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Abstract—Massive multiple-input multiple-output (MIMO),
combined with millimeter-wave (mmWave) is a promising so-
lution for the sixth generation (6G) communication systems.
Due to numerous obstacles in rich scattering environments, the
massive MIMO in the beam domain at mmWave bands exhibit
complex characteristics that have not been taken into account
in previous studies. In this paper, a novel beam domain channel
model (BDCM) with mixed-bouncing clusters for massive MIMO
scenarios at mmWave bands is proposed. In this proposed BDCM,
the line-of-sight (LoS) ray, single bouncing ray, and double-
bouncing ray are simultaneously considered. Moreover, the non-
stationarity of the propagation channel is modeled by determin-
ing visibility regions (VRs) of the single-bouncing and double-
bouncing clusters, respectively. Based on this proposed model,
the spatial-temporal correlation function (ST-CF) is obtained
and simulated results show that the single-bouncing clusters
make a significant contribution on the ST-CF. Finally, impact
of the single-bouncing clusters on the other statistical property,
such as channel capacity, is also presented. Results suggest that
ignoring the non-stationarity and power contribution of the
single-bouncing rays may lead to inaccurate evaluation of the
channel capacity. The proposed model may be used in the 6G
massive MIMO communication systems at mmWava bands.

Index Terms—BDCM, mmWave band, 6G, cluster-based
model, statistical properties.
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I. INTRODUCTION

MASSIVE mutiple-input multiple-output (MIMO) tech-
nology at millimeter wave (mmWave) band plays a

crucial role in sixth generation (6G) communication systems
with improved data transmission rates, channel capacity, and
spectrum efficiency [1]-[5]. By converting the massive MIMO
channels from the spatial domain to the beam domain, the
unaffordable hardware cost and power consumption in conven-
tional massive MIMO systems can be solved [6]-[8]. The key
technique of beam domain is to uniformly sample the spatial
domain [9]. The less directive beams can significantly reduce
the effective massive MIMO size and the number of associated
RF chains [10]. Moreover, adaptive beamforming techniques,
which generate narrow beams in specific directions to ensure
higher throughput and better energy efficiency, can be used
to overcome the higher path loss and higher penetration
loss at the mmWave band [11]. With the narrowed beam
width, inter-user interference is mitigated, and opportunities
for eavesdropping are reduced, which can be widely applied
in future 6G systems [12]-[14]. However, the rich scattering
environment can block mmWave signals, resulting in severe
channel non-stationarity and dense multipath effects. Thus, it
is essential to study the scattering characteristics for massive
MIMO at 6G mmWave band in the beam domain channels.

The first beam domain channel model (BDCM) can be
traced back to 2013 [15], and a prototype continuous aperture
phased (CAP) MIMO beam domain system is used in [16] to
conduct the first multi-beam MIMO system measurement at
28 GHz. In these models, the beamforming is accomplished
by a lensed antenna array, concentrating signal power from
different directions onto different antennas. In recent years,
the on-beam domain implementations have been modeled in
several aspects such as secret key generation [17], co-time
co-frequency uplink and downlink (CCUD) transmission [18].
These models are based on the existing basis expansion model
without considering clusters in the environment. Generally,
the existing BDCMs are developed based on geometric-based
stochastic models (GBSM) and can be summarized into two
types. The first type is developed based on single-bouncing
GBSM. Propagation neglecting double-bouncing rays is di-
vided into line-of-sight (LoS) and non-line-of-sight (NLoS).
These models possess lower computational complexity [19].
The second type is based on double-bouncing GBSM. In
these models, the multi-bouncing rays can be characterized
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sufficiently by adjusting the twin-clusters [20]. But, extensive
channel measurements show that there is the coexistence of
the single-bouncing and multi-bouncing rays in a number
of propagation scenarios [21], [22]. Unfortunately, double-
bouncing clusters cannot characterize the single-bouncing rays
accurately. This is because the correlation between the angle
of arrival (AoA) and angle of departure (AoD) cannot be
described even if ignoring the virtual link. Therefore, the
single-bouncing and double-bouncing clusters should be si-
multaneously considered in the channel models. However, to
the best of the authors’ knowledge, the BDCM that can model
both the single-bouncing rays and the double-bouncing rays is
still missing.

To fulfill this gap, a novel BDCM with mixed-bouncing
clusters is proposed, where the single-bouncing cluster and
double-bouncing cluster are generated respectively. The main
contributions and innovations of this paper can be summarized
as follows.

1) A novel mixed-bouncing BDCM, where the LoS ray,
single-bouncing rays, and double-bouncing rays are considered
simultaneously, is proposed in this paper. The channel non-
stationarity is also modeled by determining the visibility
regions (VRs) of the single-bouncing and double-bouncing
clusters, respectively. Extensive channel measurements show
the accuracy of the proposed model.

2) Based on this proposed model, the spatial-temporal corre-
lation function (ST-CF) of the beam-domain channel is derived
and Monte-Caro simulations verify accuracy the derivations.
Moreover, simulated results explore the impact of the power
ratio and variable VRs of the single-bouncing clusters on the
ST-CFs.

3) Impact of the single-bouncing clusters on the channel
capacity is analyzed for the first time. Simulated results
suggest that ignoring both the VRs and power contributions of
the single-bouncing clusters may lead to inaccurate evaluation
of the channel capacity.

The rest of this paper is organized as follows. Section II
briefly reviews the related works on BDCM. Section III gives
the novel BDCM based on the GBSM and the cluster-based
channel model. Statistical properties of the proposed model
are derived in Section IV. Results and analysis are presented
in Section V. Finally, conclusions are drawn in Section VI.

Notation : |·| means absolute value, ||·|| means length of
a vector, (·)∗, (·)T , (·)H mean complex conjugation, trans-
pose, and conjugate transpose operations, respectively, det (·)
means determinant operator, ⊙ and ⊗ mean Schur-Hadamard
(element-wise) product and Kronecker product, respectively,
E{·} accounts for statistical average.

II. RELATED WORKS

In the past decades, scholars have conducted studies
on beam domain implementation in [23]-[28], including
mmWave beam alignment, mmWave power leakage, beam
non-orthogonal multiple access (NOMA), beam focusing, and
mmWave beam synchronization. However, they have certain
limitations without considering the scattering environment.
Meanwhile, the channel non-stationarity is not fully considered
in papers on conventional BDCM [16]-[18].

TABLE I
KEY PARAMETERS

key parameter
Ai,j Antenna in the jth row and the ith column of the UPA

Ph,Pv Dimensions of the array in azimuth and elevation,respectively
Pk power of the kth path

dh,dv Spacings of adjacent antennas in azimuth and elevation,respectively
v, α Speed and travel azimuth angle of the UT,respectively
D Distance between the center of Tx and Rx

θTp,k, θ
R
q,k Azimuth angles of kth path at the BS and UT sides,respectively

φT
p,k, φ

R
q,k Elevation angles of kth path at the BS and UT sides,respectively

DT
m/s

, DR
n/s

Distance between the cluster and Tx/Rx
αT
m/s

, αR
n/s

Azimuth angles of cluster at Tx and Rx
βT
m/s

, βR
n/s

Elevation angles of cluster at Tx and Rx

Taking both scattering environment and non-stationarity into
consideration, recent works on BDCM can be summarized
into two types: single-bouncing models and double-bouncing
models.

A. Single-bouncing models
The model in [19] is developed by extending the GBSM

ellipse model with single-bouncing birth-death process. The
near-field effect and spatial-temporal non-stationarity are con-
sidered in BDCM for the first time. The proposed model
maintains the same cluster-level performance as the existing
GBSM with significantly reduced computational complexity.
However, extensive channel measurements suggest that there
are simultaneously single-bouncing and double-bouncing rays
in the different propagation scenarios, which cannot be pre-
cisely described by these models [21].

B. Double-bouncing models
The cluster VR concept [29] is introduced into the beam

domain model in [20] with double-bouncing cluster process.
VR refers to an area over the antenna array. Only the antennas
in the assigned VR can observe the corresponding clusters.
The model in [30] is proposed to meet the on-demand com-
munications in unmanned aerial vehicles (UAVs) scenarios.
The accuracy, complexity, and pervasiveness of the model
are also analyzed. Unfortunately, the models above neglect
the correlation between AoAs and AoDs of single-bouncing
clusters. The double-bouncing models cannot represent the
single-bouncing rays even if ignoring the virtual link [31].

III. BDCM FOR MASSIVE MIMO
COMMUNICATIONS AT MMWAVE BANDS

The massive MIMO communication system at mmWave
band is depicted in Fig. 1. The transmitter (Tx) employs a fixed
large uniform plane antenna array (UPA) and is aligned on Y-Z
planes with dimensions Ph×Pv . The single-antenna receiver
(Rx) represents the user terminal (UT) which can move in an
arbitrary direction α and an arbitrary speed v.

In the propagation environments, the multipath components
(MPCs) are typically distributed as clusters, sharing similar
delays and angles. Considering the rich scattering environment
at the mmWave band, clusters are defined in two types: 1)
SBCs (single-bouncing clusters), the square pattern in Fig. 1;
2) DBCs (double-bouncing clusters), the triangle pattern in
Fig. 1. Related parameters and definitions are listed in Table
I.
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Fig. 1. mmWave massive MIMO communication system with angular parameters and single- and double-bouncing scattering propagation.

A. GBSM with mixed-bouncing clusters

In the model, each of rays is assumed to be uncorrelated and
the power assigned to each ray is individually calculated [32].
Specifically, the proposed model does not assume far field
conditions for conventional MIMO channels and the wavefront
of each link is spherical [33], [34]. Considered the mixed LoS
ray, the single-bouncing ray, and the double-bouncing ray, the
channel impulse response (CIR) between the jth (j = 1, ...,
Pv) column and the ith (i = 1, ..., Ph) row antenna of the
UPA and UTs is given as

hij,k(τ)= hLoS
ij,k (τ) + hSBC

ij,k (τ) + hDBC
ij,k (τ) (1)

where

hLoS
ij,k (τ)=

1√
Ph × Pv

√
KR

KR+1
∗ fG

i,j(τ)

· ej(2πf
LoSτ+ϕLoS)

(2)

hSBC
ij,k (τ)=

1√
Ph × Pv

√
ηSPk

KR+1
∗fG

i,j(τ)

· lim
S→∞

S∑
s=1

ej(2πf
SBCτ+ϕSBC)
√
S

(3)

hDBC
ij,k (τ)=

1√
Ph × Pv

√
ηDPk

KR+1
∗fG

i,j(τ)

· lim
M,N→∞

M,N∑
m,n=1

ej(2πf
DBCτ+ϕDBC)
√
MN

(4)

where the symbol KR is the Rice factor, denoting the power
contribution of the LoS rays and the NLoS rays, Pk is the

normalized total power between Tx and Rx of the kth mix-
bouncing ray, ηS and ηD are the power contribution ratio of
SBCs and DBCs, respectively, satisfying ηS+ηD =1, the sym-
bols f and ϕ are Doppler frequency and phase, respectively,
and fG

i,j(τ) is the transfer function between UPA and UTs
based on GBSM as follows [20]

fG
ij,k(τ) = ej2π[vkτ−fcτk+Φk]

× ej
2π
λ [(i−1)dh cosφT

p,k sin θT
p,k+(j−1)dv sinφT

p,k]
(5)

where the first half of the expression represents the fre-
quency and phase shifts caused by the movement of UTs. The
doppler frequency is expressed as vk = fk ·cosφR

q,k ·cos(θRq,k−
α), where fk = v/λ,and λ accounts for the wavelength.
Furthermore, fc and τk are the carrier frequency and the path
delay of the kth ray, respectively. The phase shift Φk of the
kth ray is uniformly distributed in [0, 2π), i.e., Φk ∼ U [0, 2π).
The second half of the expression is the response of the UPA
side in antenna domain.

B. VR model of the single-bouncing and double-bouncing
clusters

In the proposed model, a VR is defined as the projection
of the influence region caused by the clusters in the array
domain. The length and position of the VR in the horizontal
and vertical directions for the kth path in the UPA are defined
as

Lh/v
k =

(
I
h/v
e,k − I

h/v
s,k

)
· dh/v (6)

O(τ) =


(
Ihe,k − Ihs,k

)
2

,

(
Ive,k − Ivs,k

)
2

 (7)
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where Ihe,k and Ihs,k are the end and start column indexes of the
UPA, respectively. Ive,k and Ivs,k are the respective end and start
row indexes of the UPA, which follow a uniform distribution
[36], i.e., Ihe,k, Ihs,k ∼ U(0, Ph) and Ive,k, Ivs,k ∼ U(0, Pv).

In addtional, the cluster movement also has a great influence
on VR as shown in Fig. 2. When a SBC is moved, both the
TX and Rx are effected and lead to a shift in the length and
position of the VR; while due to virtual links, the movement of
a DBC often exists only at one end. Therefore, considering the
case of SBC movement, the VR should be updated at different
moments to simulate the real propagation conditions, i.e.,

O(τ2) = O(τ1) + ∆d. (8)

where ∆d is the projection length vector of the moving SBC
on the antenna array.

(a)

(b)

Fig. 2. Examples of influence of clusters movement on the VR (a) SBCs,
and (b) DBCs.

Specifically, it should be noted that the clusters’ VR lengths
are different in both the horizontal and vertical directions in
the UPA due to the non-stationary behavior of the isotropic
channel in the array domain. In our simulation, the gain of VR
is configured to be either 1 or 0, representing the activity or not
of the relevant cluster, and the parameter ε is the proportion
of SBCs in VR. It is worth mentioning that larger ε means a
sparser scattering environment.

C. Model for each ray
As shown in Fig. 1, a lot of SBCs and DBCs are dis-

tributed in the scattering environment. The distance between
the cluster and Tx/Rx follows an exponential distribution [35]:
DT

m/s(t), D
R
n/s(t) = kdd/dse

−kdd/ds , where kdd and kds are
the distance parameters for DBCs and SBCs, respectively.
Distance vectors between the clusters and Tx and Rx are
denoted as DT

m/s(t) and DR
n/s(t), respectively, which can be

given as follows

DT
m/s(t) = DT

m/s(t)

 cosαT
m/s(t) cosβ

T
m/s(t)

sinαT
m/s(t) cosβ

T
m/s(t)

sinβT
m/s(t)

 (9)

and

DR
n/s(t) = DR

n/s(t)

 cosαR
n/s(t) cosβ

R
n/s(t)

sinαR
n/s(t) cosβ

R
n/s(t)

sinβR
n/s(t)

+D (10)

where DT
m/s(t) and DR

n/s(t) are the Frobenius norms of
DT

m/s(t) and DR
n/s(t), respectively, and D is the initial posi-

tion vector of the receiver and is assumed to equal [D, 0, 0]T .
1) LoS components: The LoS distance vector εLoS

ij (t) is
calculated according to the geometrical relationship in Fig. 1
as follows

εLoS
ij (t)=

∥∥DLoS
ij (t)

∥∥=∥∥AR(t)−AT
ij(t)

∥∥ (11)

where AR(t) and AT
ij(t) represent the position vectors of re-

ceive antenna AntR(t) and (i, j)th transmit antenna AntTij(t),
respectively. Then, the doppler frequency and phase shift can
be calculated as follows

fLoS
ij (t)=

fT
max<DLoS

ij (t),vT >∥∥DLoS
ij (t)

∥∥∥vT ∥
+
fR
max<D

LoS
ij (t),vR>∥∥DLoS

ij (t)
∥∥∥vR∥

(12)

and

ϕLoS
ij (t) = ϕ0 +

2π

λ
εLoSij (t) = ϕ0 +

2π

λ

∥∥DLoS
ij (t)

∥∥ (13)

where fT
max and fR

max are the respective maximum doppler
frequencies at transmit and receive antennas, vT and vR are the
velocity vectors of the Tx and Rx, respectively, ϕ0 is the initial
phase, and the operator< ·> represents the inner product.

2) SBC components: For the single-bouncing ray, the com-
plex channel gain between the antennas AT

ij and AR through
the kth ray within cluster Cs can be expressed as

- if AT
ij ∈ AT

Cs
(t) and AR ∈ AR

Cs
(t), and D ≥ DT , the

complex channel gain hs
ij,k,Cs

is an effective link caused by
the kth single-bouncing ray within cluster Cs

- otherwise
hs
ij,k,Cs

= 0 (14)

The distance vector of the single-bouncing link is calculated
as follows

εSBC
ij,s (t) =εTs (t) + εRs (t)

=
∥∥DT

s (t)−AT
ij(t)

∥∥+ ∥∥DR
s (t)−AR(t)

∥∥ . (15)

It should be noticed that, the transmission distance between
the SBCs and Tx/Rx, i.e., DT

s (t) and DR
s (t), are naturally

correlated. In other words, the transmission distance between
SBCs and Rx, DR

s (t) should be calculated as DR
s (t) =

DLoS
ij (t)−DT

s (t).
Then, the doppler frequency and phase shift can be respec-

tively calculated as follows

fSBC
ij,s (t) =

fT
max < DT

s (t)−AT
ij(t),vT >∥∥DT

s (t)−AT
p (t)

∥∥ ∥vT ∥

+
fR
max < DR

s (t)−AR(t),vR >∥∥DR
s (t)−AR

q (t)
∥∥ ∥vR∥

(16)
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and

ϕSBC
ij,s (t)=ϕ0+

2π

λ
εSBC
ij,s (t)

=ϕ0+
2π

λ

(∥∥DT
s (t)−AT

ij(t)
∥∥+∥∥DR

s (t)−AR(t)
∥∥) .

(17)

3) DBC components: Similarly, for the double-bouncing
ray, the complex channel gain between the antennas AT

ij and
AR through the kth ray within cluster Cd can be expressed as

- if AT
ij ∈ AT

Cd
(t) and AR ∈ AR

Cd
(t), the complex channel

gain hs
ij,k,Cd

is an effective link caused by the kth double-
bouncing ray within cluster Cd

- otherwise
hd
ij,k,Cd

= 0 (18)

The distance vector of the double-bouncing link is calcu-
lated as follows

εDBC
ij,n,m(t) = εTm(t) + εRn (t) + εmn(t)

=
∥∥DT

m(t)−AT
ij(t)

∥∥+∥∥DR
n (t)−AR(t)

∥∥+cτ̃k(t)
(19)

where τ̃k(t) is the abstracted delay of the virtual link between
the first- and last-bouncing clusters in the scattering environ-
ment which follows as in the WINNER II channel model [34]

τ̃k = −rτστ · lnun (20)

where un is uniformly distributed within (0,1), rτ is the delay
scalar and στ is a randomly generated delay spread (alternative
parameters for different scenarios can be found in [33]).

In additional, the first bouncing and the last bouncing rays
are independent of each other and randomly generated which
is distinct from the generation of SBCs. Note that DT

m(t) and
DR

n (t) are indepentdent of each other.
Then, the doppler frequency and phase shift can be respec-

tively calculated as follows

fDBC
pq,n,m(t) =

fT
max <

∥∥DT
m(t)−AT

p (t)
∥∥ ,vT >∥∥DT

m(t)−AT
p (t)

∥∥ ∥vT ∥

+
fR
max < DR

n (t)−AR
q (t),vR >∥∥DR

n (t)−AR
q (t)

∥∥ ∥vR∥

(21)

and

ϕDBC
pq,n,m(t)= ϕ0 +

2π

λ
εDBC
pq,n,m(t). (22)

The mean power for kth path is generated as [34]

Pk = exp

(
−τ̃k

rτ − 1

rτστ

)
10−

zn
10 (23)

where Zn follows a Gaussian distribution N∼(0, ντ ),ντ being
a shadow fading standard deviation for different scenarios. The
power for the kth path is then normalized into P̃k = Pk∑

K

Pk
.

In our simulation, the mean power for SBCs are rela-
tively larger than DBCs while numbers of SBCs are less
than DBCs to describe the real scattering environment. The
mixed-bouncing clusters generation algorithm is summarized
as follows.

Algorithm 1: Mixed-bouncing Clusters Generation
Input: numbers of SBCs, NS , and DBCs, ND in the

scenario;
Output: DT

s (t); D
T
m(t); DR

n (t);
1 Initialization: set the values of transceiver distance D ;
2 for n = 1, · · · , NS do
3 if AT

ij ∈ AT
Cs

(t), AR ∈ AR
Cs

(t) then
4 Generate vectors of SBCs DT

s (t);
5 else
6 hs

ij,k,Cs
= 0;

7 end
8 end
9 for n = 1, · · · , ND do

10 if AT
ij ∈ AT

Cd
(t) and AR ∈ AR

Cd
(t) then

11 Generate vectors of DBCs DT
m(t) and DR

n (t),
separately;

12 else
13 hd

ij,k,Cd
= 0;

14 end
15 end

D. Novel BDCM with mixed-bouncing clusters

To simplify the analysis, let θazk = dh

λ cosφT
p,k sin θ

T
p,k ,θelk =

dv

λ sinφT
p,k. Therefore, the response matrix for UPA side can

be rewritten as

U
(
θazk , θelk

)
=


1 · · · ej2π(Ph−1)θaz

k

ej2πθ
el
k · · · ej2π[θ

el
k +(Ph−1)θaz

k ]

...
. . .

...
ej2π(Pv−1)θel

k · · · ej2π[(Pv−1)θel
k+(Ph−1)θaz

k ]


= b

(
θelk
)
⊗ a (θazk )

(24)

where a (θazk ) and b
(
θelk
)

are the response vectors in azimuth
and elevation, respectively, i.e.,

a (θazk ) =
[
1, ej2πθ

az
k , . . . , ej2π(Ph−1)θaz

k

]
(25)

and
b
(
θelk
)
=
[
1, ej2πθ

el
k , . . . , ej2π(Pv−1)θel

k

]
. (26)

The beam domain is transferred based on GBSM through a
unitary matrix-based beamforming operation as follows [15]

UB(t) = U
(
θazk , θelk

)
· Ũ∗ (27)

where Ũ is the beamforming matrix as

Ũ = Ũel ⊗ Ũaz (28)

with

Ũaz =
1√
Ph

a
(
θ̃azi

)
, Ũel =

1√
Pv

b
(
θ̃elj

)
. (29)

The response sample vectors Ũaz and Ũel are the uni-
formly spaced spatial frequencies associated with Ph and
Pv , respectively, i.e., θ̃azi = 2i−1

2Ph
− 0.5, i = 1, . . . , Ph and

θ̃elj = 2j−1
2Pv

− 0.5, j = 1, . . . , Pv .
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Considered the VR effect, the antenna domain channel
matrix U(t) at UPA side can be transformed into beam
domain channel matrix UB(t).

UB(t) = U
(
θazk , θelk

)
· Ũ∗

=
(
b
(
θelk
)
⊗ a (θazk )

)
·
(
b
(
θ̃elj

)∗
⊗ a

(
θ̃azi

)∗)
=
(
b
(
θelk
)
· b
(
θ̃elj

)∗)
⊗
(
a (θazk ) · a

(
θ̃azi

)∗)
=

1√
Pv

Iv
e∑

a=Iv
s

ej2πb(θ
el
k −θ̃el

j ) · 1√
Ph

Ih
e∑

b=Ih
s

ej2πa(θ
az
k −θ̃az

i )

=
1√

Pv × Ph

· fIh
s ,Ih

e

(
θazk − θ̃azi

)
· fIv

s ,I
v
e

(
θelk − θ̃elj

)
(30)

where

fIs,Ie(x) = ejπx(Ie+Is−2) sin [πx (Ie − Is + 1)]

sin(πx)
. (31)

where the symbols Is and Ie are the start and end indexes in
the UPA of the cluster VR, respectively.

Finally, the complete beam domain channel matrix HB
ij,k(t)

considering mixed-bouncing ray is obtained as shown at the
top of next page.

IV. STATISTICAL PROPERTIES OF THE BEAM DOMAIN
CHANNEL

A. Spatial-temporal correlation function

The spatial-temporal correlation function (ST-CF) between
channel element hij,k(t) and hi′j′,k(t+∆t) is defined as [38]

ρij,i′j′(δt,δr,∆t;t) = E

[
h∗
ij(t)hi′j′(t+∆t)∣∣h∗

ij(t)
∣∣ · |hi′j′(t+∆t)|

]
(33)

where δt and δr are the antenna spacings at Tx and Rx,
respectively. Based on the uncorrelated scattering assumption,
(33) can be rewritten as the sum of the LoS, SBC, and DBC
components

ρij,i′j′(δt,δr,∆t;t) = ρLoS
ij,i′j′(δt,δr,∆t;t)

+ ρSBC
ij,i′j′(δt,δr,∆t;t)

+ ρDBC
ij,i′j′(δt,δr,∆t;t).

(34)

By substituting (32) into (34),ST-CF is expressed as

ρij,i′j′(δT ,δR,∆t;t)

=
K∑

k=1

e−j2πvk∆t · ejπ
(Ihs +Ihe −2)∆i

Ph ejπ
(IvS+Ive −2)∆j

Pv

·


KR

KR+1 · ejΦLOS

+ ηSPk

KR+1 · E
[
lim

S→∞

∑S
s=1

ejΦ
SBC

S

]
+ηDPk

KR+1 ·E
[

lim
M,N→∞

∑M,N
m,n=1

ejΦ
DBC

MN

]


·DIv
e−Iv

S+1

(
θelk − θ̃elj

)
·DIv

e−Iv
s+1

(
θelk − θ̃elj′

)
·DIh

e −Ih
s +1

(
θazk −θ̃azi

)
·DIh

e −Ih
s +1

(
θazk − θ̃azi′

)

(35)

where ∆i = i′ − i, ∆j = j′ − j, Dn(x) = sin(πnx)
sin(πx) is the

Dirichlet sinc function of degree n, and

ΦLoS = 2πfLoS
i′j′ (t+∆t)(t+∆t)− 2πfLoS

ij (t)t

+ ϕLoS
i′j′ (t+∆t)− ϕLoS

ij (t)
(36)

ΦSBC = 2πfSBC
i′j′ (t+∆t)(t+∆t)− 2πfSBC

ij (t)t

+ ϕSBC
i′j′ (t+∆t)− ϕSBC

ij (t)
(37)

ΦDBC = 2πfDBC
i′j′ (t+∆t)(t+∆t)− 2πfDBC

ij (t)t

+ ϕDBC
i′j′ (t+∆t)− ϕDBC

ij (t).
(38)

1) Spatial cross-correlation function: Setting ∆t = 0 and
∆i, ∆j as variables, the ST-CF reduces to the spatial cross-
correlation function (CCF).

ρij,i′j′(δt,δr;t)

=
K∑

k=1

e
jπ
(Ihs +Ihe −2)∆i

Ph ejπ
(IvS+Ive −2)∆j

Pv

·


KR

KR+1 · ejΦLOS(δt,δr;t)

+ ηSPk

KR+1 · E
[
lim

S→∞

∑S
s=1

ejΦ
SBC (δt,δr ;t)

S

]
+ ηDPk

KR+1 · E
[

lim
M,N→∞

∑M,N
m,n=1

ejΦ
DBC (δt,δr ;t)

MN

]


·DIv
e−Iv

S+1

(
θelk − θ̃elj

)
·DIv

e−Iv
s+1

(
θelk − θ̃elj′

)
·DIh

e −Ih
s +1

(
θazk −θ̃azi

)
·DIh

e −Ih
s +1

(
θazk − θ̃azi′

)
(39)

where

ΦLoS (δt, δr; t) = 2πfLoS
i′j′ (t)t− 2πfLoS

ij (t)t

+ ϕLoS
i′j′ (t)− ϕLoS

ij (t)
(40)

ΦSBC (δt, δr; t) = 2πfSBC
i′j′ (t)t− 2πfSBC

ij (t)t

+ ϕSBC
i′j′ (t)− ϕSBC

ij (t)
(41)

ΦDBC (δt, δr; t) = 2πfDBC
i′j′ (t)t− 2πfDBC

ij (t)t

+ ϕDBC
i′j′ (t)− ϕDBC

ij (t).
(42)

As the spatial CCF ρij,i′j′(δT ,δR;t) depends the values of
i, j, i′, and j′, the wide-sense stationary (WSS) assump-
tion in the array domain is not valid.

2) Temporal autocorrelation function: By setting i = i′,
j = j′, and δt, δr fixed at λ/2, the temporal autocorrelation
function (ACF) ρij,k(∆t;t) is obtained.

ρij(∆t;t)

=
K∑

k=1

e−j2πvk∆t

·


KR

KR+1 · ejΦLOS(∆t;t)

+ ηSPk

KR+1 · E
[
lim

S→∞

∑S
s=1

ejΦ
SBC (∆t;t)

S

]
+ ηDPk

KR+1 · E
[

lim
M,N→∞

∑M,N
m,n=1

ejΦ
DBC (∆t;t)

MN

]


·D2
Iv
e−Iv

s+1

(
θelk − θ̃elj

)
D2

Ih
e −Ih

s +1

(
θazk − θ̃azi

)
(43)

where

ΦLoS(∆t; t) = 2πfLoS
ij (t+∆t)(t+∆t)− 2πfLoS

ij (t)t

+ ϕLoS
ij (t+∆t)− ϕLoS

ij (t)
(44)
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HB
ij,k(t) =

1√
Ph × Pv

K∑
k=1

ej2π[vkτ−fcτk+Φk] × fIh
s ,Ih

e

(
θazk − θ̃azi

)
· fIv

s ,I
v
e

(
θelk − θ̃elj

)
·

(√
KR

KR + 1
ej(2πf

LoSτ+ϕLoS)+

√
ηSPk

KR + 1
lim

S→∞

S∑
s=1

ej(2πf
SBCτ+ϕSBC)
√
S

+

√
ηDPk

KR + 1
lim

M,N→∞

M,N∑
m,n=1

ej(2πf
DBCτ+ϕDBC)
√
MN

)
(32)

ΦSBC(∆t; t) = 2πfSBC
ij (t+∆t)(t+∆t)− 2πfSBC

ij (t)t

+ ϕSBC
ij (t+∆t)− ϕSBC

ij (t)
(45)

ΦDBC(∆t; t) = 2πfDBC
ij (t+∆t)(t+∆t)− 2πfDBC

ij (t)t

+ ϕDBC
ij (t+∆t)− ϕDBC

ij (t).
(46)

The elements from the wholly visible beam domain chan-
nels in the same beam are roughly uncorrelated. In contrast,
the wide beamwidth causes channel elements in VR to be
correlated with one another. This suggests that conventional
BDCM, which ignores the effects of non-stationarity, as well
as SBCs and DBCs, might underestimate the correlation of
the channel elements.

B. RMS beam spread

To describe the power dispersion over beam directions, the
beam spread is introduced into BDCM. The azimuth beam
spread is defined as [20]

σaz
B =

√√√√√∑Ph,Pv

i,j=1 |hi,j |2
(
ϕ̃az
i − µaz

)2
∑Ph,Pv

i,j=1 |hi,j |2
(47)

where µaz is the mean value of ϕ̃az
i and is calculated as

µaz =

∑Ph,Pv

i,j=1 |hi,j |2 ϕ̃az
i∑Ph,Pv

i,j=1 |hi,j |2
. (48)

The elevation beam spread σel
B can be caculated in the same

way by replacing ϕ̃az
i and µaz with ϕ̃el

j and µel, respectively.

C. Channel capacity and power leakage

The channel capacity of the proposed model can be calcu-
lated as

C = log2(det(I +
ρ

Pv × Ph
HB ·HH

B )) (49)

where I represents the identity matrix, and ρ is the signal-to-
noise ratio (SNR).

With the large number of antenna arrays, each beam domain
channel element corresponds to MPCs associated with a spe-
cific physical direction, i.e., (θazk , θelk ) where multipath fading
vanished, and the power leakage can be ignored. However,
in actual massive MIMO scenarios, there are typically many
MPCs with a short VR length [37] leading to a decrease in
spatial resolution and the introduction of multipath fading.

In conventional beam domain channel, the mismatch be-
tween physical path angles (θazk , θelk ) and sampling points
(θ̃azi , θ̃elj ) lead to the power leakage over a range of beam

directions [38]. However, current studies ignore the effect of
SBCs and DBCs, which makes the channel evaluation results
less accurate. The power leakage in the model can be defined
as [18]

Γ = 1−

∑
i∈Ξ(θaz

0 ,Kh),j∈Ξ(θel
0 ,Kv) |hi,j |2∑Ph,Pv

i,j=1 |hi,j |2
(50)

where Ξ (θaz0 ,Kh) and Ξ
(
θel0 ,Kv

)
represent the column and

row indexes of the Kh×Kv subarray centered on the physical
direction of MPC, i.e., (θazk , θelk ), respectively.

V. RESULTS AND ANALYSIS

In this section, the statistical results of the proposed model
for beam domain channel are shown. The conventional BDCM
(by setting VR cluster proportion ε=0) is compared with the
proposed model to show the effect of non-stationarity and
SBCs. In the simulations, MPC parameters such as power,
delay, and angle are generated according to 3GPP TR38.901 in
indoor non-LoS scenarios [35]. The WINNER II model is used
to generate some parameters that cannot be estimated from the
measurements [34]: the azimuth angles of the cluster follow
the von-Mises distribution, where the means and standard
deviations are µT

s = 3π
4 , kTs = 2, µT

m = π, µR
n = π

2 , kTm = 2,
kRn = 2, and the elevation angles of the cluster follow the
cosine distribution with a maximum angle of φmax = π

12 .
Furthermore, the distance parameters between the SBCs and
DBCs to the Tx/Rx is kds = 10m, kdd = 5m, respectively
[41].

Fig. 3 shows the azimuth and elevation beam spread of the
proposed model, respectively. The angular spread and mea-
surement results in [42] are also presented. The measurement
was conducted at 11 GHz with a 256-element UPA in a theater
scenario [42]. In our simulations, model parameters were
optimized by fitting the angular spread to the measured data.
µlgASD and σlgASD are the mean and standard deviation of
the AAoD, and µlgESD and σlgESD are the mean and standard
deviation of the EAoD in cluster level, respectively [37]. In
Fig. 3(a) and (b), for the proposed model with Ph = 64,
Pv = 128, and ε = 0, the beam spread is roughly equal to
the angular spread and measurement data. However, with the
limited resolution of the array, i.e., Ph = 16, Pv = 64, and
ε = 0, the beam spread is larger due to power leakage. For
Ph = 64, Pv = 128, and ε = 0.8, due to the existence of more
VR clusters, the severe power leakage results in significantly
larger beam spread. The above results show the correctness of
the proposed model.

Fig. 4 shows the normalized spatial CCF between beams
for (a) different VR SBCs proportion ε and (b) different
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Fig. 3. Comparison of beam spread, angular spread, and measurement result
[42] in (a) azimuth and (b) elevation(µlgASD = 1.377◦, σlgASD =
2.542◦,µlgESD = 0.0103◦, σlgESD = 0.0351◦).

power contribution ηS . The channel spatial CCF decreases as
the beam indexes ∆i increases. When the non-stationarity is
considered, i.e., the larger ε, the correlation between beams
becomes larger. Additionally, the spatial CCF of the proposed
model also depends on the power contribution of SBCs and
DBCs, i.e., ηS and ηD. When there are only DBCs without
SBCs in the scattering environment, the channel exhibits a
relatively higher CCF. This indicates that the existing models
overestimate the CCF and the proposed model is inherently
spatially non-stationary. In addition, as shown in Fig. 4 (b),
with ε increasing, the correlation then decreases. This is
because that a larger contribution of SBCs, can lead to a larger
envelope fluctuation of the signal, causing a smaller value of
spatial CCFs.

Fig. 5 demonstrates the normalized temporal ACF for (a)
different VR SBCs proportion ε and (b) different power
contributions ηS . It can be seen that in Fig. 5(a), when the
non-stationarity is considered, i.e., the larger ε, the influence
of observable SBCs in the environment is obvious which
means channel variation becomes slower. In Fig. 5(b), the
temporal ACF decreases as the time difference ∆t increases.
When ηS = 0, it means only DBCs are considered in the
environment, which is modeled in [18]. By setting ηS larger,
i.e., with the increasing SBCs, the temporal ACF increases.
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Fig. 4. CCF for (a) different ε and beam correlation for (b) different ηS
(Ph = Pv = 64, D=15m, fc = 28GHz, t = 1s, αT

m/s
= βT

n/s
= π

6
,

αR
m/s

= βR
n/s

= π
4

, α = π/6, v = 5m/s, αsbc = −π/3, vsbc = 3m/s,
ε = 0.4, (a) ηS = 1/3, ηD = 2/3, (b) ε = 0.4 NLoS).

This is due to the effect of the wide beams caused by
SBCs in VR. The non-stationarity increases the beam width
of the visible MPCs, causing the power spread to beams
nearby. In addition, with both SBCs and DBCs existing in the
environment, relatively higher ACF values are observed, which
implies that the existing models do not accurately estimate the
ACF.

Fig. 6 shows the normalized amplitude contours and MPC
angular distribution using a planar antenna array with 64×64
antennas for different VR SBCs proportion ε. For comparison,
the marked ’o’ and ’x’ in Fig. 6(b) represent the MPC
angular distribution of the wholly visible and SBCs in VR,
respectively. In Fig. 6(a), ε = 0 means that the entire antenna
array can be observed by all clusters, which is used in the
existing BDCM. In this case, the spatial resolution is large
enough to discriminate all MPCs for different directions. In
Fig. 6(c), ε = 0.8, considering the influence of SBCs in
VR for αsbc = −π/3, vsbc = 3m/s, the spatial resolution
corresponding to the VR direction is reduced. For example,
in Fig. 6(c), the beam resolution is reduced near position
A40,40, which corresponds to the VR clusters distributed in the
(20◦, 20◦) direction. The beam near position A55,45 becomes
no longer visible. The results show that the non-stationarity
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Fig. 5. ACF for (a) different ε and for (b) different ηS ( Ph = Pv = 64,
D=15m, fc = 28GHz, t = 1s, αT
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ηD = 2/3, (b) ε = 0.4, NLoS).

of the beam domain channel increases the beam width and
decreases the resolution in VR direction, thus affecting the
beam richness and resolution.

Fig. 7 shows the channel capacity of different array config-
urations with different ε. Theoretically, the channel capacity
is proportional to the number of antennas, i.e., the array with
M ×M antennas has M times higher channel capacity gain
than that with the 1 × 1 antenna method [37]. However,
simulation results with two different antenna arrays do not
agree with the theoretical results, which can be explained by
the rich scattering characteristics of the beam domain channel.
Meanwhile, the larger ε for SBCs, the smaller the channel
capacity. This is because that the more VR SBCs cause wider
beams, and reduce the number of independent beams leading
to the lower ergodic capacity of the beam domain channel.
The results suggest that the conventional BDCM ignoring the
non-stationarity and power contributions of SBCs may result
in incorrect estimation of channel capacity.

Fig. 8 depicts the power leakage of the channel. The results
show that the power leakage increases with increasing SNR.
For instance, in the case of ε = 0.2, nearly 35% of the power
is leaked when the SNR is 0dB, while the leakage increases
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Fig. 6. Normalized contour plots of |HB | for (a) ε = 0, (b) angular
distribution of MPCs, and (c) ε = 0.8 (Ph = Pv = 64, D = 15m,
fc = 28GHz, αT
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n/s
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6
, αR

m/s
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n/s
= π

4
, α = π/6,

v = 5m/s, αsbc = −π/3, vsbc = 3m/s, t = 1s, NLoS).

to 60% at 30dB. It can be seen that the power leakage is
up to 90% for ε = 0.8 at arbitrary SNR. In this case, the
power leakage becomes relatively severer. The results show
that the characteristic of non-stationarity underestimates the
power leakage of beam domain channels.

VI. CONCLUSION

A novel mixed-bouncing BDCM at mmWave bands has
been proposed, where both single-bouncing rays and double
bouncing-rays have been considered simultaneously. The well
fit between the simulated and the measurement results exhibits
the correctness of the proposed model. Furthermore, based on
the proposed model, the key channel statistical properties have
been derived and analyzed, including CCF, ACF, beam spread,
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channel capacity, and power leakage. The results show that the
power ratio and variable VRs of the single-bouncing clusters
have a significant impact on the beam domain channel.

However, the proposed model have not take the variations of
angles within clusters into account which emphasizes the effect
of the single-bouncing clusters on beam domain channel. In
the future work, more detailed cluster model can be introduced
into BDCM to make it more general for different realistic
scenarios, and verify the accuracy of the model compared with
measurement data.
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