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3.3 MIMO

BS MIMO

3.3.1 MIMO
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BF and CSI-based Precoding [48]-[52]
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LOS LOSU,Pr

 3.2

Center frequency,   Center frequency, ffcc 4.65 GHz 4.65 GHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 60 kHz 60 kHz
No.No. of subcarriers of subcarriers 15001500
No. of BS antenna elements,      No. of BS antenna elements, NNBSBS 6464
No. of MS antenna elements,      No. of MSantenna elements, NNMSMS 22
No.No. of streams per MS   of streams per MS 22
No. of MS,  No. of MS, JJ 11
No. of beams,    No. of beams, LL 3232
Transmission power Transmission power BS: 28   BS: 28 dBmdBm, MS: 27    , MS: 27 dBmdBm
HeightHeight of BS,   of BS, ddBSBS Rural: 27 m, Dense urban: 8.5 m      Rural: 27 m, Dense urban: 8.5 m
HeightHeight of MS,   of MS, ddMSMS 1.7 m 1.7 m
MIMO channel MIMO channel KroneckerKronecker modelmodel

Power angular spectrum  Power angular spectrum Azimuth:Azimuth: Gaussian distribution Gaussian distribution
Zenith: Laplacian distribution  Zenith: Laplacian distribution

Average angle (azimuth, zenith)   Average angle (azimuth, zenith) Departure:Departure: (( deg., 90 deg.)  deg., 90 deg.)
Arrival: (90 deg., 90 deg.)    Arrival: (90 deg., 90 deg.)

Angular spread (azimuth, zenith)   Angular spread (azimuth, zenith) Departure:Departure: (5 deg., 5 deg.)   (5 deg., 5 deg.)
Arrival: (40 deg., 40 deg.)    Arrival: (40 deg., 40 deg.)

ModulationModulation QPSK,QPSK, 16QAM, 64QAM 16QAM, 64QAM
Maximum coding rate  Maximum coding rate 0.940.94
Maximum bit rate per MS    Maximum bit rate per MS 705 Mbps 705 Mbps

Fading channel (LOS)  Fading channel (LOS) NakagamiNakagami--Rice fading with    Rice fading withKK = 10 dB  = 10 dB
(Rural: 2 (Rural: 2--path, Dense urban: 16   path, Dense urban: 16--path)path)

Fading channel (NLOS)  Fading channel (NLOS) Rayleigh fading Rayleigh fading
(Rural: 2 (Rural: 2--path, Dense urban: 16   path, Dense urban: 16--path)path)

Channel estimation Channel estimation IdealIdeal
Noise  Noise figure,  figure, PPFF 12 dB 12 dB
Noise power   Noise power density,  density,PPDD --174 dB/Hz 174 dB/Hz
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LOS 103 dB NLOS 128 dB LOS

NLOS 96 dB 130 dB LOS

NLOS

BD FBCP 600 Mbps

475 m 100 m BS

FBCP BD

60 m 30 m

3.3.3 MIMO

FBCP MS FBCP

BD E-ZF MIMO

 3.2 J = 8 MS

 3.6 BS MS #j

j j+1 − j = 20 M = 16 Mj = M/J = 2

MS SNR SNR

SNR

1 MS

FBCP

 3.7 SNR 8 MS

FBCP E-ZF FBCP BD E-ZF

FBCP E-ZF 16

 3.7 SNR

E-ZF NBS = 64

FBCP E-ZF BD

SNR L = 

32 FBCP E-ZF BD SNR

FBCP FBCP E-

ZF 400 MHz  1.1

20 Gbps 100 MHz 5 Gbps



49

FBCP FBCP 3 dB L = 32

NBS 1/8 3 dB

NBS FBCP

MS FBCP E-ZF BD

BD

 3.7

256QAM NBS = 128 L

16 128  3.8 FBCP BD SNR 8

MS L = 16

M = L MS

L FBCPW

FBCPHW
L = 128 FBCPW

L = 64 L NBS

L = 32 NBS 1/4

 3.8 FBCP

00

11

22

33

44

55

66

77

88

00 55 1010 1515 2020 2525 3030
Average SNR (dB)  Average SNR (dB)

Sy
st

em
  

Sy
st

em
th

ro
ug

hp
ut

  
th

ro
ug

hp
ut

((G
bp

s
G

bp
s))

NNBSBS = 128 = 128, N , NMSMS = 2   = 2
JJ =  = 8,  8, M  M = 16 = 16

LL = 64 = 64

LL =  = 128128

LL = 48 = 48

LL = 32 = 32 LL = 16 = 16



50

5 Gbps L = 64

5 Gbps SNR 7 dB SNR

L = 32

FBCP M L NBS

L 100 MHz 5 Gbps 5G 400 MHz 20 

Gbps FBCP  1.1 5G

3.4 MIMO

2.2.2 MF-GaBP BS MIMO

MF-GaBP MF-GaBP

Soft IC

3.4.1 MIMO

MF-GaBP 1 Soft IC

 3.9 MMSE MF-GaBP

C
om

bine &
 E

xtrinsic
 

 
C

om
bine

&
E

xtrinsic

MFMF

Soft SG Soft SG

Soft IC Soft IC
yy11 yy1,1,mm

~~
1,1,mm

1,1,mm
xx1,1,mm

mm
H

ard decision
 

H
ard

decision
xxmm
^̂

MFMF

Soft SG Soft SG

Soft IC Soft IC
yyNN ,,mm
~~

NN ,,mmyyNNBSBS BSBS BSBS

NN ,,mmBSBSMMSE detection MMSE detection

xx1,1,mm
(0)(0)

xxNN ,,mmBSBSxxNN ,,mm
(0)(0)

BSBS

((
((((

((

((rr))

((rr)) ((rr))

((rr))

((rr))

((rr))

((rr))

((rr))

((RR))



51

[31]  3.9

MF-GaBP MMSE

MF-GaBP Soft IC
MMSE (2.16) RW

1- 
0

H
TT

H
TR MSMS

))(()( JNJNN IWHWHWHW (3.18)

)0(
,BS mnx MF-GaBP Soft IC

MMSE

MF-GaBP RW

TWH 1

EP

3.4.2
MF-GaBP BS MIMO

 3.3

J = 16 Mj = 2 32 MS

BS NBS = 32 MF-GaBP

 3.3

Center frequency,   Center frequency, ffcc 4.65 GHz 4.65 GHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 60 kHz 60 kHz
No.No. of subcarriers of subcarriers 15001500
No. of BS antenna elements,      No. of BS antenna elements, NNBSBS 3232
No. of MS antenna elements,      No. of MSantenna elements, NNMSMS 22
No.No. of streams per MS   of streams per MS 22
No. of MS,  No. of MS, JJ 1616
MIMO channel MIMO channel KroneckerKronecker modelmodel

Power angular spectrum  Power angular spectrum Azimuth:Azimuth: Gaussian distribution Gaussian distribution
Zenith: Laplacian distribution  Zenith: Laplacian distribution

Average angle (azimuth, zenith)   Average angle (azimuth, zenith) Departure:Departure: (( jj deg., 90 deg.)  deg., 90 deg.)
Arrival: (90 deg., 90 deg.)    Arrival: (90 deg., 90 deg.)

Angular spread (azimuth, zenith)   Angular spread (azimuth, zenith) Departure:Departure: (5 deg., 5 deg.)   (5 deg., 5 deg.)
Arrival: (40 deg., 40 deg.)    Arrival: (40 deg., 40 deg.)

ModulationModulation QPSKQPSK
Fading channel Fading channel NakagamiNakagami--Rice fading with    Rice fading withKK = 10 dB  = 10 dB
Channel estimation Channel estimation IdealIdeal
No. of Iteration,    No. of Iteration,RR 1616
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4.2
MIMO

FBCP FBCP BD

MS

(a) BS (b) MS

 4.1

 4.1

ElementElement 4545 Pol.Pol.

8  8 ElementsElements
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BBUBBU

AASAAS
AntennasAntennas

RF circuits RF circuits

BBUBBU

Center frequency,   Center frequency, ffcc 5.2 GHz 5.2 GHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 60 kHz 60 kHz
No.No. of subcarriers of subcarriers 15001500
No. of BS antenna elements,      No. of BS antenna elements, NNBSBS 6464
No. of MS antenna elements,      No. of MSantenna elements, NNMSMS 22
Maximum  Maximum transmission power transmission power BS: 31   BS: 31 dBmdBm, MS: 27    , MS: 27 dBmdBm
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4.2.1
 4.1 (a) BS (b) MS

 4.1 BS AAS: 

Active Antenna System [54] RF

AAS RF

 4.2

 4.3
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BF RF AAS

BBU: Baseband Unit AAS

1 AAS 8 4

45 2

2

MS

BBU DAC

MS BS

BS 2 AAS 1 BBU 64 AAS 2

128 NBS

64

4.2.2
 4.2  4.3 BS 1
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2 BS MS
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 4.2

 4.6

Center frequency,   Center frequency, ffcc 5.2  5.2 GHzGHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 60 kHz 60 kHz
No.No. of subcarriers of subcarriers 15001500
No. of BS antenna elements,      No. of BS antenna elements, NNBSBS 6464
No. of MS antenna elements,      No. of MSantenna elements, NNMSMS 22
No.No. of streams per    of streams per MSMS 22
No. of MS,  No. of MS, JJ 88
No. of beams,    No. of beams, LL 3232
ModulationModulation QPSK,QPSK, 16QAM,  16QAM, 64QAM, 256QAM 64QAM, 256QAM
Maximum coding rate  Maximum coding rate 0.750.75
Maximum bit rate per MS    Maximum bit rate per MS 870  870 MbpsMbps
Channel estimation Channel estimation IdealIdeal
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4.2.3

FBCP MIMO

 4.2 L 3
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SNR
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LOS NLOS 6.96 Gbps

 

FBCP SNR

LOS NLOS 0

SNR LOS NLOS

1 2

LOS

SNR FBCP 5 Gbps

100 MHz 5 

(a) BS (b) MS
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 4.3

elementelement45 deg. pol.  45 deg. pol.

8 elements 8 elements

4 
el

em
en

ts
 4
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BBUBBU

AASAAS AntennasAntennas

RF circuits RF circuits

BBUBBU

Center  Center frequency,  frequency, ffcc 4.65  4.65 GHzGHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 60 kHz 60 kHz
No.No. of subcarriers of subcarriers 15001500
No. of BS antenna     No. of BS antenna elements,  elements, NNBSBS 3232
No. of MS antenna     No. of MSantenna elements,  elements, NNMSMS 22
Maximum transmission power  Maximum transmission power BS: 28   BS: 28 dBmdBm, MS: 27    , MS: 27 dBmdBm
ModulationModulation QPSK, 16QAM, 64QAM  QPSK, 16QAM, 64QAM
Maximum coding rate  Maximum coding rate 0.940.94
Maximum bit rate per MS    Maximum bit rate per MS 705 Mbps 705 Mbps
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MS BS
MS TW MS
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NBS = 32 3
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4.3.2
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4 MS BS MS
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MS #1 −30 MS #2 15 MS #3 MS #4 0 −15

4.3.3
 4.4 MS SINR  4.4

 4.11

 4.12

BSBS
MSMS
Antenna  Antenna frontfront
SidewaySideway
RoadwayRoadway
BuildingsBuildings

22
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3344
7 m 7 m

5 m 5 m

11 m 11 m
15 m 15 m

MS #1 MS #1 MS #2 MS #2

MS #3 MS #3
MS #4 MS #4
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MS 500 Mbps 4 MS

2.2 Gbps

8 BS MS

E-ZF

MS MS

MS 2

SINR

MS 20 dB SINR  3.7

SNR 20 dB

8 MS 5 Gbps 1 625 Mbps

MS 513 Mbps 602 Mbps

82 % 96 %

MS

MS [55], [56]

 

4.4
MIMO

MIMO

MF-GaBP BER

4.4.1
 4.10  4.13 BS

 4.4

MSMS #1#1 #2#2 #3#3 #4#4
Throughput (Mbps) Throughput (Mbps) 602.1602.1 513.8513.8 536.8536.8 533.7533.7

SINR  SINR (dB)(dB) 22.222.2 19.019.0 19.619.6 19.719.7
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MS 1.5 m MS MS

BS 3 m

1 MS  4.13

4.4.2

 4.5 2 MS 16

2 M = 32 BS NBS

32 BS MIMO MF-GaBP MMSE

MF-GaBP CSI

MF-GaBP

(2.41) 0.1 0.4 1 4 2 4

BER  4.14 MMSE

Soft IC  4.14

 = 0.6 2 4 BER
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 4.15 ES/N0 BER MF-GaBP MMSE

MF-GaBP MMSE Soft IC BER

 4.15 MMSE

BER MF-GaBP BER

MF-GaBP  3.11 BER

ES/N0 >25 dB BER = 10−3

BS MS

 4.5

 4.14 BER

Center frequency,   Center frequency, ffcc 4.65 GHz 4.65 GHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 60 kHz 60 kHz
No.No. of subcarriers of subcarriers 15001500
No. of BS antenna elements,      No. of BS antenna elements, NNBSBS 3232
No. of MS antenna elements,      No. of MSantenna elements, NNMSMS 22
No. of MS,  No. of MS, JJ 1616
No. of total  No. of total streams,  streams, MM 3232
ModulationModulation QPSKQPSK
Channel estimation Channel estimation IdealIdeal
No. of   No. of iteration,  iteration, RR 1616

MMSE only MMSE only

MFMF--GaBPGaBP
(( (1)(1) ((RR)) ))

Ideal (perfect   Ideal (perfect Soft IC Soft IC))

ffc  c = 4.65 GHz,    = 4.65 GHz, BB = 100 MHz,  = 100 MHz,
NNBSBS = 32 = 32,  , NNMSMS = 2, = 2, JJ = 16 = 16

1010--66

Damping factor,   Damping factor,
0.0                   0.2                    0.4                                                                                 0.0 0.2 0.4 0.60.6 0.8                    1.0                    0.8 1.0

101000

1010--11

B
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R
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1010--55
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(( (1)(1) ((RR)) ))

MFMF--GaBPGaBP
(( (1)(1) ((RR)) ))
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 4.16  4.17 MS BS

 3.11
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BS NBS BS1 N MS

BS 1 MS
1MSJN BS MS
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16C2 = 120 BS

32C2 = 496

 4.16 Index  4.6 MS #1 1 MS #2 1

Index 1 MS #1 1 MS #3 1

Index 2  4.16 MS

0.2 0.35

MS 0.7
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(( (1)(1) ((RR)) ))
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NNBSBS = 32 = 32, N , NMSMS = 2,   = 2, JJ = 16 = 16
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1010--55
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TP 4 UPA TP UPA NTP/4

MS #j TP #t dj,t MS #j TP #t s UPA

j,t(s) j,t(s) MS #j TP #t TPMS NN

tj ,H TP #t s UPA 4/TPMS NN

)(, stjH

][ )4(,)1(,, tjtjtj HHH (5.1)

TP BS MS #j BSMS NN Hj

][ ,1, Tjjj HHH (5.2)

 5.1

Center frequency,   Center frequency, ffcc 4.65 GHz 4.65 GHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 75 kHz 75 kHz
No.No. of subcarriers of subcarriers 12001200
No. of BS antenna elements,      No. of BS antenna elements, NNBSBS 128128
No. of MS antenna elements,      No. of MSantenna elements, NNMSMS 22
No.No. of streams per MS   of streams per MS 22
No. of MS,  No. of MS, JJ 88
No. of TPs,    No. of TPs,TT 1, 4, 16, 32   1, 4, 16, 32
Transmission  Transmission power,  power,PPTT 30  30 dBmdBm
HeightHeight of BS,   of BS, ddBSBS 1.5 m 1.5 m
HeightHeight of MS,   of MS, ddMSMS 1.5 m 1.5 m
MIMO channel MIMO channel KroneckerKronecker modelmodel

Power angular spectrum  Power angular spectrum Azimuth:Azimuth: Gaussian distribution Gaussian distribution
Zenith: Laplacian distribution  Zenith: Laplacian distribution

Average angle (azimuth, zenith)   Average angle (azimuth, zenith) Departure:Departure: (( jj,,tt((ss)) deg.,  deg., jj,,tt((ss)) deg.)deg.)
Arrival: (90 deg., 90 deg.)    Arrival: (90 deg., 90 deg.)

Angular spread (azimuth, zenith)   Angular spread (azimuth, zenith) Departure:Departure: (5 deg., 5 deg.)   (5 deg., 5 deg.)
Arrival: (40 deg., 40 deg.)    Arrival: (40 deg., 40 deg.)

ModulationModulation QPSK,QPSK, 16QAM, 64QAM, 256QAM  16QAM, 64QAM, 256QAM
Maximum coding rate  Maximum coding rate 0.750.75
Maximum bit rate per MS    Maximum bit rate per MS 870 Mbps 870 Mbps
Fading channel (LOS)  Fading channel (LOS) NakagamiNakagami--Rice fading with    Rice fading withKK = 10 dB  = 10 dB
Fading channel (NLOS)  Fading channel (NLOS) Rayleigh fading Rayleigh fading
Channel estimation Channel estimation IdealIdeal
Noise  Noise figure,  figure, NNFF 9 dB 9 dB
Noise power   Noise power density,  density,NNPP --174  dB/Hz  174 dB/Hz
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5.2.2

T = 1 T > 1

 5.4 dD = 400 m T = 1 T = 16

8 MS 5 m

1  5.4

T = 1 TP 870 Mbps

T = 16 600 Mbps

BS

  5.5 T = 1, 4, 16, 32 CDF

870 Mbps CDF 95 % T

 5.5 CDF

0.00.0

0.20.2

0.40.4

0.60.6

0.80.8

1.01.0

0.20.2 0.40.4 0.60.6 0.80.8 1.01.0

C
D

F
C

D
F

NNBSBS =  = 128,  128, NNMSMS =  = 2  2
MM =  = 16,  16, JJ =  = 8,  8, ddDD =  = 400400

Average user   Average user throughput  throughput ((GbpsGbps))

TT = 32 = 32

TT = 4 = 4 TT = 16 = 16

T  T =  = 11
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CDF

CDF 10 % T = 16 T = 1 2.1
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T = 1 1.5

TP 1

5 Gbps

T = 1 dD = 300 m T = 16 dD = 500 m

1 TP

T = 16

T = 32 T = 4

 1.1 T = 1

4G BS BS

BS

BS 4G

(a) TP (b) MS

 5.7

 5.2

: Feed element  : Feed element

TPTP

RF & BBU  RF & BBU

AntennaAntenna
RF & BBU  RF & BBU

Center frequency,   Center frequency, ffcc 4.65 GHz 4.65 GHz
Bandwidth,  Bandwidth, BB 100 MHz 100 MHz
SubcarrierSubcarrier spacespace 60 kHz 60 kHz
No.No. of subcarriers of subcarriers 15001500
No. of TP antenna elements,      No. of TP antenna elements, NNTPTP 1616
No. of MS antenna elements,      No. of MSantenna elements, NNMSMS 11
Maximum transmission   Maximum transmission power,  power,PPTT 27  27 dBmdBm
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5.3.3
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