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[
�gt1(ψt), · · · , �gtNt

(ψt)
]T

(2.1)

�gr(ψr) =
[
�gr1(ψr), · · · , �grNr

(ψr)
]T

(2.2)

�gtnt
(ψt)(nt = 1, · · · ,Nt) nt

�grnr
(ψr)(nr = 1, · · · ,Nr) nr

(A.4) (A.5) θ φ

∫
ψt

|gtv(ψt)|2dψt = 1 (for v = 1, · · · ,Nt) (2.3)∫
ψr

|gru(ψr)|2dψr = 1 (for u = 1, · · · ,Nr) (2.4)
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�gt(θ, φ) =

Jt∑
jt=1

qjt
�k jt (θ, φ) = qT

t
�kt(θ, φ) (2.5)

qt =
[
q

t1, · · · , qtJt

]T
(2.6)

�kt(θ, φ) =
[
�k1(θ, φ), · · · ,�kJt

(θ, φ)
]T

(2.7)

�gr(θ, φ) =

Jr∑
jr=1

qjr
�k jr (θ, φ) = qT

r
�kr(θ, φ) (2.8)

qr =
[
qr1, · · · , qrJr

]T
(2.9)

�kr(θ, φ) =
[
�k1(θ, φ), · · · ,�kJr

(θ, φ)
]T

(2.10)

Jt, Jr

M

�gt(ψt) = QT
t
�kt(ψt) (2.11)

Qt = [qt1, · · · ,qtM] (2.12)

�gr(ψr) = QT
r
�kr(ψr) (2.13)

Qr = [qr1, · · · ,qrM] (2.14)

y(t) ∈ CNr

y(t) =
∫
ψr

∫
ψt

�gr(ψr) · ��h(ψt, ψr, t) · �gT
t (ψt)dψtdψrs(t) + n(t)

= H(t)s(t) + n(t) (2.15)

H(t) ∈ CNr×Nt s(t) ∈ CNt

n(t) ∈ CNr n(t) =
[
n1(t), · · · , nNr

(t)
]T

E[n(t)nH(t)] = PnINr
INr

Nr × Nr

P = E[sH(t)s(t)]
��h(ψt, ψr, t)

θt, φt θr, φr

��h(ψt, ψr, t) = hθtθr (t)θ̂tθ̂r + hθtφr
(t)θ̂tφ̂r + hφtθr (t)φ̂tθ̂r + hφtφr

(t)φ̂tφ̂r (2.16)

(2.15) (2.11) (2.13)
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H(t) =
∫
ψr

∫
ψt

�gr(ψr) · ��h(ψt, ψr, t) · �gT
t (ψt)dψtdψr

= QT
r

∫
ψr

∫
ψt

�kr(ψr) · ��h(ψt, ψr, t) · �kT
t (ψt)dψtdψrQt (2.17)

2.2.2

MIMO

θ̂t, φ̂t θ̂r, φ̂r

e = [θ̂tθ̂r, θ̂tφ̂r, φ̂tθ̂r, φ̂tφ̂r]
T (2.18)

eeH = I4 (2.19)

��Ph(ψt, ψr) = E
[ ∣∣∣∣∣��h(ψt, ψr, t)

∣∣∣∣∣2
]

= E[|hθtθr (t)|2]θ̂tθ̂r + E[|hθtφr
(t)|2]θ̂tφ̂r

+E[|hφtθr (t)|2]φ̂tθ̂r + E[|hφtφr
(t)|2]φ̂tφ̂r

= Ph,θtθr (ψt, ψr)θ̂tθ̂r + Ph,θtφr
(ψt, ψr)θ̂tφ̂r

+Ph,φtθr (ψt, ψr)φ̂tθ̂r + Ph,φtφr
(ψt, ψr)φ̂tφ̂r (2.20)

XPRθtφr
(ψt, ψr), XPRφtθr (ψt, ψr)

��Ph(ψt, ψr) = (1 − XPRθtφr
(ψt, ψr))Ph,θt (ψt, ψr)θ̂tθ̂r

+XPRθtφr
(ψt, ψr)Ph,θt (ψt, ψr)θ̂tφ̂r

+XPRφtθr (ψt, ψr)Ph,φt
(ψt, ψr)φ̂tθ̂r

+(1 − XPRφtθr (ψt, ψr))Ph,φt
(ψt, ψr)φ̂tφ̂r (2.21)

Ph,θt (ψt, ψr) = Ph,θtθr (ψt, ψr) + Ph,θtφr
(ψt, ψr) (2.22)

Ph,φt
(ψt, ψr) = Ph,φtθr (ψt, ψr) + Ph,φtφr

(ψt, ψr) (2.23)
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�Ph,r(ψr) = E
[ ∫
ψt

∣∣∣∣∣��h(ψt, ψr, t)
∣∣∣∣∣2 �gT

t (ψt)�gt(ψt)dψt

]

=

∫
ψt

��Ph(ψt, ψr)�gT
t (ψt)�gt(ψt)dψt, (2.24)

�Ph,t(ψt) = E
[ ∫
ψr

∣∣∣∣∣��h(ψt, ψr, t)
∣∣∣∣∣2 �gT

r (ψr)�gr(ψr)dψr

]

=

∫
ψr

��Ph(ψt, ψr)�gT
r (ψr)�gr(ψr)dψr (2.25)

2.2.3

Nt × Nr MIMO [2]

C̄ = E
[
log2 det

(
INr
+ γ0H(t)HH(t)

)]
(2.26)

γ0 = Ps/Pn Ps = P/Nmin

Nmin = min{Nt,Nr}
R̄c,r ∈ CNr×Nr

R̄c,r = E
[
H(t)HH(t)

]
(2.27)

SNR (signal-to-noise ratio)

[21].

C̄ ∝ log2

(
det R̄c,r

)
(2.28)
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2.6:

2.3

2

(2.11) (2.13)

MIMO

2.6

( )

2
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2.3.1

2.6 r0

rt0, rr0 (

)

Nt0 = �k0rt0� + nt1 (2.29)

Jt = 2Nt(Nt + 2) (2.30)

Nr0 = �k0rr0� + nr1 (2.31)

Jr = 2Nr(Nr + 2) (2.32)

nt1 nr1 10

[53]

nt1 nr1 0

( )

0
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2.3.2

(2.27)

SNR

max C̄ ⇔ max Inf C̄

⇔ max log2

(
det R̄c,r

)
⇔ max det R̄c,r (2.33)

R̄c,r = E
[∫
ψr

∫
ψt

(
�gr(ψr) · ��h(ψt, ψr, t) · �gT

t (ψt)
)

(
�g∗t (ψt) · ��h∗(ψt, ψr, t) · �gH

r (ψr)
)
dψtdψr

]
=

∫
ψr

∫
ψt

�gr(ψr) ·
(
�gT

t (ψt) · ��Ph(ψt, ψr) · �g∗t (ψt)
)

·�gH
r (ψr)dψtdψr

=

∫
ψr

�gr(ψr) · �Ph,r(ψr) · �gH
r (ψr)dψr (2.34)

(2.11) (2.13) (2.34)

R̄c,r = QT
r

∫
ψr

�kr(ψr) · �Ph,r(ψr) · �kH
r (ψr)dψrQ∗r

= QT
r RrQ∗r (2.35)

Rr ∈ CJ×J �Ph,r(ψr)
�kr(ψr)

Rt

max R̄c,r = max QT
r RrQ∗r (2.36)
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2.3.3

( (2.33))

(2.35)

(2.33) Qr

(2.35)

|q1|2= · · ·= |qNr
|2=1

[22]

max det R̄c,r = max det(QT
r RrQ∗r ) ≤

Nr∏
j=1

(qT
r jRrq∗r j) (2.37)

qT
riRrq∗r j=0 (i� j)

Rr 1 Nr

[ur1, · · · ,urNr
] = arg max

q∗
1
,··· ,q∗Nr

det(QT
r RrQ∗r ) (2.38)

max det R̄c,r = max det(QT
r RrQ∗r )

=

Nr∏
j=1

(uH
r jRrur j) =

Nr∏
j=1

λr j (2.39)

λ j( j = 1, · · · , J) Rr

Rr = UrΛrUH
r , (2.40)

Λr = diag [λr1, · · · , λrJ] , (2.41)

(λr j ≥ λr( j+1) ≥ 0, for j = 1, · · · , J − 1)

Ur = [ur1, · · · ,urJ] (2.42)
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Ur ∈ CJ×J

Qr,opt ∈ CJ×Nr

1 Nr

Qr,opt =
[
u∗r1, · · · ,u∗rNr

]
(2.43)

Qr,opt

�gr(ψr) = QT
r,opt
�kr(ψr)

=
[
uH

r1
�kr(ψr), · · · ,uH

rNr
�kr(ψr)

]T
(2.44)

Rr

UH
r RrUr = Λr (2.45)

uH
ri Rrur j = 0 (i � j) (2.46)

⇔ uH
ri,opt

∫
ψr

�kr(ψr) · �Ph(ψr) · �kr(ψr)
Hdψrur j,opt = 0 (i � j) (2.47)

1

MIMO

2.7

2.7

Q(0)
t Q(0)

t

(2.40) (2.43)

Q(1)
r Q(2n−1)

r Q(2n)
t

Q(2n)
t Q(2n+1)

r
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2.7:

∣∣∣det R̄(2n)
c,t − det R̄(2n−1)

c,r

∣∣∣ < ε (2.48)∣∣∣det R̄(2n+1)
c,r − det R̄(2n)

c,t

∣∣∣ < ε (2.49)

ε

lim
itr→∞

∣∣∣det R̄(itr+1)
c,t − det R̄(itr)

c,r

∣∣∣ = 0 (2.50)

30



2.3.4

Q(0)
t

2n+1 (n ≥ 0) Q(2n)
t

Rr Q(2n+1)
r

Q(2n+1)
r

Rr,h

Q(2n+1)T
r R(2n)

r Q(2n+1)∗
r = Q(2n)T

t R(2n+1)
t Q(2n)∗

t (2.51)

2n + 2

Q(2n+2)
t

R(2n+1)
t = UΛUH (2.52)

det Q(2n+2)T
t R(2n+1)

t Q(2n+2)∗
t = det Q(2n+2)T

t UΛUHQ(2n+2)∗
t

≤
M∏

m=1

λ(2n+1)
m (2.53)

Q(2n+2)
t = U∗

(2.51) (2.52)

det Q(2n)T
t R(2n+1)

t Q(2n)∗
t ≤

M∏
m=1

λ(2n+1)
m

= det UHR(2n+1)
t U (2.54)

2n + 2 2n + 1

2n + 3 2n + 2 2n + 3

2n + 2

2.4

2.8

(
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2.8:

) 2.8
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2.4.1

qopt
m

qopt
m =

∫
V

�Jm(r, θ, φ) ·�f(r, θ, φ)dV (2.55)

qopt
m ∈CJ×1 m (Spherical mode

coefficients, SMCs) �Jm(r, θ, φ) m V
( ) �f(r, θ, φ)∈CJ×1 (r, θ, φ)

(2.55)

r, θ, φ L
�al�bl(r, θ, φ) �al

�bl(r, θ, φ)

�bl(r, θ, φ) = bl(r)r̂ + bl(θ)θ̂ + bl(φ)φ̂, (2.56)∫
V0

bl(u)bl′(u)dV0 = δll′ , (for u = r, θ, φ) (2.57)

δll′ V0 2.9

l (l = 1, · · · , L) L l

�J(r, θ, φ) =
L∑

l=1

�al�bl(r, θ, φ)

=

L∑
l=1

(
ar

l b
r
l (r, θ, φ)r̂

+aθl b
θ
l (r, θ, φ)θ̂ + aφl bφl (r, θ, φ)φ̂

)
(2.58)

(2.55)

1

qopt
m = Zam (2.59)

Z∈CJ×L am∈CL×1

m Moore-Penrose

Z+∈CL×J

am = Z+qopt
m (2.60)

qsemi
m = Zam = ZZ+qopt

m (2.61)
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2.9: l

ZZ+ [23]

2.4.2

r0,BS

[20]

ZZ+

Z

Z
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2.5
(OBPB )

MIMO

MIMO

2.10
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2.10:

36



3
MIMO

2

( )

3.5

2

3.6 (V-pol.)

(H-pol.)

3.1

3.1.1
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3.1: ( [28] Fig. 1 )

Svantesson [27][28] 3.1

3.2 1

Sanchez-Fernandez [29]

( D ) 1 (

N ) (M = N × D )

0.5 1 bps/Hz

( 3.3)

Antonino-Daviu [11]

Characteristic Modes

Characteristic Modes
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3.2: ( [28] Fig. 2 )

MIMO
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3.3: ( [29] Fig. 6 )
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3.4: 1 5 (

[11] Fig. 2 )
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MIMO

MIMO

MIMO

MIMO

2

3.1.2

H(t) =
∫
ψr

∫
ψt

g̃r(ψr) h(t) g̃T
t (ψt)dψtdψr

= QT
r

∫
ψr

∫
ψt

kr(ψr) h(t) kT
t (ψt)dψtdψrQ∗t (3.1)

R̄c,r = E
[
H(t)HH(t)

]
= QT

r

∫
ψr

kr(ψr) Ph,rkT
r (ψr)dψrQ∗r

= QT
r Ph,rIQ∗r (3.2)

I
Ph Ph

U
U∗

0
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3.5:

3.6:

3.2

3.6

(1 )

1
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3.2.1

n εr

λg

LMSA = n
λg

2
(3.3)

λg =
λ0√
εr

(3.4)

nλ0

n xy yz g
xy
n (φ) g

yz
n (θ)

[32][33]

gxy
n (φ) =

⎧⎪⎪⎨⎪⎪⎩ Axy
n cos

(
nπ

2
√
εr

sin φ
)

(n is odd.)

Axy
n sin

(
nπ

2
√
εr

sin φ
)

(n is even.)
(3.5)

gyzn (θ) = Ayzn cos

(
π

2
√
εr

sin θ

)
(3.6)

Axy
n Ayzn yz xy

(3.5)

cosine sine εr = 1

0 nπ
2

εr = 2.17 0 nπ
2.95

εr = 1 φ = 0, 180

[deg.] εr = 2.17 φ = 0, 180 [deg.]

g̃
xy
n (φ) g

xy
n (φ)

3.2.2

v u
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3.7: xy (εr = 1)
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3.8: xy (εr = 2.17)
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|ρu,v| =
∣∣∣∣∣∣∣∣∣

∫
ψr
g̃ru(ψr) · g̃rv(ψr)dψr√∫

ψr
|g̃ru(ψr)|2dψr

√∫
ψr
|g̃rv(ψr)|2dψr

∣∣∣∣∣∣∣∣∣ = δu,v (3.7)

δu,v v u 0

(3.7) (3.5)

|ρu,v| =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 (nu + nv is odd.)

∣∣∣∣∣
(
J0

(
π(nu−nv)

2
√
εr

)
+J0

(
π(nu+nv)

2
√
εr

))∣∣∣∣∣√
|1+J0(nuπ/

√
εr)|
√
|1+J0(nvπ/

√
εr)|

(nu, nv are odd.)∣∣∣∣∣
(
J0

(
π(nu−nv)

2
√
εr

)
−J0

(
π(nu+nv)

2
√
εr

))∣∣∣∣∣√
|1−J0(nuπ/

√
εr)|
√
|1−J0(nvπ/

√
εr)|

(nu, nv are even.)

(3.8)

J0(·) 0 v nv
u nu
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Mode index: n
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n
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n
u
=3 (Theory)

n
u
=4 (Theory)

n
u
=5 (Theory)

n
u
=6 (Theory)

n
u
=7 (Theory)

n
u
=1 (Calc.)

n
u
=2 (Calc.)

n
u
=3 (Calc.)

n
u
=4 (Calc.)

n
u
=5 (Calc.)

n
u
=6 (Calc.)

n
u
=7 (Calc.)

3.9: (εr = 1)

(3.8) εr J0(·)
εr

εr = 1
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3.10: (εr = 2.17)

3.7 3.9 3.9 (3.8)

(Theory) (3.5)

(Calc.) 10 0.2

1

3.8 3.10 εr = 2.17

1

1 5

0.2 6 (3.5)
nπ

2
√
εr

sin φ εr = 1

3.3 MIMO

3.3.1 MIMO

5.7 Nt Nr Nt×Nr

d0

3.1.2

v

u rtv rru
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�

� �

3.11: MIMO

g̃t(ψt) g̃r(ψr)

g̃t(ψt) = [gt1(ψt) exp( jk0rt1 · ψ̂t)

· · · gtNt
(ψt) exp( jk0rtNt

· ψ̂t)]
T (3.9)

g̃r(ψr) = [gr1(ψr) exp( jk0rr1 · ψ̂r)

· · · grNr
(ψr) exp( jk0rrNr

· ψ̂r)]
T

(3.10)

SINR (signal to interference

and noise ratio) u SINR

ρu,v

γu =
E[|hu,u|2]γ0∑

u�v
(
E[|hu,u|2]2γ0

)
+ 1

=
E[|hu,u|2]γ0∑

u�v
(
ρu,vE[|hu,u|2]γ0

)
+ 1

(3.11)

(for u = 1, · · · ,N and v = 1, · · · ,N),

C =

N∑
u=1

log2(1 + γu)

≤ Nr log2 (1 + Phγ0) . (3.12)
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3.3.2

εr = 1

εr = 2.17 2

SISO

3.12

1 N
SISO 1 ( )

z Z = 2N−1
2
λ0

y d0 = 30λ0 SNR 13

dB

3.12: (N = 4)

3.13 MIMO /

2

N = 20 εr = 1
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3.13:

SISO 4

εr = 1

N = 20 1.7 bits/s/Hz

εr = 2.17

SISO 3.2

N = 20

5.4

bps/Hz 6
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3.14:

3.1:

LMSA WMSA aMSA Lground = Wground

1st mode 19.6 mm 21.0 mm 5.9 mm 61.9 mm

2nd mode 40.6 mm 42.0 mm 15.6 mm 123.8 mm

3.4

3.4.1

[30] 4.85

GHz 1 2

3.14

1.6 mm 2.17 4.85 GHz

λ0 61.9 mm 3.1

3.15

1 2
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3.15:

3.16:
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3.4.2

3.16 4.85 GHz

3.17

3.18 Sim.

Meas. 3.17

4.85 GHz 1 4.85 GHz

3.18 2 2

4.85 GHz 2 4.85 GHz

4.85 GHz 1 –14.7 dB 2

–13.8 dB -10 dB 1

4.74 GHz 4.9 GHz 0.16 GHz 3.3 %

2 4.67 GHz 4.88 GHz 0.21 GHz

4.3 % 2 2.4 GHz

1

4.85 GHz 2

1 2

4.85 GHz 2

3.15 xy
xy

3.19 – 3.22

1 1 2 2

1 ( 3.20)

2 90 180 ( 3.22) 2

0

0.068 0.15

0 180 0 180

0 1 2

3.5 2

3.5.1

2 1 2

(Proposed) [2] [34]

BF (EM-BF) SISO
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EM-BF SISO 1 3.23

3.24 φt = 90 φr = 90 3.24

−0.7 104

−2.1 105 [35]

0 180√
3
= 104

3.24

3.8

1 2 3.25 (a) EM-BF SISO

3.25 (b) 1

2 xy
3.26 x

0 z 90 mm

1800 mm 10dBm

(ROHDE&SCHWARZ

ZVA 67) 1 1 2

2 1 3 2

4 S S 31, S 32, S 41, S 42

h1,1, h1,2, h2,1, h2,2

S 11 4 S

3.5.2

3.2 1

h1,1 h1,2

h1,1 h1,2 4.85 GHz 12.3 dB 2

h2,2 h2,1

h2,2 h2,1 4.85 GHz 14.9 dB EM-BF
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3.23: ( )

1

2

3.3

SNR 13 dB EM-BF

SISO 1.18 bps/Hz

2

EM-BF

1

3.3 (Sim.) (Meas.)

3.6
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3.24:

3.25:
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3.26: 1 2

3.2: ( 4.85 GHz)

Proposed (Meas.) EM-BF (Meas.) SISO (Meas.)

[dB] [deg.] [dB] [deg.] [dB] [deg.]

h1,1 -27.4 88.5 -31.5 63.6 -29.6 53.6

h1,2 -39.7 9.40 -29.1 78.1 – –

h2,1 -47.4 22.0 -29.8 49.0 – –

h2,2 -32.5 -72.4 -26.0 58.2 – –

3.3: ( 4.85 GHz)

Channel capacity [bps/Hz]

Proposed (Meas.) EM-BF (Meas.) SISO (Meas.)

Total 7.48 6.30 4.23

1st stream 4.74 6.13 4.23

2nd stream 2.74 0.17 –

Proposed (Sim.) EM-BF (Sim.) SISO (Sim.)

Total 8.62 6.25 4.31

1st stream 4.31 6.25 4.31

2nd stream 4.31 0 –
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4.85 GHz 1

2 2

12.3 dB 14.9 dB

(EM-BF)

MIMO

[36] [37] 90
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4 2 × 2MIMO

2

OBPB (Optimal beam projection beamforming)

4.1

4.1.1

2.1

Clauzier [10]

4.1

GA

4.2

MIMO

MIMO

[12][13] 2
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4.1: ( [10] Fig. 1

)

4.2: ( [10] Fig. 4

)
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4.3: ( [13] Fig. 7 )

4.4: ( [13] Fig. 8 )

4.3

4.4 4.5

MIMO

MIMO

MIMO

2

2 × 2MIMO 2
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4.5: ( [13] Fig. 9 )

4.1.2

2 × 2MIMO 2

r0

4.6

1 4.6

2× 2 MIMO

1 2 2

4.7

1

λ0/2√
2λ0/4

4.8

2

4.1.3
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Antenna volume

x

y

z

φ

θ

4.6:

4.7:
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Antenna volume

x

y

z

φ

θ

4.8:

4

(von-Mises)

[38]-[40] (

)

Ph(x) =
1

T (κ,ΛVM)
exp

(
κTc(x,m) +

1

2
s(x,m)TΛVM(x,m)

)
(4.1)

x = [θt, φt, θr, φr]
T (4.2)

m = [μt,θ, μt,φ, μr,θ, μr,φ]
T (4.3)

c(x,m) = cos(x −m) (4.4)

s(x,m) = sin(x −m) (4.5)

θ μt,θ, μr,θ φ μt,φ, μr,φ T (κ,ΛVM)

4

Σ ∈ C4×4 [38]
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κ ΛVM(x,m)

κ

κ = diag(Σ−1) (4.6)

Σ = (ccH) ◦ P (4.7)

c = [σt,θ, σt,φ, σr,θ, σr,φ]
T (4.8)

P =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 ρtr,θθ ρtr,θφ

0 1 ρtr,φθ ρtr,φφ

ρtr,θθ ρtr,φθ 1 0

ρtr,θφ ρtr,φφ 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.9)

◦ θ σt,θ, σr,θ φ

σt,φ, σr,φ

ΛVM(x,m) λVM,i j

λVM,ii = 0 (4.10)

λVM,i j = (Σ−1)i j (i � j) (4.11)

θt φt θr φr

ρtr,θθ, ρtr,θφ, ρtr,φθ, ρtr,φφ

MIMO

0

0
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4.1.4 Z

qsmn �J(r, θ, φ) [20] c = 1

qsmn = (−1)m+1

∫
V0

k√
η
�f (1)
s,−m,n(r, θ, φ) · �J(r, θ, φ)dV0 (4.12)

η

[42]

(4.12) (2.58)

qj = (−1)m+1

∫
V0

k√
η
�f (1)
s,−m,n(r, θ, φ)

⎛⎜⎜⎜⎜⎜⎝ L∑
l=1

�al�bl(r, θ, φ)

⎞⎟⎟⎟⎟⎟⎠ dV0

=

L∑
l=1

(−1)m+1 k√
η

(
ar

l

∫
V0

f (1)r
s,−m,n(r, θ, φ)bl(r)dV0

+aθl

∫
V0

f (1)θ
s,−m,n(r, θ, φ)bl(θ)dV0

+aφl

∫
V0

f (1)φ
s,−m,n(r, θ, φ)bl(φ)dV0

)
(4.13)

f (1)r
s,−m,n(r, θ, φ) f (1)θ

s,−m,n(r, θ, φ) f (1)φ
s,−m,n(r, θ, φ) r, θ, φ

r, θ, φ l′ (l′ = 1, · · · , 3L)

al′ =

{ ar
l′ (l′ = 1, · · · , L)

aθl′−L (l′ = L + 1, · · · , 2L)

aφl′−2L (l′ = 2L + 1, · · · , 3L)

(4.14)

bl′(u) =

{ bl′(r) (l′ = 1, · · · , L)

bl′−L(θ) (l′ = L + 1, · · · , 2L)

bl′−2L(φ) (l′ = 2L + 1, · · · , 3L)

(4.15)
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(4.14) (4.15) (4.13)

qj =

3L∑
l′=1

al′(−1)m+1 k√
η

∫
V0

f (1)u
s,−m,n(r, θ, φ)bl′(u)dV0

=

3L∑
l′=1

al′z jl′ (4.16)

z jl′ = (−1)m+1 k√
η

∫
V0

f (1)u
s,−m,n(r, θ, φ)bl′(u)dV0 (4.17)

z jl′ 2 j l′

n ( ) qn j l′

z jl′ Z ∈ CJ×3L l′ al′

an ∈ C3L

qn = Zan (4.18)

(4.18) qn

Z+ ∈ C3L×J

ãn = Z+qn (4.19)

Z [43]

4.2

4.2.1

5.3

2 × 2 MIMO

λ0

ρtr,θθ = ρtr,θφ = ρtr,φθ = ρtr,φφ = ρh ≥ 0 (4.20)

ρh = 0, 0.2, 0.4 4.9

θ
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4.9: ( : , : )
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4.1:

Nt = Nr = 2

μt,φ = 0◦, μt,θ = 90◦

μr,φ = 0◦, μr,θ = 90◦

σt,φ = 30◦, σt,θ = 15◦

σr,φ = 30◦, σr,θ = 15◦

θ

r0 =
√

2λ/4

J = 16

1%

L = 441 (212)

1 2

( )

sine

�bl(y, z) = bl(y)ŷ + bl(z)ẑ, (4.21)

bl(u) =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
sin(k(u−(ul−Δu)))

sin(kΔu)
(ul − Δu ≤ u ≤ ul)

sin(k((ul+Δu)−u))

sin(kΔu)
(ul ≤ u ≤ ul + Δu)

0 (elsewhere)

(4.22)

ul =
λ

2
· l

L
− Δu (4.23)

Δu =
λ

4L
(4.24)

[44][45]

[44][45] 1/10

1/20

1/20 1

212 = 441

[42]
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[42]

( 4.8)

(2.35)

4.6

2

4.2.2

(2.39)

2

4.10

4.8

( 0 )

ε 1%

itr

ε = 0.01
∣∣∣det R̄(itr−1)

c,t − det R̄(itr−2)
c,r

∣∣∣ (4.25)

ε = 0.01
∣∣∣det R̄(itr−1)

c,r − det R̄(itr−2)
c,t

∣∣∣ (4.26)

3

( 0.2 ) 1
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ρ
h
=0.4

4.10: ( (2.39))

3

1 2

MIMO

ρh = 0.2

4.2.3

4.2

4.11

4.12 (θ=90◦)
(φ=0◦, 45◦)

θ φ
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4.11: ((a)-(c): θ (d)-(f): φ )

1 θ

(θ=90◦ and φ=0◦)
φ=180◦ φ θ

θ

2 θ

(θ=90◦ and φ=0◦)
θ=60◦ and φ=45◦ 1

φ 1

48.6 dB
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4.12:

4.2.4

4.6

4.13

4.16 4.13 4.16

C e

e = Ca (4.27)

C i j ci j i j
1

Massive MIMO Massive MIMO

4.17 4.18 θ

yz
yz φ= 180◦

φ=0◦
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2

40.4 dB

4.2.5

1

2

3 3 9

[42]

4.2 4.3

B

4.19

1

2

36.0 dB

1

2 4.4
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4.13: 1 ( ): (L=441)
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4.14: 1 ( ): (L=441)
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4.15: 2 ( ): (L=441)
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4.17: ((a)-(c): θ (d)-(f): φ ):

(L=441)
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4.18: : (L=441)
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4.2: 1 [dB] [deg.]

z = −0.24λ0 z = 0 z = 0.24λ0

y = −0.24λ0 -0.013 [dB] -0.0039 [dB] -0.0031 [dB]

-33.4 [deg.] -33.4 [deg.] -33.4 [deg.]

y = 0 -0.0039 [dB] 0 [dB] -0.0039 [dB]

-33.4 [deg.] -33.4 [deg.] -33.4 [deg.]

y = 0.24λ0 -0.0031 [dB] -0.0039 [dB] -0.013 [dB]

-33.4 [deg.] -33.4 [deg.] -33.4 [deg.]

4.3: 2 [dB] [deg.]

z = −0.24λ0 z = 0 z = 0.24λ0

y = −0.24λ0 -245.3 [dB] 0 [dB] -265.0 [dB]

141.3 [deg.] -94.8 [deg.] -75.4 [deg.]

y = 0 0 [dB] -522.3 [dB] 0 [dB]

85.2 [deg.] 160.8 [deg.] 85.2 [deg.]

y = 0.24λ0 -265.0 [dB] 0 [dB] -245.3 [dB]

104.6 [deg.] -94.8 [deg.] -38.7 [deg.]

4.2.6

5

• : Proposed.

• : Proposed (Planar).

• 9

: Fourier transform method.

• 2 : Dipole array.

• SISO : SISO.

SNR

4.20 SNR 15 dB

SISO

9.4 bps/Hz 2
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4.4: 1 2

0

0.057

0.21

0.70

7.3 bps/Hz

2.3 bps/Hz

SISO 2

9

83



0 5 10 15 20 25
Average SNR with omni-directional antennas [dB]

0

5

10

15

20

A
ve

ra
ge

 c
ha

nn
el

 c
ap

ac
ity

 [
bp

s/
H

z]

MIMO(Proposed)
MIMO(Proposed: Planar)
MIMO (Fourier transform method)
MIMO(Dipole array)
SISO (Dipole)

4.20:
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4.3

4.3.1

f0

f1

f0

λ0 k0 f1 f0 nf

f1 λ1 k1

f1

f0

= nf (4.28)

λ1 =
1

nf
λ0 (4.29)

k1 = nf k0 (4.30)

4.2.4 f0

Z f0

f0 f1

Z f1 Z f0

f1 Q f1

Q f1 = Z f1A f0 (4.31)

error( f0, f1) =
||Q f1 −Q f0 ||2
||Q f0 ||2

(4.32)

1%

4.3.2

f1 0.9 f0 1.1 f0

4.21 f1
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4.21:

f0

1% 0.96 f0 1.04 f0

8%

(

)

3

3 4%

( ) 8%

4.4
MIMO

OBPB (Optimal beam projection beamforming)
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Massive

MIMO MIMO

Massive MIMO

Massive MIMO

OBPB Massive MIMO
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5 Massive MIMO

Massive

MIMO (Multi-Input Multi-Output) Massive MIMO

(User Equipment: UE)

MIMO

[60]

Massive MIMO

MIMO

Massive MIMO

Massive MIMO

Massive MIMO

5.1 Massive MIMO

5.1.1

Massive MIMO

(BF) / BF

BF

[16] 5.1
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5.1: 2 Massive MIMO ( [16] Fig.

1 )

Massive

MIMO

1 2 MIMO

[18]

5.2

Massive MIMO

BF

Massive MIMO

( )

2
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5.2: Massive MIMO ( [18] Fig. 2 )

5.1.2

Massive MIMO 2

1
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5.3:

Mopt = arg max
M

M∑
m=1

C̄m

= arg max
M

M∑
m=1

E

[
log2

(
1 + λm

Pt

MPn

)]

= arg max
M

M∑
m=1

det RBS,h,M (5.1)

λm RBS,h,M RBS,h,M RBS,h 1

M 1 M

5.1.3

5.3 R θc, φc

R = r0 ( 5.4)

R = ∞ ( 5.5)

(2.60) Z
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5.4:

5.5:

5.1.4

5.1 BF OBPB BF

BF

(Linear Phase Shift Beamforming:

LPSB) ( )

1/32-

2
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5.1: BF

: BF : OBPB

, , 1/32- ,

Linear Phase Optimal Beam Projection

Shift Beamforming (LPSB) Beamforming (OBPB)

,

5.6: BF

5.2 BF
Massive MIMO BF BF

/

BF /

5.6

2
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User equipment

5.7: Massive MIMO

5.2.1 SU-massive MIMO

Massive MIMO ( 5.7) t

yBS(t) = WT
d (t)WT

a H0(t)sUE(t) + nBS(t)

= WT
d (t)H(t)sUE(t) + nBS(t) (5.2)

H(t) = WT
a H0(t) (5.3)

Wd(t)∈CM×M / Wa∈
C

NBS×M BF sUE∈CNUE×1 nBS∈CM×1

H0(t) H(t) BF

NBS,NUE

M ≤ min{NBS,NUE}

C(t) = log2 det

(
IM +WT

d (t)H(t)HH(t)W∗
d(t)

P
MPn

)
(5.4)

IM M × M P Pn . /

SVD (Singular Value Deconposition)

C(t) = log2 det

(
IM +H(t)HH(t)

P
MPn

)
(5.5)
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5.2.2

BF 5.8

2

RF

BF Wa m
RF NBS wa,m

Wa = [wa,1, · · · ,wa,M] (5.6)

wa,m = [wa,1m, · · · , wa,NBSm]T (5.7)

RF NBS,sub = NBS/M

m RF NBS,sub

wa,m

Wa =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

wa,1 0 · · · 0

0 wa,2

...
...

. . . 0
0 · · · 0 wa,M

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(5.8)

wa,m = [wa,1m, · · · , wa,NBS,subm]T (5.9)

5.2.3

LPSB BF

(Discrete Fourier Transform: DFT) D ∈CNBS×a2NBS a

5.9 NBS,V × NBS,H 2

m = (p, q) n = (u, v)

dnm = dupdvq =
1√
NBS

exp

(− j2π(u − 1)(p − 1)

aNBS,V

)

· exp

(− j2π(v − 1)(q − 1)

aNBS,H

)
(5.10)

u, v DFT {1, · · · ,NBS,V} {1, · · · ,NBS,H}
p, q DFT {1, · · · , aNBS,V} {1, · · · , aNBS,H}
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5.8: BF

a

5.10 NBS,V ×NBS,H

NBS,sub,V × NBS,sub,H m = (p, q)

n = (u, v)

dnm = dupdvq =
1√

NBS,sub

exp

(− j2π(u − 1)(p − 1)

aNBS,sub,V

)

· exp

(− j2π(v − 1)(q − 1)

aNBS,sub,H

)
(5.11)

u, v DFT {1, · · · ,NBS,sub,V} {1, · · · ,NBS,sub,H}
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p, q DFT {1, · · · , aNBS,sub,V}
{1, · · · , aNBS,sub,H}

5.2.4

BF

1

wm = arg max
dm′ ∈D\Wm−1

E[dT
m′H(t)HH(t)d∗m′] (5.12)

Wm−1 = [w1, · · · ,wm−1] (5.13)

dm′ DFT D m′

4 4.1

5.2.5

1

W̃mm′

m (m = 2, 3, · · · ,Mopt)

wm = arg max
dm′ ∈D\Wm−1

det
(
E[W̃T

mm′H(t)HH(t)W̃∗
mm′]

)
(5.14)

Wm−1 = [w1, · · · ,wm−1] (5.15)

W̃mm′ = [w1, · · · ,wm−1,dm′] (5.16)
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5.3
3

(BS), (UE) Massive MIMO

H(t) =
∫
ψBS

∫
ψUE

�gBS(ψBS)
��h(ψUE, ψBS, t)�gUE(ψUE)dψUEdψBS

= QT
BS,M

∫
ψBS

∫
ψUE

�kBS(ψBS)
��h(ψUE, ψBS, t)

�kUE(ψUE)dψUEdψBSQ∗UE,M (5.17)

�gBS(ψBS) = QT
BS,M
�kBS(ψBS) (5.18)

�gUE(ψUE) = QT
UE,M
�kUE(ψUE) (5.19)

QBS,M ∈CJBS×M QUE,M ∈CJUE×M

BF BF

BF

BF

5.2 2

r0,BS

R θc, φc

1/32- 3

BF

5.11

BF

BF
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5.2:

1/32-

R – max{r0/(
√

2 sin θc), r0

r0/(
√

2 sin φc)}
= 1.84r0

(θc, φc) – (π/8, π/8) (π/2, π/2)

Z
161 641 646

(JBS = 646)

2r2
0 2πR · (√2r0) 2πr2

0

=
πr2

0

4 sin(π/8)
= 2.05r2

0

5.4 :

5.4.1

5.3 30 GHz 3GPP UMa NLOS [65]

5.4

BF

5.13 5.14 θ

BF [65]

5.12

φ = 0 θ = 90

BF

( )

( BF )

AUE
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5.3:

NBS = 64

NUE = 4, 9, 16, 25, 36, 49

NBS,sub = 4, 8, 16
λ0

2
1√

NUE−1
· λ0

2

( ) λ0

2

a = 4

r0,BS =
(

7λ0

2
+ λ0

2

)
/
√

2

r0,UE =
(
λ0

2
+ λ0

2

)
/
√

2

JBS = 646

JUE = 48

1

SISO -12 dB

SNR (1 )

(NBS,sub,V × NBS,sub,H) = (1 × 4), (2 × 2), (4 × 1), (1 × 8), (2 × 4), (4 × 2), (8 × 1),

(2 × 8), (4 × 4), (8 × 2) 10

5.2

r0,BS

1/32-

r0,UE

(μBS,θ, μBS,φ) = (90 [deg.], 0 [deg.]) (5.20)

(μUE,θ, μUE,φ) = (90 [deg.], 0 [deg.]) (5.21)
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5.4:

μBS,θ = 90 [deg.]

μBS,φ = 0 [deg.]

μUE,θ = 90 [deg.]

μUE,φ = 0 [deg.]

σBS,θ = 4 [deg.]

σBS,φ = 21 [deg.]

σUE,θ = 11 [deg.]

σUE,φ = 48 [deg.]

P

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.3 0 0.2

0.3 1 0.1 0.4

0 0.1 1 0

0.2 0.4 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
θ (5.4 )

( : 1:1 : 7 dB) (5.5 )

5.4.2

BF OBPB

5.15 5.16 5.17 5.18

5.19 5.20

(NBS,sub,V ×NBS,sub,H)= (8× 2) (NUE = 4

) (4 × 2) (NUE = 9 ) (4 × 1) ( ) .

OBPB

5.27 5.28 1

2
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5.21 5.22

5.23 5.24

1/32-

5.25 5.26 5.27 5.28

( )

1/32-

5.29 5.32 646 1 32

1/32-

φ θ ( φ

)

1/32- 2.05r2
0 2r2

0

1/32-

5.4.3

BF 1/32-

OBPB

5.5

i j |r̃i, j| = |ri, j |2√
|ri,i ||r j, j |

1/32-
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5.4.4

5.33

5.34 20 (

) 27 ( )

16

NBS/NBS,sub = 16

OBPB

3.5

3.5 5.35

4 16

256QAM

8 bps/Hz 5.35
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64QAM

6 bps/Hz

1 17.9 bps/Hz

17.5 bps/Hz 5.35

104



5.9: 2

5.10: 2
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5.11:

5.12:
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5.13: (φ- )
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5.14: (θ- )
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5.15: (φ NUE =

4)
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5.16: (θ NUE = 4)
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5.17: (φ NUE = 4)
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5.18: (θ NUE = 4)
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5.19: (φ NUE = 4)
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5.20: (θ NUE = 4)
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5.21: (φ )
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5.22: (θ )
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5.23: (φ )
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5.24: (θ )
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5.25: 1/32- (φ )
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5.26: 1/32- (θ )
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5.27: (φ )
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5.28: (θ )
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5.31: 1/32-
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5.5: 1 4 (NUE = 4)

[dB]⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
168

1/32-

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.00010 0.00052 0.00033

0.00010 1 0.00028 0.00066

0.00052 0.00028 1 0.00084

0.00033 0.00066 0.00084 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
168

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0.014 0

0 1 0 0.021

0.014 0 1 0

0 0.021 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
144

( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.92 0.92 0.71

0.92 1 0.71 0.41

0.92 0.71 1 0.41

0.71 0.92 0.41 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
53.3

( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.10 0.10 0.23

0.10 1 0.13 0.34

0.10 0.13 1 0.21

0.23 0.34 0.21 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
100

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.31 0.0030 0

0.31 1 0.31 0.0030

0.0030 0.31 1 0.31

0 0.0030 0.31 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
100
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5.5 :

5.5.1

θ φ 5.3

5.4

θ φ

7 dB [65] θ

θ 1 θ φ

1/κ κ (XPR) dB φ

θ θ hθθ(ψBS, ψUE, t) θ φ

hφθ(ψBS, ψUE, t) φ φ

hφφ(ψBS, ψUE, t) φ θ

hθφ(ψBS, ψUE, t)
4 Ph,θθ Ph,φθ Ph,φφ Ph,θφ

θ

90 φ

2

2

4

R̄c,r =

∫
ψr

⎡⎢⎢⎢⎢⎣ gr,θ(ψr)Ph,θθ(ψr)gT
r,θ(ψr) gr,θ(ψr)Ph,θφ(ψr)gT

r,φ(ψr)

gr,φ(ψr)Ph,φθ(ψr)gT
r,θ(ψr) gr,φ(ψr)Ph,φφ(ψr)gT

r,φ(ψr)

⎤⎥⎥⎥⎥⎦ dψr (5.22)

1

(2.34) 4

R̄c,r =

∫
ψr

gr,θ(ψr)Ph,θθ(ψr)gT
r,θ(ψr) + gr,θ(ψr)Ph,θφ(ψr)gT

r,φ(ψr)

+ gr,φ(ψr)Ph,φθ(ψr)gT
r,θ(ψr) + gr,φ(ψr)Ph,φφ(ψr)gT

r,φ(ψr)dψr (5.23)
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5.5.2

5.36 5.39 θ φ

θ φ

θ φ

1/32-

5.40 5.47 θ

5.48

5.51 θ φ

θ

5.52 5.55

1/32-

θ 90

φ

5.5.3

5.6 5.4.3

1/32- 1/32-

θ

θ

θ

1 4

θ φ

θ

φ
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1 2

1 2

5.5.4

5.56

5.57

40 ( ) 54 (

) 32

2

1.9

1.8 1.8

2 2

θ

1/32-

32 91.2 bps/Hz

27 45.8 bps/Hz
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5.58

256QAM

8 bps/Hz 5.58

64QAM

6 bps/Hz

1 33.4 bps/Hz

32.9 bps/Hz 5.58
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5.37: φ (θ )
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5.38: θ (φ )
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5.39: θ (θ )
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5.40: φ (φ
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5.41: φ (θ
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5.42: θ (φ
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5.43: θ (θ
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5.44: 1/32- φ (φ
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5.45: 1/32- φ (θ
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5.46: 1/32- θ (φ
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5.47: 1/32- θ (θ

)

-80 -60 -40 -20 0 20 40 60 80
Angle: φ [deg.]

-20

-10

0

10

20

30

G
ai

n 
[d

B
i]

1st stream
2nd stream
3rd stream
4th stream

5.48: φ (φ
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5.49: φ (θ
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5.50: θ (φ
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5.51: θ (θ
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5.53: ( )
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5.54: 1/32- ( )
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5.6: 1 4 (NUE = 4

)

[dB]⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
162

1/32-

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
162

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.00071 0 0.013

0.00071 1 0.011 0

0 0.011 1 0.00068

0.013 0 0.00068 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
142

( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.20 0.92 0.18

0.20 1 0.18 0.92

0.92 0.18 1 0.20

0.18 0.92 0.20 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
91.2

( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.20 0.10 0.020

0.20 1 0.020 0.10

0.10 0.020 1 0.20

0.020 0.10 0.20 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
105

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0.20 0.31 0.06

0.20 1 0.06 0.31

0.31 0.06 1 0.20

0.06 0.31 0.20 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
100
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A.1.1

s(= 1, 2),m, n, c 4 s = 1 TE
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n (x) c n
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A.1:

A.1 c = 1, 2, 3, 4

c = 3 θ φ

r̂ θ̂ φ̂

A.1.2

A.1 c = 3 r

�ksmn(θ, φ) = lim
k0r→∞

{√
4π

k0r
e−ik0r

�f (3)
smn(r, θ, φ)

}
(A.3)
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A.1: z(c)
n (x)
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n (x)

c = 1 jn(x)
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3 s,m, n 1 j

j = 2(n2 + n − 1 + m) + s (A.7)

s 2 m n n
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n N n
N j ( J )
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J = 2N(N + 2) (A.9)

�·� n1
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B.1
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g0(θ)

S F(θ)

garray(θ) = S F(θ)g0(θ) (B.1)

S F(θ) =
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g0(θ)
(B.2)
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B.2
[42]

S F(θ) =
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ξ = k0 cos θ − kz (B.5)
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