

Recently, sensing-assisted communication is studied to be
used in the beamforming design for mmWave communications
[5], [6]. One key issue is the acquisition of channel state
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information (CSI). CSI is crucial for beamforming and often
obtained through channel training. As the overhead of channel
training grows with the number of antennas, it is necessary to
take some measures to reduce the high training cost.

Traditional methods of estimating CSI require the transmit-
ter to emit the training signals [7], [8], which might cause
much feedback between the transmitter and the receiver. The
overhead of conventional least squares (LS) method is given
by O(NT ), where NT is the number of transmit antennas.
Since the channels are sparse in practical mmWave systems,
some works [9], [10] exploited compressed sensing (CS) tech-
niques to help perform explicit channel estimation, whose pilot
overhead is given by O(LlnNT ), where L is the sparsity level.
The work in [11] further showed how many CS measurements
are needed to approach the performance with perfect channel
knowledge.

Compared to the aforementioned methods, sensing-assisted
communication provides great potential to further reduce the
training overhead by utilizing out-of-band information [12]–
[15]. Out-of-band information is mainly divided into three
categories: position information, signals from low frequency
systems and attitude information. The main advantage of these
information is that they do not consume resources in the
designed system and can be easily obtained from sensors or
other communication systems. Position information could help
limit the range of beam directions. The work in [16] utilized
the position information to help determine the angle of depar-
ture (AoD) angular support. A location-aided beamforming
strategy was proposed in [17] for vehicular communications,
and the results showed that it could significantly speed up the
initial access. Since mmWave cellular systems are likely to be
deployed in parallel with sub-6G communication systems, the
lower frequency signals could be exploited to help estimate
parameters of mmWave channel based on spatial correlation
translation [18].

Attitude information has high correlations with beam di-
rection. Thus, it is often used to overcome the effects of
beam misalignment, which might severely deteriorate the link
quality [19]. The work in [20] proposed an algorithm that
used position-attitude information to help align the beams
and complete beam tracking, which outperformed the existing
algorithms with only position information. In [21], the authors
revealed a new beam alignment mechanism based on IEEE
802.11ad that can dramatically reduce the system overhead.
A beam tracking algorithm was developed to compensate
the misalignment caused by the change of device behaviors
in [22]. Attitude information has also been used to help
reconstruct the channel matrix when user equipment (UE)
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rotates. The work in [23] exploited attitude information to
help the transmitter design in an uplink digital beamforming
system.

All the the existing attitude information aided (AIA)
transceiver designs discussed above are only proposed for
single-user scenarios. How to utilize attitude information to
reduce the system overhead in a multi-user system is still
an open problem. As the training overhead grows with the
number of users, it is of great significance to apply AIA
methods for multi-user scenarios. Compared to single-user
scenarios, AIA multi-user transceiver designs will be more
challenging. First, the inter-user interference (IUI) makes the
performance corresponding to different UEs coupled together.
Specifically, when we compensate the rotation for one UE,
other UEs need to be re-calibrated too. Second, since the
attitude information is measured at UEs, joint transceiver
design might generate too much feedback overhead and cause
severe time delay. The most efficient method is to compensate
the rotation by only updating the receiver. Third, compared to
the joint transceiver design, it is unknown whether keeping
the transmitter unchanged could help the system achieve
the near-optimal spectral efficiency. A detailed discussion on
performance loss is in need.

In this article, we study AIA transceiver designs for multi-
user mmWave communications. First, we adopt AoD aided
Block diagonalization (AoD-BD) method to eliminate IUI
among different UEs. This is to ensure that one UE rotation
will not affect other UEs. Then, the problem is formulated as a
receiver design problem for each UE by keeping the transmit-
ter unchanged during the rotation. A closed-form solution with
the assistance of attitude information is derived by maximizing
the sum spectral efficiency. Thus, an AIA-BD receiver design
algorithm is proposed. Further, compared to the optimal sum
spectral efficiency without rotation, we prove the superiority
of AIA-BD by analyzing its performance. In addition, by
modeling the measurement error of attitude information as
Gaussian, we derive a robust AIA-BD receiver design. The
main contributions of the article can be summarized as follows.

1) AIA-BD receiver design algorithm: Considering a block-
fading channel, since the rotation may cause severe
degradation of the sum spectral efficiency, we propose
a low-complexity AIA-BD receiver design algorithm
to compensate this loss. In our proposed algorithm,
the system only needs to establish the initial link and
BS keeps the precoding matrix unchanged during the
subsequent rotation. Each UE adjusts the combining
matrix with the help of attitude information from motion
sensors. Our proposed algorithm efficiently reduces the
training overhead and no feedback is required during the
rotation.

2) Theoretical performance of the proposed design: The
performance gap between the proposed AIA-BD re-
ceiver design and the optimal sum spectral efficiency
before rotation mainly contains two parts. The first
part is caused by the rotation. We have proved that
the rotation will not affect the achievable sum spectral
efficiency obtained by joint transceiver design when the
number of user antennas approaches infinity. The second

part comes from keeping the transmitter unchanged. We
derive an upper bound of performance loss between
AIA-BD and optimal joint transceiver design after UEs
rotation. The results show that such performance loss is
generally trivial in mmWave systems.

3) Robust AIA-BD receiver with measurement error: Due
to hardware limitation, the precise attitude information
is difficult to obtain. Thus, we take the measurement
error of attitude information into consideration and
reformulate the receiver design problem. By modeling
the measurement error as Gaussian, we derive a robust
AIA-BD receiver based on the Taylor expansion. The
simulation results show that the proposed receiver could
obtain a good performance even with a relative large
measurement error.

The remainder of the paper is organized as follows. Section
II describes the mmWave network and how it works under
AoD-BD method. In section III, we present our AIA-BD
method for the multi-user scenario. Section IV discusses
the robustness of attitude information aided receiver design.
Finally, simulation results are presented in Section V, while
Section VI concludes the paper.

Notations: Bold uppercase A denotes a matrix and bold
lowercase a denotes a vector. AT ,AH , and A−1 denotes
the transpose, conjugate transpose, and the inverse of A
respectively. ∥A∥F is the Frobenius norm of A. tr (A) is its
trace and |A| is its determinant; diag (a1, . . . , aN ) represents
a block diagonal matrix whose diagonal entries are given by
{a1, . . . , aN}; E [·] is the expectation operator; CN (µ,Σ)
denotes a Guassian random variable with mean µ and the
variance Σ.

II. SYSTEM MODEL

A. Transmission Model

Consider a multi-user mmWave system that consists of
one base station (BS) with Nt antennas and K UEs. Each
UE is equipped with Nr antennas. We focus on the multi-
user digital beamforming case in which the BS communicates
with every UE via Ns streams, with Ns ≤ min (Nt, Nr).
Therefore, the total number of streams is KNs. We consider a
narrowband block-fading channel model which is widely used
in the studies on beamforming [24], [25]. Then the received
signal observed by the j-th UE can be written as

yj = WH
j HjFx+WH

j nj , (1)

where Wj ∈ CNr×Ns is the combining matrix of the j-th
UE and normalized to satisfy ∥Wj∥2F = Ns, F ∈ CNt×KNs

is the transmit precoding matrix and normalized to satisfy
∥F∥2F = KNs. x = [xT1 ,x

T
2 , . . . ,x

T
K ]T ∈ CKNs is the

transmit signal vector in which the j-th UE’s symbols are
represented by xj ∈ CNs , with E[xxH ] = ρIKNs , where
ρ = P/KNs, and P is the average total transmitted power.
Finally, nj ∼ CN

(
0, σ2

j I
)
∈ CNr is the Gaussian noise

corrupting the received signal.
Since mmWave channels are expected to have limited

scattering characteristic, we adopt a narrowband geometric
channel model between the BS and each UE [25]. The channel
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Hj is assumed to be a sum of the contributions of Lj
scattering clusters. Each cluster consists of one propagation
path. Therefore, the discrete-time narrowband channel Hj can
be written as

Hj =

√
NtNt
Lj

Lj∑
i=1

α
(j)
i ar(θ

(j)
i )aHt (ϕ

(j)
i ), (2)

α
(j)
i is the complex gain of i-th scattering cluster. We assume

that Lj = L, 1 ≤ j ≤ K. The variables (θ
(j)
i , ϕ

(j)
i ) ∈ [0, 2π]

represent AoA and AoD of BS and UE. They are assumed
to be randomly distributed with a constant angular spread
(standard deviation) of σ2

θ and σ2
ϕ respectively. at(ϕ) and

ar(θ) are the antenna array response vectors of the uniform
linear array (ULA) at the BS and UE, respectively, which can
be written as

at(ϕ) =
1√
Nt

[1, ej
2π
λ d cosϕ, . . . , ej

2π
λ d(Nt−1) cosϕ]T , (3)

ar(θ) =
1√
Nr

[1, ej
2π
λ d cos θ, . . . , ej

2π
λ d(Nr−1) cos θ]T , (4)

where λ is the signal wavelength, and d is the distance between
antenna elements. Thus, equation (2) can be rewritten as

Hj = A(j)
r Σ(j)A

(j)H

t (5)

where

A(j)
r = [ar(θ

(j)
1 ),ar(θ

(j)
2 ), . . . ,ar(θ

(j)
L )], (6)

A
(j)
t = [at(ϕ

(j)
1 ),at(ϕ

(j)
2 ), . . . ,at(ϕ

(j)
L )], (7)

Σ(j) =

√
NtNt
L

diag(α
(j)
1 , α

(j)
2 , . . . , α

(j)
L ). (8)

Note the results presented in this paper can be extended for
other antenna array structures as well. Assuming equal power
allocation across all the user streams by the BS, the sum
spectral efficiency is given by [26] and [27]

R(F,W) =

K∑
j=1

log2
(∣∣I+ ρR−1

j WH
j HjFjF

H
j HH

j Wj

∣∣),
(9)

where R−1
j = ρ

∑K
i=1,i̸=j W

H
j HjFiF

H
i HH

j Wj+σ
2
jW

H
j Wj

is the interference from other UEs plus the noise covariance
matrix.

B. Block Diagonalization Algorithm with Subspace Projection
Based AoD

In this section, we adopt BD methods to eliminate IUI.
Conventional BD algorithms [27], [28] require the BS to
have full CSI, which might lead to a lower efficiency when
the wireless channel changes rapidly. Since mmWave channel
shows the spatial-domain sparsity and geometric properties,
it is sufficient for achieving BD of the composite multi-user
channel with only AoD message associated with every UE
[29], [30]. Thus, we explain how BD with subspace projection
based AoD (SP-AoD-BD) works as follows.
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Fig. 1. X-Y represents the global coordinate system of BS while x-y
represents the local coordinate system of UE. The dotted line represents the
axis after rotation. ULA is implemented along x axis and the first element of
antenna array is at the origin point. The red arrow indicates the direction of
the propagation path.

Let Htot =
[
HT

1 ,H
T
2 , . . . ,H

T
K

]T
denote the composite

multi-user channel. From equation (5), it can be written as

Htot =


A

(1)
r Σ(1)

. . .
A

(K)
r Σ(K)




A
(1)H

t
...

A
(K)H

t

 ,
(10)

where [A
(1)
t ,A

(2)
t , . . . ,A

(K)
t ]H is known to the BS. For

simplicity, assume the rank of the channel matrix of each UE is
r = L. Let Ã(j)

t = [A
(1)
t , . . . ,A

(j−1)
t ,A

(j+1)
t , . . . ,A

(K)
t ]H =

Ũ(j)Λ̃(j)Ṽ(j)H , and we could opt for

F
(j)
1 null = Ṽ(j)(:, (K − 1)L+ 1 : Nt), (11)

which corresponds to the orthogonal complement of the in-
terference subspace [30]. Arbitrarily choosing L columns in
(11) as the first precoding matrix to eliminate IUI might result
in very poor performance, since the choice of basis may
potentially be orthogonal to the user-signal. Therefore, a set of
basis vectors that align with signal space needs to be carefully
chosen, which can be handled with subspace projection.

Let A
(j)H

t = Ū(j)Λ̄(j)V̄(j)H , and we opt for F
(j)
1 sig =

V̄(j)(:, 1 : L) which corresponds to the signal space. Let
P

(j)
1 null and P

(j)
1 sig represent the projection matrices asso-

ciated with F
(j)
1 null and F

(j)
1 sig respectively. Then we could

obtain the first precoding matrix by performing singular value
decomposition (SVD) on the matrix P

(j)
1 sigP

(j)
1 null, which can

be written as

F
(j)
1 = V

(j)
1 (:, 1 : L) ∈ CNt×L, (12)

where V
(j)
1 is the right singular matrix of P

(j)
1 sigP

(j)
1 null.

We can find that the first precoding matrix not only satisfies
HiF

(j)
1 = ONr×L, 1 ≤ i ̸= j ≤ K, but also align with the

j-th user-signal space F
(j)
1 sig . Then, the total effective channel

matrix will present a block structure as

H
(eff)
tot = HtotFtot1 =


H1F

(1)
1 0

. . .
0 HKF

(K)
1

 . (13)
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This allows SVD to be determined individually to maximize
the spectral efficiency for each UE when equal power is
allocated across streams with high SNR [31]. Define the
effective channel matrix of j-th UE and its ordered SVD as

H
(eff)
j = A(j)

r Σ(j)A
(j)H

t F
(j)
1 = U

(j)
2 Λ

(j)
2 V

(j)H

2 , (14)

where U
(j)
2 and V

(j)
2 are unitary matrices and Λ

(j)
2 contains

the singular values arranged in decreasing order. Furthermore,
we define the following partitions

U
(j)
2 =

[
U

(j)
a U

(j)
b

]
,

Λ
(j)
2 =

[
Λ

(j)
a

Λ
(j)
b

]
,

V
(j)
2 =

[
V

(j)
a V

(j)
b

]
,

(15)

where U
(j)
a ∈ CNr×Ns , V

(j)
a ∈ CL×Ns and Λ

(j)
a ∈

CNs×Ns(Ns ≤ L).
Then we obtain the combining matrix and the second pre-

coding matrix, which eliminates the inter-stream interference.
They can be written as

Wj = U(j)
a , (16)

F
(j)
2 = V(j)

a . (17)

Thus, the final precoding matrix of the j-th UE is given by

Fj = F(:; (j − 1)Ns : jNs) = F
(j)
1 F

(j)
2 . (18)

With each UE’s combining matrix chosen as (16) and precod-
ing matrix chosen as (18), the sum spectral efficiency in (9)
becomes

R =

K∑
j=1

Rj =

K∑
j=1

log2

(∣∣∣∣∣I+ ρ

σ2
j

Λ(j)2

a

∣∣∣∣∣
)
. (19)

C. Rotation Models of UEs

We will analyze how the rotations affect the mmWave
channel and transceiver designs in this section. Consider two
adjacent channel estimations within a block. The block-length
is related to the channel coherence time, which is generally
small in mmWave systems. Thus, it is assumed that there is
no large-scale movement of UE or environment variation. As
to the small-scale displacement and rotations of UEs, the link
quality is mainly affected by the latter one since the small-
scale displacement of UEs can be ignored compared to the
distance from the BS [19], [32]. Therefore, we can focus on
the effects of UEs’ rotations on the mmWave channel.

1) Before the rotation: We take the j-th UE as an example.
The channel between BS and UE is given by (5) and the
transceiver designs are given by (16) and (18).

2) After the rotation: As shown in Fig. 1, since the block-
fading model applies to a channel in which several adjacent
symbols are affected by the same fading value. It is believed
that the surrounding environment is basically unchanged dur-
ing the two adjacent estimations [32]–[34]. Therefore, the
distribution of propagation paths in the global coordinate
system at BS remains unchanged. The AoDs at BS are not

affected by the rotation of UE. Moreover, the distance of
UE from the BS does not change. This means the path loss
coefficient is also a constant [23]. The rotation only changes
the AoAs in the local coordinate system at UE [19]. The AoAs
at UE change from θ

(j)
i to θ

(j)
i + ∆θ(j). Here we use the

superscript ′ to denote the parameters after the rotation. Then,
we can reconstruct the channel matrix as

H′
j = A′(j)

r Σ(j)A
(j)H

t = CjHj , (20)

where A′(j)
r = [ar(θ

(j)
1 + ∆θ(j)), . . . ,ar(θ

(j)
L + ∆θ(j))]

is the array response matrix after the rotation and Cj =

A′(j)
r (A

(j)H

r A
(j)
r )−1A

(j)H

r describes the relationship between
the channel matrix before and after the rotation.

Remark 1 (Zero feedback transceiver design): Since attitude
information is measured at UEs during the rotation, updating
CSI at BS will generate too much overhead for feedback. Note
that AoD message is sufficient for achieving BD structure.
Thus, we consider keeping the precoding unchanged and
leaving UEs to compensate the rotation with the observed
AoA variations from motion sensors. This approach will be
discussed further in Section III.

III. AIA-BD RECEIVER DESIGN

In this section, we propose the AIA-BD algorithm that
redesign the receiver by using attitude information. The pro-
posed algorithm leverages the structure of block diagonaliza-
tion to decouple different UEs and provides a near-optimal
sum spectral efficiency after UEs rotation.

A. AIA-BD Receiver Design Algorithm
If the overall precoding matrix is kept to be the same as

before the rotation F′
j = Fj = F1

(j)F2
(j), 1 ≤ j ≤ K, the

sum spectral efficiency will be a function of the combining
matrix. We first simplify it by substituting the precoders (18)
into (9). Note that some superscripts of singular matrices will
be dropped in the derivation for simplicity.

Substituting the precoders (18) into (9) and using (14) and
(20), one has

R′
j(W

′
j)

= log2

(∣∣∣INs
+ ρ(σ2

jW
′H
j W′

j)
−1

×W′H
j H′

jFjFj
HH′H

j W′
∣∣∣∣)

= log2

(∣∣∣INs
+ ρ(σ2

jW
′H
j W′

j)
−1

W′H
j A′(j)

r Σ(j)

×A
(j)H

t F
(j)
1 V

(j)
a V

(j)H

a F
(j)H

1 A
(j)
t Σ(j)HA′(j)H

r W′
j

∣∣∣∣)
= log2

(∣∣∣INs
+ ρ(σ2

jW
′H
j W′

j)
−1

W′H
j CjU

(j)
2 Λ

(j)
2

×V
(j)H

2 V
(j)
a V

(j)H

a V
(j)
2 Λ

(j)H

2 U
(j)H

2 CH
j W′

j

∣∣∣∣)
= log2

(∣∣∣INs
+ ρ

σ2
j
(W′H

j W′
j)

−1

×W′H
j CjU

(j)
a Λ

(j)
a Λ

(j)H

a U
(j)H

a CH
j W′

j

∣∣∣∣)
= log2

(∣∣∣INs
+ ρ

σ2
j
Λ2
aU

H
a CH

j W′
j

× (W′H
j W′

j)
−1

W′H
j CjUa

∣∣∣∣) .
(21)
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It is noted that W′
j(W

′H
j W′

j)
−1W′H

j is an orthogonal
projective operator which has Hermitian and idempotent prop-
erties. Hence we could perform Schmidt Orthogonalization on
W′

j as

W′
jPj

(
(W′

jPj)
H
W′

jPj

)−1

(W′
jPj)

H

= W′
jPj

(
P−1
j (W′H

j W′
j)

−1(
PH
j

)−1
)
PH
j W′H

j

= W′
j(W

′H
j W′

j)
−1W′H

j ,

(22)

where Pj ∈ CNs×Ns is an invertible matrix that consists of el-
ementary transforms of Schmidt Orthogonalization. Therefore
we can simplify (W′H

j W′
j)

−1 to the identity matrix INs.
Although we impose the constraints W′H

j W′
j = INs on

the combining matrix, the orthogonal basis transform has no
effect on the column space of the matrix and hence, the
constraints do not increase the complexity of the problem.
Thus, the sum spectral efficiency in (9) becomes

K∑
j=1

R′
j(W

′
j) =

K∑
j=1

log2

(∣∣∣INs
+ ρ

σ2
j
Λ2
aU

H
a CH

j

× W′
jW

′H
j CjUa

∣∣∣) , (23)

where W′H
j W′

j = INs for 1 ≤ j ≤ K.
The above object function is still non-concave according to

the composition rules. Directly maximizing the sum spectral
efficiency in (23) is intractable. The following proposition can
be used to obtain an equivalent problem.

Proposition 1 (Approximate problem of maximizing the sum
spectral efficiency): Maximizing the sum spectral efficiency
in (23) can be approximated to K orthogonal Procrustes
problems

P1 : min
W′

j

∥W′
j −CjUa∥

2

F , 1 ≤ j ≤ K

s.t.W′H
j W′

j = INs.
(24)

Proof: This is given in the appendix A ■
From Proposition 1, we can easily obtain the solution by

using Lagrange Multiplier method [35]. We first simplify the
objective function

∥W′
j −CjUa∥2F = tr

(
(W′

j −CjUa)
H
(W′

j −CjUa)
)

= tr(W′H
j W′

j)− 2tr(W′H
j CjUa) + tr(UH

a CH
j CjUa)

= −2tr(W′H
j CjUa) +Ns + tr(UH

a CH
j CjUa).

(25)
Since Ns and tr(UH

a CH
j CjUa) are constant, the problem

will become

max
W′

j

tr(W′H
j CjUa)

s.t.W′H
j W′

j = INs.
(26)

The Lagrange function of (26) is

L(W′
j ,Λλ) = tr(W′H

j CjUa)− tr(Λλ(W
′H
j W′

j − INs))
(27)

where Λλ ∈ CNs×Ns is the Lagrange multiplier ma-
trix. The derivative of L(W′

j ,Λλ) can be calculated
∂L(W′

j ,Λλ)/∂W
′
j = CjUa −W′

j(Λλ + ΛH
λ ). Thus we

can find that the maximum value is obtained when W′H
j

satisfies W′H
j CjUa = (Λλ + ΛH

λ ). Assuming the singular
value decomposition CjUa = UΛVH , we have

tr(W′H
j CjUa) = tr(W′H

j UΛVH) = tr(VHW′H
j UΛ).

(28)
Therefore, the optimal solution of P1 is

W′
j = U(:, 1 : Ns)V

H . (29)

However, the solution still contains one SVD operation which
could be further simplified. From the perspective of SVD
decomposition, the essence of the receiver’s compensation is
to align the column space with the wireless channel column
space after rotation. We note that the receiver design in
(29) has the same column space as CjUa. We can choose
W′

j = αCjUa as the final combining matrix solution, where
α makes ∥W′

j∥2F = Ns. Notice Ua is just the receiver before
rotation and Cj can be calculated with attitude information.

To conclude, with the transmitter unchanged during the
rotation, we have the sub-optimal receiver

W′
j = αCjUa, (30)

and the whole procedure is given in Alogrithm 1. In the first
stage, the link configuration is completed and we obtain the
initial precoding matrix and combining matrix with the help
of channel training. The initial AoD message used for block
diagonalization at BS can be achieved through uplink channel
sounding as detailed in [11], [36]. The initial AoA knowledge
can be obtained with the help of channel estimation algorithm,
such as MUSIC algorithm [37]. In the second stage, UEs com-
pensate for the rotation with attitude information during each
channel estimation period. The max channel estimation times
in one block is indicated by the variable max estimation,
which can be calculated with channel coherent time and
estimation interval.

Remark 2 (Other antenna array structures): The proposed
AIA-BD receiver design algorithm is also applicable to other
antenna arrays. The different antenna array structures only
result in different ways we reconstruct the AoAs at receivers.
For example, considering a three-dimension beamforming, UE
rotation will change the elevation angles and azimuth angles of
arrivals in the local coordinate system. However, in the global
coordinate system at BS, the absolute directions of propagation
paths would never change. By utilizing this characteristic, the
AoAs can be reconstructed through coordinate transformation
with the help of attitude information. Furthermore, the entire
derivations for the receiver design do not involve the expres-
sions of antenna array response vectors. thus the proposed
algorithm can be easily extended to the other antenna array
structures.

Remark 3 (Complexity analysis): Since the initial precoding
matrix and combining matrix for each UE are computed by
using SP-AoD-BD algorithm. Thus, the complexity of our
proposed algorithm is the same as SP-AoD-BD algorithm
in stage 1. In the adaptive compensation phase, with the
transmitter unchanged, attitude information is utilized to help
redesign the receiver for each UE. This significantly reduces
the feedback overhead compared to the SP-AoD-BD joint
transceiver design algorithm.
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Algorithm 1 AIA-BD Receiver Design Algorithm

Require: k = 0, max estimation, ∆θ(j), K
Stage1(Link Configuration):
1) For j = 1, 2, . . .K: Compute F

(j)
1 with At in (11)

2) Determine Ar and Σ by downlink channel training and
construct the effective channel matrix H

(eff)
j

3) For j = 1, 2, . . .K: Compute F
(j)
2 in (15) and Wj in

(16) using SVD decomposition of H(eff)
j

Stage2(Adaptive Compensation):
Keep F′

j = F
(j)
1 F

(j)
2 , let Wjtmp

= Wj

while k < max estimation do
for j = 1, 2, . . .K do
A′(j)

r = [ar(θ
(j)
1 +∆θ(j)), . . . ,ar(θ

(j)
L +∆θ(j))]

W′
j = A′(j)

r (A
(j)H

r A
(j)
r )−1A

(j)H

r Wjtmp

Wjtmp
= W′

j

W′
j ← W′

j

∥W′
j∥Ns

end for
k = k + 1

end while

Moreover, we compare the computational complexity of
proposed AIA-BD receiver design to SP-AoD-BD algorithm.
We consider how many times multiplication in the process
of computing the combining matrix for each UE. Note the
dimension of matrix (A

(j)H

r A
(j)
r )−1 is L × L. By using

Gaussian elimination, the complexity of calculating the in-
verse is 1

2L
3 + 3

2L. The dimension of matrices A′(j)
r , A(j)H

r

and Wjtmp are Nr × L, L × Nr and Nr × Ns respec-
tively. Therefore, the whole complexity of computing W′

j =

A′(j)
r (A

(j)H

r A
(j)
r )−1A

(j)H

r Wjtmp in the proposed algorithm
can be written as

C1 =
1

2
L3 +

3

2
L2 + 2N2

rL+N2
rNs. (31)

To perform SP-AoD-BD algorithm, firstly, the effective chan-
nel matrix of each UE needs to be recalculated. The com-
putational complexity of matrix multiplication of H′(eff)

j =

A′(j)
r Σ(j)A

(j)H

t F
(j)
1 is NrL2 + 2NrNtL. Then, SVD is op-

erated to obtain the optimal combining matrix, and the com-
plexity is given as NrL2+L2Nr. Thus, the whole complexity
of SP-AoD-BD algorithm can be written as

C2 = 2NrL
2 + 2NrNtL+ L2Nr. (32)

Without loss of generality, it is assumed that Nr ≤ Nt. It
is noted that in the mmWave MIMO system, Nt is very large
while L and Ns is quite small. It is obvious that the complexity
of our proposed algorithm is not affected by the number of
antennas at BS.

Furthermore, we have provided the curves of how the com-
plexity scales with L, Nr and Nt in Fig. 2. It shows that the
computational complexity of our proposed algorithm is much
lower than SP-AoD-BD joint transceiver design algorithm in
most cases.

B. Performance Analysis

The main idea of Algorithm 1 is to keep the transmitter
the same as that before the rotation while updating the re-
ceiver with attitude information. This is a sub-optimal scheme
because a joint transceiver design is the optimal one. So
we evaluate the feasibility and rationality of our proposed
algorithm in this section. We will prove that the sum spectral
efficiency achieved by Algorithm 1 can reach R in equation
(19).

The performance loss between Algorithm 1 and the sum
spectral efficiency in (19) comes from two parts. The first part
is the gap between R′ and R which is caused by the rotation.
Note R′ and R are both achieved through joint transceiver
designs. Denote the loss between them as ∆R1. The second
part is caused by the method of keeping the precoding matrix
unchanged during the rotation. We denote the loss between∑K
j=1R

′
j(W

′∗
j )|F′

j=Fj
and R′ as ∆R2.

We first focus on ∆R1. As the AoDs at BS are immune to
the rotation, the first precoding matrix is always the same.
We only have to focus on the procedure of maximizing
the spectral efficiency for each UE which depends on SVD
decomposition of the effective channel matrix H′(eff)

j . The
following proposition shows that the achievable sum spectral
efficiency is the same as that before the rotation for the j-th
UE when Nr is very large.

Proposition 2 (∆R1 approaches zero when Nr is large):
When the number of antennas at UE approaches infinity,
the achievable sum spectral efficiency approaches that before
rotation. It can be described as

lim
Nr→∞

∆R1 = lim
Nr→∞

(R−R′) = 0. (33)

Proof: This is given in the appendix B ■
From Propostion 2, we have proved that the achievable

sum spectral efficiency are almost the same with and without
rotation. Furthermore, we evaluate the conclusion with simu-
lation results in Fig 3. It can be seen that ∆R1 is very small
with different numbers of antennas in mmWave system. To
explore the accurate performance gap ∆R2 between AIA-BD
and optimal joint transceiver design after the rotation, we have
the following proposition

Proposition 3 (Upper bound of performance loss ∆R2):

∆R2 =

K∑
j=1

R′
j −

K∑
j=1

R′
j

(
W′∗

j

)∣∣∣∣∣∣
F′

j=Fj

≤
K∑
j=1

(L−Ns)log2

(
1 +

ρ

σ2
j

∥∥∥Λ(j)
b

∥∥∥2
2
∥Cj∥22

)
.

(34)

Proof: This is given in the appendix C ■
Remark 4 (Scenarios without performance loss): 1) In the

case of only one user, the first precoding matrix of BD no
longer exists. The whole procedure will be the same as the
SVD algorithm [23]. Since SVD exploits the freedom of
wireless channels sufficiently, the number of data stream Ns
can reach the rank of channel matrix. In addition, the SVD
algorithm is inclined to use larger singular values which means
the element of Λ(j)

b is rather small. Thus, the performance loss
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Fig. 2. The computational complexity of our proposed AIA-BD algorithm is much lower than SP-AoD-BD joint transceiver design algorithm in most cases.
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Fig. 3. The gap ∆R1 with different numbers of the BS and UE antennas. It shows the gap between between R′ and R is generally negligible.

is negligible. 2) When the number of data streams of each UE
is equal to the rank of channel matrix, the performance loss
will be zero (L = Ns)

Since the proposed algorithm can reach the optimal sum
spectral efficiency R′ after the rotation, AIA-BD design can
reach R in mmWave massive MIMO systems from proposition
2.

IV. ROBUST AIA-BD RECEIVER DESIGN

Note that, in the practical system, the UEs may not have the
accurate attitude information from motion sensors. This means
UEs do not have perfect knowledge of the AoA variations
caused by the rotation. Thus, the compensation method at
receiver discussed in Section III may not achieve a good
performance. So we reformulate the problem to provide an
efficient solution that can handle this case.

A. Error Model

Assume that the AoDs at BS and path loss are perfect. The
measurement error occurs when AoA variations are estimated
[38]. Let ∆θ(j) denote the actual AoA variation and ψ(j)

denote the observed AoA variation of the j-th UE. Thus we
have

∆θ(j) = ψ(j) − n(j)θ , (35)

where n
(j)
θ represents the measurement error and follows a

Gaussian distribution n
(j)
θ ∼ N(0, σ2

θj
). The observed AoA

variations and the estimated channel matrix from ψ(j) after
rotation are given as

A′(j)
rob

= [ar(θ
(j)
1 + ψ(j) − n(j)θ ), . . . ,ar(θ

(j)
L + ψ(j) − n(j)θ )],

(36)
H′

job = A′(j)
rob

Σ(j)A
(j)H

t = CjobHj , (37)

where Cjob = A′(j)
rob

(A
(j)H

r A
(j)
r )−1A

(j)H

r . Since the precod-
ing matrix in the proposed AIA algorithm is not related to
AoA, we can still keep the transmitter unchanged as in Section
III. The difference is that we need to consider the statistical
property of spectral efficiency for each UE because of the
random variable n(j)θ .

B. Robust Design of Receiver

In the rotation compensation phase, maximizing the sum
spectral efficiency with measurement error can be approxi-
mated to solve the following receiver design problem.

Proposition 4 (Approximate problem of maximizing the
sum spectral efficiency with measurement error): The robust
receiver can be obtained by solving the following problem

P2 : min
W′

j

E
[
∥W′

j −CjobUa∥
2

F

]
, 1 ≤ j ≤ K

s.t.W′H
j W′

j = INs.

(38)

Proof: The approximate problem can be proved similar to
Appendix A. ■

The closed-form solution can be obtained by using the
Taylor expansion. From (30), we know the format of solution
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which includes the random variable n(j)θ could be expressed
as

W′∗
j = αE [Cjob ]Ua. (39)

By using the definition of Cjob in (37), E [Cjob ]Ua can be
further simplified as

E [Cjob ]Ua = E

[
A′(j)

rob
(A

(j)H

r A
(j)
r )

−1

A
(j)H

r

]
Ua

= E
[
A′(j)

rob

]
(A

(j)H

r A
(j)
r )−1A

(j)H

r Ua.

(40)
The expectation of element in matrix A′(j)

rob
is

E
[
A′(j)

rob
(s, p)

]
= E

[
1√
Nr

e
j 2π

λ d(s−1) cos
(
θ(j)p +ψ(j)−n(j)

θ

)]
,

(41)
and using the second order Taylor expansion to approximate
A′(j)

rob
(s, p) when n(j)θ is small, one has

A′(j)
rob

(s, p) = A′(j)
r0 (s, p)+n

(j)
θ A′(j)

r1 (s, p)+n
(j)2

θ A′(j)
r2 (s, p) ,

(42)
where

A′(j)
r0 (s, p) =

1√
Nr

ej
2π
λ d(s−1) cos(θ(j)p +ψ(j)), (43)

A′(j)
r1 (s, p) =

1√
Nr

j
2π

λ
d (s− 1) sin

(
θ(j)p + ψ(j)

)
× ej

2π
λ d(s−1) cos(θ(j)p +ψ(j)),

(44)

A′(j)
r2 (s, p) =− 1√

Nr

1

2

(
4π2

λ2
d2(s− 1)

2
sin2

(
θ(j)p + ψ(j)

)
+ j

2π

λ
d (s− 1) cos

(
θ(j)p + ψ(j)

))
× ej

2π
λ d(s−1) cos(θ(j)p +ψ(j)).

(45)
By using (39), the final solution can be obtained as

W′∗
j =αE

[
A′(j)

r0 (s, p) + n
(j)
θ A′(j)

r1 (s, p) + n
(j)2

θ A′(j)
r2 (s, p)

]
× (A(j)H

r A(j)
r )−1A(j)H

r Ua

=αA′(j)
r0 (s, p) (A(j)H

r A(j)
r )−1A(j)H

r Ua

+ ασ2
θjA

′(j)
r2 (s, p) (A(j)H

r A(j)
r )−1A(j)H

r Ua

=α
(
Cj0 + σ2

θjCj2

)
Ua.

(46)
where Cj0 and Cj2 are the matrices which only depend on the
observed AoA variation ψ(j). In (46), the first part αCj0Ua is
actually the solution that calculated over the observed values
as in (30).

It is noted that, in the derivation of (46), we utilize the
Taylor expansion. It will lead to approximation errors. The
dominant one between measurement error and approximation
error will determine the final receiver. Let σ2

threshold denote
the variance when the measurement error and approximation
error have the same effects on the spectral efficiency. We have
the following rules: when σ2

θj
≤ σ2

threshold, we design the
receiver with W′∗

j = αCj0Ua. Otherwise, we adopt W′∗
j =

α
(
Cj0 + σ2

θj
Cj2

)
Ua to account for the error caused by the

sensors.

TABLE I
MAIN PARAMETERS

Parameters Values

Carrier frequency 28GHz
Number of clusters 3

Number of rays (Each cluster) 1
Max data streams (Each UE) 2

Antenna array structure ULA
Antenna array element space 0.5λ

Angular spreads at BS 7◦

Angular spreads at UE 7◦

V. SIMULATION RESULTS AND DISCUSSION

In this section, we present the simulation results to demon-
strate the performances of the proposed AIA algorithms. We
assume the geometric channel model as discussed in Section
II with Lj = 3 clusters. Each cluster consists of only one
ray. The clusters are set as uniform distribution. In addition,
it is assumed that α(j)

i ∼ CN
(
0, σ2

α,i

)
, where σ2

α,i represents
the average power of the i-th scattering cluster. The cluster
powers are such that

∑Lj

i=1 σ
2
α,i =

√
NtNr/Lj . The angular

spreads at both ends are equal and set as σ2
θ = σ2

ϕ = 7◦.
In all our simulations, both BS and UEs are assumed to
have their antennas arranged in ULA with element space
d = λ/2. Furthermore, the channel estimation period is set
as 500 symbols. Consider Nt symbols used as pilots without
compressed sensing, then 500 −Nt symbols can be used for
data transmission. The main parameters have also been shown
in Table 1. The curves are obtained by averaging over one
thousand channel realizations at each SNR point.

We first evaluate the performance of the proposed AIA-
BD receiver design algorithm. Consider a multi-user mmWave
system, where the BS has Nt = 64 and each UE has Nr = 8.
For simplicity, we assume that each UE rotates around the
y-axis from 0 degree to 15 degrees and receives at most two
data streams. Fig. 4 reveals that the sum spectral efficiency
will degrade significantly without compensation. In addition,
we demonstrate the performance of AIA-BD algorithm by
using SP-AoD-BD algorithm with CSI after the rotation for
comparison. It is shown that the proposed algorithm achieves
almost the same performance as SP-AoD-BD even with a
relatively large angle. In practice, the rotation angle is very
small between two adjacent compensations. This is because the
duration of two adjacent compensations in mmWave systems
is very short, which is generally milliseconds. The rapidest
rotation of UE is hundreds degrees per second in practical
scenarios. Therefore, the rotation angle is always small and the
performance loss caused by keeping the transmitter unchanged
can be ignored.

Now Assume that there are four UEs in a mmWave system.
They rotate 30°, 10°, 10° and 18°, respectively, during one
rotation. The BS has Nt = 128 and each UE has Nr = 16.
In Fig. 5, the performance of the proposed AIA-BD receiver
design is very close to the SP-AoD-BD algorithm. Further-
more, we also compare the proposed design with the AIA
BeamSteering method [22], [39]. In the AIA BeamSteering
algorithm, the antennas at transceivers are aligned to the
direction with the largest gain after rotation and BD is ex-
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Fig. 4. The sum spectral efficiency versus the angle of rotation for different
transmission schemes. Each UE works in a 64×8 mm-wave system and rotates
around y-axis simultaneously. The SNR is set as 10 dB.
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Fig. 5. The performances of various transceiver designs with each UE
working in a 128×16 mm-wave system. The proposed AIA-BD algorithm
performs better than AIA Beamsteering method, and achieves the sum spectral
efficiency similar to SP-AoD-BD.
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Fig. 6. The sum spectral efficiency achieved versus diffident number of
antennas at UE. The SNR is set as 10dB and the BS is applied with 128
antennas. Other simulation parameters are set as in Fig. 4. This result evaluates
that the proposed AIA-BD algorithm can approximate the SP-AoD-BD with
various scale antenna array.
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Fig. 7. Comparison of the sum spectral efficiency as a function of the number
of users K at SNR values of 10dB and 20dB. In a multi-user scenario, BS has
Nt = 128 and each UE is equipped with 16 antennas. Plots (a)-(c) correspond
to the scenarios where the number of data streams of each UE range from 1
to 3.
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Fig. 8. The spectral efficiency achieved versus different measurement errors
with statistics modified AIA-BD design and initial AIA-BD design. It is
evident that the robust receiver with modification will perform better even
with a relative large measurement error.

ploited to make sure that the precoding matrix of one UE is
orthogonal to other UEs’ channel. It is seen from Fig. 5 that
the proposed AIA-BD receiver design attains a significantly
better performance than the AIA BeamSteering method with
practical antenna arrays. A gain of about 8 bps/Hz is observed
when Ns = 1. With the increase of data streams, the sum
spectral efficiency obtains a gain of 10 bps/Hz.

To show the performances of mmWave systems for different
antenna arrays, we adjust the number of antennas at UE.
Consider BS has Nt = 128 and transmits at most two data
streams to each UE. Other settings are the same as Fig
4. Fig. 6 shows that the sum spectral efficiency achieved
by AIA-BD algorithm has a great improvement over the
AIA BeamSteering method. Meanwhile, when the number
of antennas at UE becomes large, the increase of spectral
efficiency is very small. This is because the channel training
overhead has significantly increased.

Fig. 7 shows the sum spectral efficiency as a function of the
number of users at SNR values of 10dB and 20dB. The BS
has Nt = 128 and each UE has Nr = 16. Other settings
are the same as Fig.4. One sees that the proposed AIA-
BD algorithm can be well applied in multi-user scenarios.
With the number of data streams increasing, the performance
gap between the proposed design and joint transceiver design
gradually approaches zero.

Fig. 8 illustrates the performance of proposed AIA-BD
with robust design which utilizes the statistical information
of measurement error σθj . We take UE1 as an example, as
other UEs have the same results. Considering UE1 working in
a 64×16 mmWave system. Other settings are the same as Fig.
4. The measurement error variance data can be obtained from
the performance indicators of gyroscopes, such as fixed angle
deviation stability and random angle deviation stability. We
can find that with the measurement error increasing, the AIA-
BD robust receiver will gradually give a better performance.

The above simulation results have showed that the proposed
AIA-BD receiver algorithm can efficiently compensate the
performance loss caused by UE’s rotation and can approach

the sum spectral efficiency obtained by joint transceiver de-
sign. The robust AIA-BD receiver could also achieve a better
performance even with a relative large measurement error.
Moreover, considering the implementation of the proposed
design in practical mmWave systems, the number of user
antennas is limited. Based on the complexity analysis and
simulation results, each UE should be equipped with 8 or 16
antennas when BS has Nt = 64 or Nt = 128. To achieve
higher sum spectral efficiency, the number of data streams for
each UE should be as close as possible to Lj .

VI. CONCLUSION

In this article, we have proposed a low-complexity AIA-BD
receiver design algorithm for multi-user mmWave communi-
cations. In our design, we have first decoupled UEs based
on SP-AoD-BD. Then, the performance degradation caused
by UEs’ rotations is compensated only at the receivers with
the attitude information from motion sensors. Compared with
the joint transceiver design, we have theoretically proved that
the proposed AIA-BD receiver design algorithm is capable of
achieving the near-optimal performance. Moreover, in AIA-
BD algorithm, no feedback is required between BS and
UEs during the rotation to substantially reduce the training
overhead. Simulation results have demonstrated the proposed
algorithm could efficiently avoid the performance degradation
and approach the performance obtained by joint transceiver
design. Future work in this area includes the application for
more complex scenarios. Attitude change and movement of
UEs should be simultaneously considered in the transceiver
design algorithm. Additionally, the angular velocity of rotation
could be utilized for accurate beam management.

APPENDIX A
PROOF OF PROPOSITION 1

Since we have decoupled the performance corresponding to
different UE with AoD-BD method. The problem of maximiz-
ing the sum spectral efficiency is equivalent to maximize the
spectral efficiency for each UE.

We take the j-th UE as an example in the following
derivation. Note that its spectral efficiency in (23) becomes
Rj in (19) when W′

j satisfies CH
j W′

j = Ua. Here we make
the assumption that the mmWave system parameters are such
that CH

j W′ can be made sufficiently “close” to Ua. This
assumption is equivalent to that R′

j(W
′
j) can generally reach

Rj and we have proved it in proposition 2 and proposition
3. On the other hand, such assumption is similar to the
high-resolution approximation used in codebooks and can be
generally realized in mmWave systems [40]. Mathematically,
this “closeness” can be defined by following two equivalent
approximations.

1) The eigenvalues of the matrix INs −
UH
a CH

j W′
jW

′H
j CjUa are small. In the case of

mmWave system, this can be equivalently stated as
UH
a CH

j W′
j ≈ INs.

2) The singular values of UH
b CH

j W′
j are small or

UH
b CH

j W′
j ≈ 0.
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The above approximations allow us to prove that the spectral
efficiency in (23) is very close to the objective function in (24).

R′
j(W

′
j)

= log2

(∣∣∣INs +
ρ
σ2
j
Λ2
aU

H
a CH

j W′
jW

′H
j CjUa

∣∣∣)
(a)
= Rj + log2

(∣∣∣∣INs
−
(
INs

+ ρ
σ2
j
Λ2
a

)−1
ρ
σ2
j
Λ2
a

×
(
INs −UH

a CH
j W′

jW
′H
j CjUa

)∣∣∣∣)
(b)
≈ Rj − tr

(∣∣∣∣(INs
+ ρ

σ2
j
Λ2
a

)−1
ρ
σ2
j
Λ2
a

×
(
INs
−UH

a CH
j W′

jW
′H
j CjUa

)∣∣∣∣)
(c)
≈ Rj − tr

(
INs
−UH

a CH
j W′

jW
′H
j CjUa

)
= Rj −

(
Ns −

∥∥UH
a CH

j W′
j

∥∥2
F

)
(d)
≈ Rj −

(
∥Wj −CjUa∥2F

)
,

(47)

where (a) is obtained by defining the matrices
A = UH

a CH
j W′

jW
′H
j CjUa, B = ρ

σ2
j
Λ2
a and noting

that (I+BA) = (I+B)
(
I− (I+B)

−1
B (I−A)

)
.

The simplification in (b) follows from the approx-
imation that the eigenvalues of the matrix X =(
INs

+ ρ
σ2
j
Λ2
a

)−1
ρ
σ2
j
Λ2
a

(
INs
−UH

a CH
j W′

jW
′H
j CjUa

)
are small and use the following approximation
log2 (|INs

−X|) ≈ log2 (1− tr (X)) ≈ −tr (X). (c)
follows from high SNR approximation and finally we use
Euclidean distance to replace chordal distance in (d) because
of the manifold’s locally Euclidean property [41].

Thus, maximizing the sum spectral efficiency in (23) can be
approximated to minimizing ∥Wj −CjUa∥2F for each UE.
Therefore, we can write the approximate problem as in (24).

APPENDIX B
PROOF OF PROPOSITION 2

Define the ordered SVD of j-th UE’s effective channel
matrix after rotation as

H′(eff)
j = A′(j)

r Σ(j)A
(j)H

t F
(j)
1 = U′(j)

2 Λ′(j)
2 V′(j)H

2 , (48)

where U′(j)
2 ∈ CNr×L, V′(j)

2 ∈ CNr×L are unitary matrices,
Λ′(j)

2 ∈ CNr×L consists of all the singular values. Further-
more, we can define the following partitions

U′(j)
2 =

[
U′(j)

a U′(j)
b

]
,

Λ′(j)
2 =

[
Λ′(j)

a

Λ′(j)
b

]
,

V′(j)
2 =

[
V′(j)

a V′(j)
b

]
.

(49)

where U′(j)
a ∈ CNr×Ns , V′(j)

a ∈ CL×Ns , Λ′(j)
a ∈

CNs×Ns . Let us focus on the matrix H′(eff)H
j H′(eff)

j and

H
(eff)H

j H
(eff)
j

Using (14),(15),(48) and (49), we have

H′(eff)H
j H′(eff)

j

= F
(j)H

1 A
(j)
t Σ(j)HA′(j)H

r A′(j)
r Σ(j)A

(j)H

t F
(j)
1

= V′(j)
2 Λ′(j)2

2 V′(j)H
2 ,

(50)

H
(eff)H

j H
(eff)
j

= F
(j)H

1 A
(j)
t Σ(j)HA

(j)H

r A
(j)
r Σ(j)A

(j)H

t F
(j)
1

= V
(j)
2 Λ

(j)2

2 V
(j)H

2 .

(51)

By using the massive MIMO array in mmWave systems,
the beams formulated will be sufficiently narrow, such that
the inter-beam interference can be omitted. The array response
matrix of ULA in the poor scattering channel is regarded to
be orthogonal. Then, we could obtain lim

Nr→∞
A′(j)H

r A′(j)
r =

lim
Nr→∞

A
(j)H

r A
(j)
r = INr

[42]. Thus we have

H′(eff)H
j H′(eff)

j vi = H
(eff)H

j H
(eff)
j vi

= F
(j)H

1 A
(j)
t Σ(j)HΣ(j)A

(j)H

t F
(j)
1 vi

= λ2ivi,
(52)

where λi is the ith non-zero singular value of Λ(j)
2 , vi is the

ith column of V
(j)
2 . According to the relationship between

eigenvalue decomposition and singular value decomposition,
we can write

lim
Nr→∞

Λ′(j)
2 = Λ

(j)
2 . (53)

We generalize this result to all the UEs and could obtain

lim
Nr→∞

∆R1 = lim
Nr→∞

(R−R′)

= lim
Nr→∞

(
K∑
j=1

log2

(∣∣∣I+ ρ
σ2
j
Λ

(j)2

a

∣∣∣))

− lim
Nr→∞

(
K∑
j=1

log2

(∣∣∣I+ ρ
σ2
j
Λ′(j)2

a

∣∣∣))
= 0.

APPENDIX C
PROOF OF PROPOSITION 3

Note
K∑
j=1

R′
j

(
W′∗

j

)∣∣∣∣∣
F′

j=Fj

is the sum spectral efficiency

attained by keeping transmitter unchanged. Here we consider

W′
j = U′(j)

a in
K∑
j=1

R′
j

(
W′∗

j

)∣∣∣∣∣
F′

j=Fj

which is generally not

the optimal solution when the attitude has changed, because
the optimal one should have the same column space as the
receiver in (24). Thus, we have

K∑
j=1

Rj (W
′
j)

∣∣∣∣∣∣
W′

j=U′(j)
a ,F′

j=Fj

≤
K∑
j=1

Rj
(
W′∗

j

)∣∣∣∣∣∣
F′

j=Fj

,

and the performance loss satisfies the following inequality
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∆R2 ≤
K∑
j=1

R′
j −

K∑
j=1

R′
j (W

′
j)

∣∣∣∣∣∣
W′

j=U′(j)
a ,F′

j=Fj

. (54)

We extend the second term on the right side in (54)

K∑
j=1

R′
j (W

′
j)

∣∣∣∣∣
W′

j=U′(j)
a ,F′

j=Fj

=
K∑
j=1

log2

(∣∣∣INs +
ρ
σ2
j
U′(j)H

a H′
jFjFj

HH′H
j U′(j)

a

∣∣∣)
=

K∑
j=1

log2

(∣∣∣INs
+ ρ

σ2
j
U′(j)H

a H′(eff)
j V

(j)
a

×V
(j)H

a H′(eff)H
j U′(j)

a

∣∣∣)
=

K∑
j=1

log2

(∣∣∣INs +
ρ
σ2
j
V

(j)H

a V′(j)
a Λ′(j)2

a V′(j)H
a V

(j)
a

∣∣∣).
(55)

We first use the partitions defined in (15) and define the
partition of the matrix V

(j)H

2 V′(j)
a Λ′(j)2

a V′(j)H
a V

(j)
2

V
(j)H

2 V′(j)
a Λ′(j)2

a V′(j)H
a V

(j)
2 =

[
P11 P12

P21 P22

]
, (56)

where
P11 = V(j)H

a V′(j)
a Λ′(j)2

a V′(j)H
a V(j)

a ,

P12 = V(j)H

a V′(j)
a Λ′(j)2

a V′(j)H
a V

(j)
b ,

P21 = V
(j)H

b V′(j)
a Λ′(j)2

a V′(j)H
a V(j)

a ,

P22 = V
(j)H

b V′(j)
a Λ′(j)2

a V′(j)H
a V

(j)
b .

From the Schur complement identity for matrix determi-
nants, the sum spectral efficiency in (55) can be further
simplified

K∑
j=1

R′
j (W

′
j)

=
K∑
j=1

log2

(∣∣∣IL + ρ
σ2
j
V

(j)H

2 V′(j)
a Λ′(j)2

a V′(j)H
a V

(j)
2

∣∣∣)
−

K∑
j=1

log2

(∣∣∣∣IL−Ns
+ ρ

σ2
j
P22 −

(
ρ
σ2
j

)2
P21

×
(
INs

+ ρ
σ2
j
P11

)−1

P12

∣∣∣∣) .
(57)

Notice the first term in (57)

S1 =
K∑
j=1

log2

(∣∣∣IL + ρ
σ2
j
V

(j)H

2 V′(j)
a Λ′(j)2

a V′(j)H
a V

(j)
2

∣∣∣)
=

K∑
j=1

log2

(∣∣∣IL + ρ
σ2
j
Λ′(j)2

a V′(j)H
a V

(j)
2 V

(j)H

2 V′(j)
a

∣∣∣)
(a)
=

K∑
j=1

log2

(∣∣∣INs
+ ρ

σ2
j
Λ′(j)2

a

∣∣∣)
(58)

is exactly
K∑
j=1

R′
j , where (a) follows that V

(j)
2 , V′(j)

2 are

unitary matrices.

Therefore, we only have to simplify the second term in (57)

S2
(a)
=

K∑
j=1

log2

(∣∣∣IL−Ns +
ρ
σ2
j
V

(j)H

b V′(j)
a Λ′(j)

a

×
(
IL − ρ

σ2
j
X
(
INs +

ρ
σ2
j
XHX

)−1

XH

)
×Λ′(j)

a V′(j)H
a V

(j)
b

∣∣∣∣)
(b)
=

K∑
j=1

log2

(∣∣∣IL−Ns
+ ρ

σ2
j
V

(j)H

b V′(j)
a Λ′(j)

a

×
(
IL + ρ

σ2
j
XXH

)−1

Λ′(j)
a V′(j)H

a V
(j)
b

∣∣∣∣)
(c)
=

K∑
j=1

L−Ns∑
i=1

log2

(
1 + λi

{
ρ
σ2
j
V

(j)H

b V′(j)
a Λ′(j)

a

×
(
IL + ρ

σ2
j
XXH

)−1

Λ′(j)
a V′(j)H

a V
(j)
b

})
(d)

≤
K∑
j=1

(L−Ns) log2
(
1 +

∥∥∥ ρ
σ2
j
V

(j)H

b V′(j)
a Λ′(j)

a

×
(
IL + ρ

σ2
j
XXH

)−1

Λ′(j)
a V′(j)H

a V
(j)
b

∥∥∥∥
2

)
(e)

≤
K∑
j=1

(L−Ns) log2
(
1 + ρ

σ2
j

∥∥∥V(j)H

b V′(j)
a Λ′(j)

a

∥∥∥2
2

)
(f)
=

K∑
j=1

(L−Ns) log2
(
1 + ρ

σ2
j

∥∥∥Λ(j)
b U

(j)H

b CH
j U′(j)

a

∥∥∥2
2

)
(g)

≤
K∑
j=1

(L−Ns)log2
(
1 + ρ

σ2
j

∥∥∥Λ(j)
b

∥∥∥2
2
∥Cj∥22

)
,

(59)
where (a) is obtained by defining P11 = XHX, (b) follows the
inverse matrix equation (I+BA)

−1
= I−B(I+AB)

−1
A,

let B = ρ
σ2
j
X, A = XH , the λi {A} in (c) represents

the ith singular value of matrix A, (d) follows the defi-
nition of 2-norm, (e) and (g) follows the submultiplicative
property of 2-norm. Finally, (f) follows the SVD of chan-
nel matrix V

(j)H

b V′(j)
a Λ′(j)

a = V
(j)H

b H
(eff)H

j CH
j U′(j)

a =

Λ
(j)
b U

(j)H

b CH
j U′(j)

a .
Therefore, we have

∆R2 ≤
K∑
j=1

(L−Ns)log2

(
1 +

ρ

σ2
j

∥∥∥Λ(j)
b

∥∥∥2
2
∥Cj∥22

)
.
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