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S B‘_r"ief presentation of my research group
2. Uncompressed video streaming
e ° 5G VISIO ;
e 5G Requirements
e 5G Key"Enainng Technologies
4. Millimetre Wave Wireless Radio System Prototype for Giga-bit/s
Multimedia Application [our work]
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Uncompressed video streaming - indoors§

WirelessHD
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Uncompressed 1080p HD video stream
« 1 frame (1080 x 1920 pixels)
INSTITUICOES ASSOCIADAS « 3 (RGB) 8 bits x 1080 x 1920 x 30/60 fps = 1.5/ 3 Gbps
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Real-time video streaming - outdoors

5G using
relaying

(<300 m) +
stationary

(60 GHz)
?

| Outdoors + PTP “
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Real-time video streaming - outdoors

Two-hop outdoor mmWave streaming networks

VO

VIDOVATION

Moving Video Forward

. 2

Unlicensed - FCC Part 15.255
- MPT (59-66 GHz)

1.485 Gbps HD-SDI per
channel

Pix=+10dBm

Direct detection using NRZ
(non return to zero)
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Source devices in outdoor mmWave streaming
platforms

Steerable multibea
Tanaka-Lab

Phased array antenna

Extractor
Video urL}cn eam N
i bit =T | Digital signal processor | / JequZ
streams | Beafn 1
A

High-definition 1
(HD) video SvC
camera encoder
Bit stream stack
SVC (Scalable video coding)

— Coding level decision

INSTITUICOES ASSOCIADAS

O

IARIA SIGNAL 2016
IPL

e I poliecnico 6 | 26.06.2016 LISBON : g‘

instituto de
telecomunicacdes




‘mmWave small cell networks

4G mmw
Macro Cell Backhaul o oIl Cell
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And now?

Will uncompreSsed video transmission for relatively long distances?
Will we be able to achieve multi-gigabit data radio transmissions?
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SG V|S|on

Evolutlon of moblle tech noloqy by generation, 1980 onwards

1980 B 1990 2000 2010 2020 2030

1G - AMPS (19 years) @

G

9 years '

. » (D 2G - GSM (18 years) @

i, 10years i

3G - WCDMA (19 years) @

9 years U } 4G - LTE (18 years) @

() Launch
@® Peak

N C
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SG V|S|on

» il R
Dawn Of the 5G Era Things Connected Mobile Data Traffic
...»VSG Era can be expected to B - You )
[ NETFLIN
l,,,revolutlonlze the way we - K
-~ communicate by supporting :
> 50 Bn 24.3 EB
~_immersive appll,lcatlons that 3 0 Z 0
S e ! o g
demand exceptionally: 5| 1258n 3 ;
= o =4 2.5 EB
~...®_high- speed wireless = : of © |
2010 2020 2014 2019
connections; o B
® a fuIIy-reaIized |OT; \[Source: Samsung electronics “5G Vision”, White
. . Paper [Online] 2015.]
® experience lower latency; i ) )
anz y Growth in Mobile Traffic and

Connected Devices
® promote both spectrum and v

energy efficiency.

Exabyte = 1018 Bytes
Petabyte = 10'°Bytes
Terabyte = 1012Bytes
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 5G Vision

' 5G Service Vision -

(Cloud Computing
Service

Multimedia UHD
Streaming Service

)
‘\r\,k
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SG V|S|on

SG Serwce V|S|on

Internet of Thlngs
e Up to 1Mn S|multaneous connections per km?;

M2M communlcatlons

». W/reless meter/ng, mobile payments; smart grid and critical
| /nfrastructure monitoring; connected home; smart transportation;

”',‘,,,and telemedicine.

e Smart Home:

® Dishwashers will fix themselves using information from peers of the
same model while home appliances at home and in the neighboring

homes may cooperate to extinguish a fire;

® A smart refrigerator recommending a recipe of cuisine to be cooked
with ingredients that are already in the refrigerator ....

INSTITUICOES ASSOCIADAS i . o . . .
[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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SG V|S|on

5G Serwce V|$|on
Fitness & Healthcare

¢ C,on,nected health and fitness related wearable devices will record
yotjr athletic p'erformance while you exercise, its duration and
frequency per day;
S S Wl send vital signs such as brainwave, blood pressure and
‘ hea,r,tbeat to an expert system in the hospital in real-time ... (latency
~isanissue)...

e Smart Store

¢ Alerts of low priced products to the user’s device as the user is
detected in the vicinity (latency is an issue)

e Smart Office
e Connectedcar

W TIUICORs ASsclanas [Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
O instituto de
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5G Vision

* Users will experience life-like multimedia streams anytime and
anywhere, e;g. users will feel as if they are part of the scene (virtual
reality and augmented reality)

\

Must refuel within 0rming e Y
14/

&

Watching Sport Events with VR Driving a Car with AR Navigation
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' 5G Vision

' Everything on the Cloud
5G will provide users with a desktop-
“like experlence based on the cloud
computlng

» only simply input and output
interfaces on mobiles devices are
needed » making them lighter,
" thinner, fancier, and more eco-
friendly...

Intuitive Remote Access

* Users will be able to control remote
machines and appliances as if they are
right before them, even from thousands;
of miles away.
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5G Requ lrements

SG rambow red‘--yirefnents consisting of 7 Key Performance Indices (KPIs)

e ~
Peak Data Rate
[Gbps]

Cell Edge
Latency Data Rate
[ms] [Gbps]

Simultaneous Cell Spectral
Connection Efficiency
[M/km?2] [bps/HZz]
Cost Mobility
Efficiency [km/h]
. J
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5G Requirements

Edgeless RAN - 1 Gbps Anywhere

4 ™
QoE 4G QoE 5G

A
BS Location 1 Gbps Anywhere

Uniform Experience
Regardless of User-location

. J/

[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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56 Requirements

' Data Rate Comparison of 5G with 3G and 4G

7

: I
Peak Data Rate > 50 Gbps
Data Rate
(1)
50 Gbps 50 ebp
More than x50 over 4G 5G
1Gbps 3G
|
‘00 ‘07 10 ‘20 Year
(1) Theoretical Peak Data Rate
(2) Data Rate of First Commercial Products
A

[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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~ Ultra Low Latency of 5G

e ~

| E2E Latency <5 ms
i Soms

5ms 585G A Tenth of E2E Latency

; -
E2E Latency
| Air Latency <1 ms
| 4G
| 1ms 5G A Tenth of Air Latency
e
A

Air Latency

[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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5G Requirements

“Ultra Low Latency of 5G

LTE = min 10ms

Qe

Core
Network

Internet

I
3]

4+—r4¢
4dms

5G service sub-lms

g
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<0.5ms <0.5ms
O [Source: GSMA Intelligence]
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5G Requirements

Spectral efficiency requirements:
e setto 10 bits/s/Hz (in contrastto the 1-3 bits/s/Hz on 4G networks),

» Efficient use of the spectrum by using MIMO, advanced coding and
modulation'schemes and new waveform designs

MAY 2016 » 5G Researchers Set New World Record For Spectrum
Efficiency

* 145,6 bits/s/Hz for 22 users

W

i

University of

BRISTOL « 255 — QAM e F
+  shared 20 MHz at 3.51 GHz me ESeieeSeR el

* 128-antenna massive MIMO == Re—— | s

UNIVERSITY 3 [
, K

22-fold increase in spectrum
efficiency over today’s existing 4G

networks.
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'5G Key Enabling Technologies

':'Q"Fu\tu re 5G’»systﬁems will encompass fundamentally new designs to
~ boostwireless capacity

Latency

Simultaneous Connection

Energy/ Cost Efficiency
Mobility
Cell Spectral Efficiency

Cell Edge Data Rate
Peak Data Rate

p——— T ]
- Multi-RAT | | | =
- Advanced Network mmm [ | |
- Advanced MIMO m im | =
- ACM & Multiple Access H DInE .

- Advanced D2D NN (mE |
INSTITUIGOES ASSOCIADAS - Advanced Small Cell D . D . - D I:I
O

[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.
IPL IARIA SIGNAL 2016

instituto de
telecomunicacdes

23 | 26.06.2016 LISBON




5G Key Enabling Technologies

Future 5G systems will encompass fundamentally new designs to
boost wireless capacity

mmW'we BS mmW'we MS

Carrier Aggregation of
. ﬂ Wi-Fi AP Licensed/Unlicensed Band

Antenn'i Arra r'ly

Amenm Array

mmWave System Multi-RAT
!
] I's

D D ﬂ i ‘ --------- -

Cell Center
Advanced D2D Advanced Network f ?J.'é m?m
J=xs f
/ —O0O00O*
N
£3 ¥
?E@ ] %ﬂ) ooton ELLLL,
B Azimuth Beamforming
INSTITUICOES ASSOCIADAS
Advanced MIMO Advanced Small Cells ACM & Multiple Access
O instituto de

[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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5G Key Enabling Technologies

Using millimeter wave spectrum for 5G telecommunications

.. 2.9GHz available
BW=2+0.9 GHz

10 GHz available
BW=5GHz

—

B 4 GHz available
BW=50 MHz

2 GHz available
1GHz <6 GHz BW=150, 850 MHz
INSTITUICOES ASSOCIADAS Below 6 GHz Above 28 GHz
O [Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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5G Key Enabling Technologies

Propagation channel PL(d)[dB]=PL(dy)+107logo | — | +Xo
73 GHz Directional Path loss vs. Distance in Manhattan with RX Height: 2 m & 4.06 m
Using 27 dBi, 7 3dB BW TX and RX Antennas
% NLOS ' ' FHF
NLOS-best
170 L 6 Los ...........
I-I-InNLOS=4‘T'GNLOS=12.EdB n=4
== =Ny os-best — 57" ONLos-best — 1 1-1 9B
150 [ m "l_.os = .2.3, ‘f’l.o_s = 6:1 dB .
% n=3
g 130 -
(=]
-
5 oin=2
m 110 - [ e
(271 ) RETTTTTTPE AR 4 i
70 Pl A ;
1 10 20 30 100 200
INSTITUICOES ASSOCIADAS T-R Separation (meterS)
O [Source:Rappaportet al, [EEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO.9, SEPTEMBER 2015.] instituto de

IPL
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5G Key Enabling Technologies

Typicalmeasured power delay profile (PDP)

Cluster 1: Cluster 2: Cluster 4:
Duration: 9.1 ns Duration: 31.0 ns | |Duration: 11.81 ns
7 Sub-paths 7 Suh-paths 8 Sub-paths
-55 '(/ = -78 T ; T T - ; T ;
AL [ cluster 3: 5 : LOS NB Location
Duration: 2.00 ns -80| 31 mT-RSeparatlon I
" |2 Sub-paths M
_ 0 : E 82l - ..Measuremenﬂﬂ .
c m -
Sl 2 | D20
5 {0l e Cluster 5: o " RX 122 10"
3 65 : = , AZJEL :
8 Duration: 1.9 ns o gl i .0 = 53 9 ns, s—
3 1 Sub-path % :
4 5 -
8 \ S sl e l:'I'rnl Aim Tﬂ 3 dB —
[+ - [+ £ -
-70} & - Tmax 10dB 53 ? "s
@ -90f i i
~ “max 20dB ?91 8 “5
921 ; . .§..13 components 1
.75 . 1 I |
0 100 (1} 100 200 3!]'0 400 500 600
g - Excess Time Delay (ns)
- Void 4:
Void 1: Time (ns) Duration: 23.9 ns
Duration: 2.7 ns
Void 2: Void 3:
) Duration: 9.5 ns || Duration: 13.3 ns
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5G Key Enabling Technologies

Propagation channel » outdoor

CDF of 28 GHz RMS Delay Spread for Narrow and Wide

>
S o 1
Q 0
o g s 28 GHz Narrow
2 _ _ \= =128 GHz Wide
ﬂi 3: 05l - . . R STERTRRRNE TR SRR
£ 5 ; E[28GHz(Narmw)Gt] =174 ns
23 ; E[28GHz(Wide)s, ] = 15.6 hs
L2 o : : . t .
2 w 0 1 1 1 1
o 0 20 40 60 80 100
RMS Delay Spread (ns)
m 28 GHz RMS Delay Spread vs. T-R Separation Distances
£ 600 5 , , , . .
S : : : 8 | % 28 GHz Narrow
2 g00f SN SO SR .| ®* 28GHzWide |-
2] : : : % . . .
s 200 )
B 0OOE - - i el B PR
3 §
(75) : : : : :
s 0
oY 60 80 100 120 140 160 180 200
INSTITUICOES ASSOCIADAS T—R Separation Distance(m)
O instituto dt_a
1PL IARIA SIGNAL 2016 telecomunicagoes

lllll




5G Key Enabling Technologies

Propagation channel » outdoor

CDF of 38 GHz RMS Delay Spread for Narrow and Wide

38 GHz Narrow
1= =38 GHz Wide

05 - - ST SRR S

E[38GHz(Wide)o ] = 7.7 ns

0 20 40 60 80 100
RMS Delay Spread (ns)

Probability RMS Delay
Spread < Abscissa

my 38 GHz RMS Delay Spread vs. T-R Separation Distances
£ 200 . . . . ) . .

i X ; : : %X 38 GHz Narrow
E : : : : * 38 GHz Wide

(7] L L
S, 100

© : : : :

o : : . :

a : 5 5 :

g 0 i ‘i i i i“

o 0 100 200 300 400 500 600 700 800

T-R Separation Distance(m)
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5G Key Enabling Technologies

Propagation channel » outdoor

CDF of 73 GHz RMS Delay Spread for Access and Backhaul
1 .

mmmm 73 GHz Access
1mim 73 GHz Backhaul

o5l ... e SO ST S
E[73GHz(Access)c ] = 11.1 ns
E[_73GHz(BackhauI)0t] =94 ns

0 20 40 60 80 100
RMS Delay Spread (ns)

Probability RMS Delay
Spread < Abscissa

) 73 GHz RMS Delay Spread vs. T-R Separation Distances
£ 300 - , , , . ) .
o L ox ; : X 73 GHz Access
%’_200_..‘,‘..; ........ x“ % 73 GHz Backhaul |/
7] : : : ®: DX :
% X : .
E 100 —— T o IR T
(]
S 0 '
o 40 60 80 100 120 140 160 180 200
T-R Separation Distance(m)
INSTITUICOES ASSOCIADAS
O [Source: Rappaportet al, IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 9, SEPTEMBER 2015.] etiute de
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5G Key Enabling Technologies

Propagation channel » outdoor

CDF of RMS Delay Spreads for Single Strongest
Beam Power Over All Locations

1 I T ".E. T | T T
: L A P
- '--._.:_“___....
L7 - :
UB R _..‘.l ......... ......... SRS L
2 ,— ) 28 GHz LOS Max. c,: 2.6 ns
oW Hm ‘ :
Q.2 R ' 73 GHz LOS Max. 6,: 1.7 ns
W s 06 ‘, ..... ..........
% < e 28 GHz NLOS Max. o,: 165.1 ns
>V P 5 5
=g @@ _ . 73 GHz NLOS Max. o: 30.3 ns
D F 04t AREE S . . .
S5 k° | | , , ,
ow i : : :
a ’ —6—28 GHz LOS

0.2000 - HPBW =10.9 @ 28 GHz - —&—73 GHz LOS

: : - ® =28 GHz NLOS
HPBW = 7" @ 73 GHz.
| =7 @73 GHz - B =73 GHz NLOS

0 10 20 30 40 50 60 70 80
RMS Delay Spread (ns)
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5G Key Enabling Technologies

WTXE  gfa21=ns

. . . ]| o e
Propagation channel» indoor office ] S -
Z G5.5m- 2 2 ; Z >

28 GHz Indoor Combined Polarization Omnidirectional Path Loss Models

73 GHz Indoor Combined Polarization Omnidirectional Path Loss Models
with TX Height: 2.5 m and RX Height: 1.5 m

with TX Height: 2.5 m and RX Height: 1.5 m

[O tos ! T Los 5 M
140 Bl NLOS 140/} W nLos
| N s = 1.8, 05 = 7.3dB N gs =240 . =12.0dB
_nNLDS =31, 6N|.05 =10.9dB M _nm_os =38, UNLQS =12.9dB
mun| 03 [“‘-. ]i. 5]. = (65-? dB, 1.3, 7.2 dB] === | OS (o, 5, o), =(86.3 dB, 0.8, 11.3 dB)
120/] = = =NLOS (e, B, o), = (58.0 dB, 3.4, 10.9 dB) 120/ 0SB 0), 2 (881 03, 22, 122 0)
% L m ® a o
w . . Lo 0
8 I 8
B ] L I - : PR
= £ = : : ,
= = 100 e e
o o 5
10 20 30 40 50 1 10 20 30 40 50
T-R Separation (meters) T-R Separation (meters)
[Source:Rappaportet al, [IEEE ACCESS, December 2015.]
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5G Key Enabling Technologies

120

-
(=]
=]

Path Loss (dB)

co
[=]

Propagation channel » indoor office

28 GHz Indoor Omnidirectional V-V Path Loss vs. Distance
with TX Height: 2.5 m and RX Height: 1.5 m

[|===LOS (e, 3, o), = (60.4 dB, 1.2, 1.8 dB)

T T T T T
) Los : : P
1 Il NLOS

—HLDE=1.1,G =1.8dB

LOS
=27, TyLos = 9.6 dB

— HNLDS

== =NLOS (u, [§ ), =(51.3 dB, 3.5, 9.3 dB)

60
1
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10 20
T-R Separation (meters)

30 40 50

[Source:Rappaportet al, [IEEE ACCESS, December 2015.]
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Path Loss (dB)

Y
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73 GHz Indoor Omnidirectional V-V Path Loss vs. Distance

with TX Height: 2.5 m and RX Height: 1.5 m

== umlOS (u, b, ), =(77.9dB, 0.5, 1.4 dB)

T T T T T T T T T T T
) Los [ . W
_HLD$=1'3’6L05=2'4 dB -
— =320 =11.3dB L
NLOS *“NLos bt
- H

= = mNLOS (a1, i, 6), = (76.3 dB, 2.7, 11.2 dB)

....'r........i......'r....i.....i....i...i...'r...................i........

..i........i...

10 20 30 40 50

T-R Separation {meters)
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SG Key Enabllng Technologles

Propagatlon channel » Key challenge: RANGE

Frus Law - = G+G, (4 )

Pa,th"llloss can be overcome with beamforming, independent of
frequency!

Sha.d-o\‘/"\"/'ihg: Significanttransmission losses possible:

» Brick, concrete > 35 dB
 Human body: Upto 35 dB

» Butchannelis rich in scattering and reflection, even from people

* |t works! NLOS propagation uses reflections and scattering

» Rappaport, et. al, “Millimeter wave mobile communications for
5G cellular: It will work!” IEEE Access, 2013

INSTITUICOES ASSOCIADAS
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'5G Key Enabling Technologies

7 Antenna systems » Adaptive Pencil Beamforming

o BS MS )

Array Antenna .
8X6 (=48) Antenna Elements i

— Ui gE —

i F

4+— 42 mm —

Array Antenna
4X1 (=4) Antenna Elements

RF + Array Antenna

RF + Array Antenna

RBF + Array Antenna d

Baseband Modem

N /

[Source: Samsung electronics “5G Vision”, White Paper [Online]2015.]

Simulation Results:
* 4X4 array: 3.2 Gbps (15.7 Gbps peak), 19.7% outage;

INSTITUICOES ASSOCIADAS + 8X8 array: 4.86 Gbps (15.7 Gbps peak), 11.5% outage;
» Qutage can be reduced by denser cells, smart repeaters/relays
O instituto de
|P IARIA SIGNAL 2016 ‘ telecomunicacoes
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'5G Key Enabling Technologies

7 Antenna systems » Reconfigurable 5G Phased-array Antenna

VHVHVH

High-Gain horizontally

Polarized Antenna
Parasitic 5G Antenna
embedded within <1.5mm Vertically Polarized Antenna
L chassis )

[Source: Samsung electronics “5G Vision”, White Paper [Online]2015.]
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5G Key Enabling Technologies

Antenna systems » Reconfigurable 5G Phased-array Antenna

Integrated
Circuit

instituto de
telecomunicacdes
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5G Key Enabling Technologies

Antenna systems » Biological Implications on the User's Body

s ™~
M 1.9 GHz (Omni)
: Penetration depth = 40 ~ 45 mm, Average = 0.29, Max =1 mW/g

Excluding the user’'s head Including the user’'s head

Penetration depth
=40 ~ 45 mm
Average/MAX = 0.29/1 (m\W/g)

B 28 GHz (Broadside Beamforming)
: Penetration depth = 3 mm, Average = 0.02, Max = 3.2 mW/g

Excluding the user’s head

|
|
" I
1 1 |
I =
|
B |
o [
|
|
|
|
1

Including the user’s head, -

Gain: 15 dBi Penetration depth
= 3 mm
Average/MAX = 0.02/3.2 (mW/g)
M -
INSTITUICOES ASSOCIADAS
[Source: Samsung electronics “56G Vision”, White Paper [Online]2015.]
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5G Key Enabling Technologies

Antenna é"y‘stefns » ‘»FuII-Dimension (FD) MIMO Deployment

\rr , N

FD-MIMO simultaneously
supports elevation & azimuth
beamforming and > 10 MSs
Elevati - -
FD-MIMO oot MU-MIMO
BS
A S

[Source: Samsung electronics “6G Vision”, White Paper [Online]2015.]
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SG Key Enabllng Technologles

Antenna systems » Appllcablllty of MIMO to mmWave
A 2x2 mmWave system deploys 2 TX arrays and 2 RX arrays.

o -0 Each array may have N elements, but only two data feeds are available.
o e Eachlarray has a programmable phase shifter that can be
Ieveraged to change the MIMO channelseen by the 2x2 system.

A major difference with sub-5GHz systems where omni elements are
used;

Additional knob available through changing array patterns.

—> RF TRX %
2x2

MIMO MIMO

> RF TRX RFTRX =

§~ RF TRX >
2Xx2
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SG Key Enabllng Technologles

Antenna systems » Appllcablllty of MIMO to mmWave

Scenano 1: SVD Multiplexing (SM)

Ny Form a 2x2 MIMO System
¥ Apply SVD with/without waterfilling

¢ | Due to nérrow beam patterns, the propagation will look like a

- LOS (AWGN) MIMO channel.

® Can we expect a significant multiplexing gain in LOS (AWGN)
" MIMO channels?

(-
% o ( > o
C —
S » ¥ RFTRX RFTRX (> 8 [>g
C - o
L £ < > = | |8
E S q = c O
5 S D = IR
@ y O
1 (Va)
~ <] D >
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SG Key Enabllng Technologles

Antenna systems » Appllcablllty of MIMO to mmWave

f Scenano1 SVD Multiplexing (SM)
® Two example usage cases

< ’I'-Iigh cross-interference between the streams (LOS MIMO &
- AWGN MIMO scenarios)

2 These two scenarios can be common in outdoor deployments.

Device

Device
YYY w
Device

Device
Vo
Blocker

rd
'
~ rd
~
~ '
\\
~ 4 /)
\\ ’, /,
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave

 Scenario 1: SVD Multiplexing (SM)
® SISO Capacity

x1 1 —yd— p
TX Power: P HE -------------------- >p—> Csisopy = log(1 + N)
D—

® Line-of-Sight MIMO Capacity

i 1 = x
e 4_"““"1_@_]? _____ § Y Cyvimo Rx:Tg'I(lIZ{ls=2P log (det I+ N ))
B S i | |
\*\\\ Pl 1+ k? k(e](+¢11—¢21) + e](+¢12—¢22))
’,::<:~\\ HH" = [k(ej(—¢11+¢21) 4 ej(-¢12+¢22)) 1+ k2
—x2— " kel® IREIN g_—y—Z—
I >p— "~ 1 Above Cypo can be realized through SVD when CSl is
1e/® available at TX.
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave
 Scenario 1: SVD Multiplexing (SM)

® MIMO capacity will depend on the following value:

Phase delta (function of distance): ¢4, = +¢11 — P12 + P2p — P2q
® MIMO capacity without waterfilling:
P ? P\?
Cuimo = log (1 ty 1+ kz)) -2 (k N) (1 + cos(+d11 — P12 + P22 — h21))

® MIMO capacity with waterfilling

2P . *
Cuimo = Sum(PJQPZI g (1 + —yl) Where y; = —~ € and e; are the eigenvalues of HH
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SG Key Enabllng Technologles

Antenna systems » Appllcablllty of MIMO to mmWave
. Scenano 1: SVD Mult|plexmg (SM)

. "'MIMO Capacity vs Phase Delta ¢4

P/N=15dB cross gain(k)=0dB

|

13

f f f f
MIMO Capacity (1P per TX power)

12

P——

///

11

10

Capacity (b/s/Hz)
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0 20 40 60 80 100 120 140 160 180
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave
 Scenario 1: SVD Multiplexing (SM)

® Phase delta=180 deg (maximizes capacity)
® K=0dB

20

phase delta=180, cross gain(k)=0dB

o

L L T
SISO Capacity (1P TX power) s
18— MIMO Capacity (2P total TX power) o

—a— MIMO Capacity w/waterfilling (2P total TX power) h/®/®/d
16

A
14 »/®/Q

12

10

Capacity (b/s/Hz)

&
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5 0 5 10 15 20 25
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave
 Scenario 1: SVD Multiplexing (SM)

® Phase delta=0 deg (minimizes capacity)

® K=0dB
Od phase delta=0, cross gain(k)=0dB
12 F L T L T
SISO Capacity (1P TX power)
MIMO Capacity (2P total TX power)

10 L MIMO Capacity w/waterfilling (2P total TX power)

8
N
I
B
8
= 6
o
I
Qo
8

4

2
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave
 Scenario 1: SVD Multiplexing (SM)

TX spacing=0.15m, RX spacing=0.2m, cross gain(k)=0dB

18 F F F 1 F 1 1
° H - SISO Capacity (1P TX power)

X arrays SpaCI_ng 15cm | MIMO Capacity w/waterfilling (2P total TX power)
*RX arrays spacing=20cm 16 d
‘K=0dB
-Short range (small # of elements) 14

12 N
~N
< [ |
s
z Wﬂ
g 8 2
. i
R N\

6 Y k \
4 RN
\
2 \ T
E%H
INST[TUICOES ASSOCIADAS 0 L r r r r r r L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
o Range (m)
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave
 Scenario 1: SVD Multiplexing (SM)

TX'spacing=0.2m, RX spacing=0.3m, cross gain(k)=0dB

20 F £ f f £ f f £
*TX arrays spacing=15cm \ SISO Capacity (1P TX power)
*RX arrays spacing=20cm 18 ~ MIMO Capacity w/waterfilling (2P total TX power) -t
‘K=0dB 6 \ \
*Long range (high # of elements) \ {
14
E 12 \“‘
n
e
>
2 \
o 8
O
6
4
Ex
2 x&
MHH
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5G Key Enabling Technologies

“Antennasystems » Applicability of MIMO to mmWave
e Scenario 2: Multi-Array Beamforming (MAB)
® Form a larger single array by phase-aligning the two arrays

® Transport a single stream at higher SNR
« 2 TXarrays and 2 RX arrays: 9dB higher total SNR compared to SISO

case
| _ w | RFTRX RETRX b o[>
> C > C [
- — © = O = S [¢0)]
S 3 Is < 5| |8 o
—_— G —_— G (&)
v 2|5 E S E||? 2
— L S o = O —
@ L5 RF TRX RFTRX {3 = @
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'5G Key Enabling Technologies

~ Antennasystems » Applicability of MIMO to mmWave
e Scenario 2: Multi-Array Beamforming (MAB)

® Two examplé usage cases
® 9 dB SNR gain compared to single array case (6 dB from TX and 3 dB from RX)

ﬁ

Device

AEAA KA ~EAA
Blocker
Device

Device

\/

N/

w

Device
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'5G Key Enabling Technologies

s Antenna‘systems » Applicability of MIMO to mmWave
. S.Cenario 2: Multi-Array Beamforming (MAB)
-, @ SVD-MuItipléxing can reach MAB performance at low SNR only with the help of

~waterfilling
s ) spatial multiplexing (SM) with waterfilling vs. MAB (k=1, SNR=3dB)
4.7
[ [ [
——— SVD-SM w/ waterfilling
6 MAB e

45

4.4
)
3
Q

> 4.3
8
o
©
(&)

4.2

4.1

K\
4
. 3.9
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave
* Scenario 3: Spatial Aggregation (SA)

® SVD can be eliminated if sufficiently separated beams can be identified.

® Simplified TX and RX implementation
® May be defined as a baseline MIMO mandatory mode (while making SVD-
Multiplexing optional)

q D 8
O
C
- s| RF TRX RF TRX > g c > £+
(] S
S < P T B o 3
5 8 £ 3 5 8
v c <] [> = 2 n O
~ O ®© ~ O
> RF TRX RF TRX = g © >
< > 3
o
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'5G Key Enabling Technologies

; Anten‘na systems » Applicability of MIMO to mmWave
. SCenario 3: Spatial Aggregation (SA)
"~ ® Example usage case

® SA is a subset of SVD-Multiplexing
® Use of interference cancellation in RX side is implementation and vendor choice.

Reflector

<
e ~

~

a)

Devic

D

D¢ rtf:—
AAA
Blocker
m

INSTITUICOES ASSOCIADAS

O

IARIA SIGNAL 2016
1P

instiruro politécnico
de leiria

instituto de
telecomunicacdes

54 | 26.06.2016 LISBON




5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave
* Scenario 4: Multi-Array Diversity (MAD)

® Transport the same streams across two arrays.

® A sub-optimal configuration to MAB when MAB is not applicable.
» “SNRis low for significant gain out of SVD-SM
« Linkreliability/redundancy is a key metric
« Cross-interference between the multiple beams is relatively high

® 3dB diversity/energy combining gain compared to a single array case.

RF
> RF TRX 7 > 2 P
e . TRX o ow || v
c 2 2 Z c 5
S 53 ||2 9
ki~ RN AR
> RF TRX - > &
TRX e

INSTITUICOES ASSOCIADAS

O

lllll

instituto de
telecomunicacdes

IARIA SIGNAL 2016

55 | 26.06.2016 LISBON : .




5G Key Enabllng Technologies

Antenna systems » Appllcablllty of MIMO to mmWave
. Scenar|o4 Multl-Array Diversity (MAD)

® Example usage case
~+ Simple reliability improvement
* ~Energy combining gain.

Reflector
\VAVAV m
—
-
aJ S
2 ks) Y
o ( @ >
- a
(
|
\\\ ’/”/’
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave

 Summary of MIMO Scenarios

Number of
data streams

(Constellation Coding

True
MIMO

Improved
Merit of
Figure

Some applicable
usages

-Level)

instiruro politécnico

SVD Multiplexing (SM) - Two Yes Throughput Backhaul capacity,
Closed Loop using CSI adjacent arrays, high
SNR, polarization
multiplexing
Multi-Array Beamforming Single No SNR Backhaul range,
(MAB) adjacent arrays, low
SNR
Spatial Aggregation (SA) Two No Throughput Indoor/Outdoor,
-Open Loop polarization
multiplexing when
good separation
available
Multi-Array Diversity Single No SNR Indoor, distant arrays
(MAD)
INSTITUICOES ASSOCIADAS
QPL IARIA SIGNAL 2016

de leiria

57 | 26.06.2016 LISBON

A

instituto de
telecomunicacdes




'5G Key Enabling Technologies

/ Anten‘na systems »» Applicability of MIMO to mmWave
. ‘Phase Noise Impact on SVD Multiplexing

n”lhtegrated uncorrelated
phase noise = 5deg
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capacity (b/s/hz)

Capacity degradation due to inter-stream interference from uncorr phase noise (5 deg rms)
when using SVD based stream separation, SNR=10dB, cross-leakage=0dB

: : :

MIMO, no pn, (1P per TX chain)
MIMO, with pn (1P per TX chain)
SISO, no pn, (1P TXchain)

|_| — SISO, with pn, (1P TXchain)

—

—
/

-

0 20 40 60

80 100 120 140 160 180
phase delta (deg)
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'5G Key Enabling Technologies

/ Anten‘na systems »» Applicability of MIMO to mmWave

. ‘AII four “multi-radio” scenarios can be implemented using a common PHY
standard framework.

'« Possible standard framework:

. Ability to generate 2 to 4 independent streams (no cross coding)

" Enables two modes of operation: transport data streams over the same

frequency channel (spatial aggregation) or over different frequency channels
(carrier aggregation)

* Ability to apply some form of “SVD coding” to generate 2 to 4 coded data
Streams

* This “waveform generation” framework enables following usages: SVD
multiplexing (LOS/AWGN MIMO), polarization multiplexing, multi-array
beamforming, spatial aggregation, carrier aggregation, multi-array diversity.

Same channel Different channels
No TX cross- Spatial aggregation Carrier aggregation
INSTITUICOES ASSOCIADAS COding
TX cross-coding SVD multiplexing N/A
instituto de
IARIA SIGNAL 2016 telecomunicacdes
IPL
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SG Key Enabllng Technologles

Antenna systems » Appllcablllty of MIMO to mmWave

MU -MIMO schemes
e Ful/y adaptlve array (FAA) requires one RF chain per each antenna element

4™ USER DATA [

aeese8ee
5

2"° USER DATA

1> USER DATA

Vertical and Horizontal beamforming
coefficients

® Modular antenna array (MAA) implements the hybrid beamforming
technique: coarse analog beamforming using RF phase shifters in sub-
arrays and fine beamforming in the BB

4™ USER DATA

© USER DATA i I R A N N N X

"> USER DATA

USER DATA
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SG Key Enabllng Technologles

Antenna systems » Appllcablllty of MIMO to mmWave

“MU- MIMO schemes
¢ MAA MU—MIMO mode implementation: Hybrid beamforming

' ' : ( BB part [ RFPart R
. The Hybrld beamformlng On the base ( FrequencydomalrFt/i:abc:rnerprocessingY Time domain a]
ine beamiorming Coarse beamforming
of the MAA reduces the number of MO e |G
“RF chains ) = A
® s IFFT [ DAC > o gg
Coarse analog RF beamformlng s ) o 53

the same for entire BW

® Fine beamforming (MIMO
processing) in BB may be performed
for OFDM mode in frequency domain 2"
(per subcarrier or per subband)

IFFT 9 DAC

RS S = n L n g =
Tt

Pyl

. IFFT 9 DAC P>
Coding

&
Modulation

N\

vYyy

7N, (% man

[T TmTm TS ™
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7NN

Tt

S

) 18] 18] I8,

INSTITUICOES ASSOCIADAS

O

IARIA SIGNAL 2016
|PL

rrrplr

instituto de
telecomunicacdes

L3

61 | 26.06.2016 LISBON




'5G Key Enabling Technologies

‘Anterina‘Systems »‘Applicability of MIMO to mmWave
- * MU-MIMO schemes
. ® MAA vs. FAA in MU-MIMO mode

<. FAA allows flexible UE grouping for MU scheduling over the whole cell
_without limitations
MAA with vertical sub-array modules placement allows coarse elevation
angle adjustment (by phase shifters) and fine horizontal separation by BB
- processing:
* There is almost no difference between FAA and MAA in SU mode
* In MU-MIMO mode due to limited ability for beam adjustment in elevation, all

UEs in MU group should exploit the beams with same elevation angles — MU
groups should be arranged by distance from AP (ring structure)

INSTITUICOES ASSOCIADAS

O MU grouping with FAA: whole cell MU grouping with MAA: ring placemen
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SG Key Enabllng Technologles

Antenna systems » Appllcablllty of MIMO to mmWave

“MU- MIMO schemes
¢ DL MU—MIMO performance evaluation
Tyl BaS|c scenario: outdoor hot-spots
e D|fference in emission regulations in different countries requires:
European: EIRP is limited to 41 dBm
~» Such limitation lead to cell radius up to 100m, with 50m near-optimal value
» 50 UE/cell selected for small cell with 50m radius (1 UE per 50m?2)

[£2] A

Pw=19/22/25 dBm

50 UEs/cell

Cell radius=50m
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave

®~ MU-MIMOQO schemes
® DL MU-MIMO performance evaluation
« AP antenna arrays configurations

+ 8x16, 8x32 and 8x64 antenna arrays configurations used in the simulations

* For the case of modular array (MAA) 8x1 elements sub-array modules placed
vertically

« For MAA elevation adjustment was performed by phase shifters only, while
azimuth steering and MIMO processing performed in the BB for 16, 32 and 64
channels respectively

3D antenna pattern

Azimuthal (blue) and elevation (red) antenna patterns for zero direction

el Elevation-|-. . ] 81(32 antenna array geometry
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave

®* " MU-MIMO schemes

® DL MU-MIMO performance evaluation
« Open-area scenario

Parameters Assumption Far reflector
Number 2 (LOS and reflected) e ® T
D-rays — - — ‘T Far wall ray, d;
Power Friis / Fresnel equations
Number 3 }
Arrival rate Poisson, 0.05 ns-! =
R-rays Power decay Exponential, 15 ns N\
K-factor 10 dB
AoA/AoD range (az., el.) [-60°:60° ;-20°:20°]
Number 3
Intra- Arrival rate Poisson, 0.3 ns-!
cluster Power decay Exponential, 4.5 ns
rays K-factor [9,6] dB
AoA/AoD range (az., el.) [-100:10o ;-100:100]
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5G Key Enabling Technologies

Antennasystems » Applicability of MIMO to mmWave

®~ MU-MIMO schemes
® DL MU-MIMO performance evaluation
« Simulation results

Ant. Ant. AP throughput, Gbps
Conf ¢ Isolated cell Dense hexagonal deployment
ont: ype EU scenario EU scenario

FAA 8.0 5.5

8x16
MAA 7.0 (-12,5%) 4.9 (-11%)
FAA 16.4 10.9

8x32
MAA 15.7 (-4%) 10.4 (-5%)
FAA 32.1 214

8x64
MAA 31.1 (-3%) 20.5 (-4%)
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'5G Key Enabling Technologies

'Antenha System‘s » Applicability of MIMO to mmWave

* Shared MIMO Architecture for 802.11ay
| ~® Spatial Multiplexing Using MIMO Architecture

~+ MIMO architecture can be used to multiplex multiple data streams over
different spatial streams in the wireless channel, consequently increasing the
-~ data rate

® Split-Array Multi-Stream Architecture
 ® Shared-Array Multi-Stream Architecture

INSTITUICOES ASSOCIADAS
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'5G Key Enabling Technologies

Anten’na‘systems »» Applicability of MIMO to mmWave

~* Shared MIMO Architecture for 802.11ay
. ® Split-Array Multi-Stream Architecture

1

-

—>
K T Y
data U N spatial N K
streams streams spatial \ data
streams streams
. Ly
N —
N

« MTx and MRx antennas splitacross N(xN) spatial streams such that each
antenna is associated with a single spatial stream
» Effective array size for each stream is MTx/N and MRx/N

O « Number of data streams may be less than number of
spatial streams, K< N (down to K = 1) |

INSTITUICOES ASSOCIADAS
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'5G Key Enabling Technologies
Antenna systems » Applicability of MIMO to mmWave

-8 Shared MIMO Architecture for 802. 11ay
® Shared-Array Multi-Stream Architecture

—> —>
K V K
data U spatial spatial data
streams streams streams streams
—> —>

« MTx and MRx antennas shared across N(xN) spatial streams.
» Full array used for each beam.
INSTITUICOES ASSOCIADAS * Fair comparison must assume constant total TX power per TX antenna.
* Increases number of phase shifters and associated feed
* More flexibility in allocating antenna groups to the stre
69 | 26.06.2016 LISBON e
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'5G Key Enabling Technologies

Antenna Systems » Applicability of MIMO to mmWave

* Shared MIMO Architecture for 802.11ay
® Performance
«-. Using field-measured 60 GHz channel.
-+~ OFDM modulation scheme, two spatial streams over 36 antenna (Mr,=Mr,=36).
« Shared arChitecture providing larger beam-forming gain per stream.

Capacity of measured channels using Quantized Analog Phase Combining

10 T T T
—6—BF
9H —&— BF-MIMO-Split: Ideal Fdbk
— < BF-MIMO-Split: 8-tone, 6-bit Fdbk /
8 H —o— BF-MIMO-Shared: Ideal Fdbk =
. BF-MIMO-Shared: 8-tone, 6-bit Fdbk /
7

Capacity (bits/Hz/Sec)
N

?@'
INSTITUICOES ASSOCIADAS 0
-5 0 5 10 15 20 25
Frequency Domain Average SNR of BF (dB)
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SG Key Enabllng Technologles

ACM & Multlple Access» New Waveforms (Post OFDM) » FBMC

‘V"*-:#,Pulse shaplng per | g )
7 'subcarrier ”
~_*» Reduced Cychc Preflx nr’
~.overhead - o ﬁ]
" OQAM requwed better Spectrum Emission Mask i : M‘ F \l |
“.__channel estimation | ﬂ'“i"’tu Aty
algorithms and MIMO OFDM Spectrum W h b
schemes b M
il
4 ,M
r V i | | Well-localized Spectrum
)\ ||| |2 Increased BW Efficiency
(Ot Mg
- J
[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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5G Key Enabling Technologies

50 -
1030 1040 1050 1060 1070 1080 1000 1100

Sample

ACM & Multiple Access» New Waveforms (Post OFDM) » f-OFDM

1st SC Mapping 1 IFFT 1 AddCP1 ) Remove
Subband’| E.z 120 KHz Eg 256 [ | Ee 18 i > Hilterl > p FFT1 = Detector —»
—_2nd | SCMapping2 FFT2 | AddCP2 Filer2 |1 Y 7 > Filterd | Remove FFT2 || Detector —»
Subband| E.g 15KHz Eg 2048 Esg 115 N P2
: : : ; : : :
Nth .| SCMapping N TFFTN AddCPN _ Remove
Subband| E.z 7.5 KHz Eg 4096 | | Eg 130 Sl » FilterN > oy FFIN = Detector
0,
'10 T T T T T +4-6/n
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35t ! 'ﬁ . +34%
jf 1 +33% +54% ,
ol : : | +83%
L ‘l
W L
45 :mu..ﬁ--"""'wJ -"‘“‘ﬂrm\_
|NST[TU|COES ASSOCIADAS H‘.
50 I I I I I
-15 -10 -3 0 5 10 15 Pedestrian Urban AWAY Total
Frequency (MHz) instituto de

IPL

instiruro politécnico
de leiria

IARIA SIGNAL 2016

72 | 26.06.2016 LISBON

telecomunicacdes



5G Key Enabling Technologies

ACM & Multiple Access» 5G waveform candidates

z M n
(= qoo kb | | - fOFDM \ I
I |-——FBMC !
120 F ! v
7 \
s Y
-140 - d AN A
-160 C - - g o S ‘:
-180 1 1 1 1 1
-6 -4 -2 0 2 4 ]
Frequency (MHz)
Waveform Filter Granularity Typical Filter Length Time Orthogonality Frequency Orthogonality O0OBE
OFDM Whole band < CP length Orthogonal Orthogonal Bad
GFDM Subcarrier >> Symbol duration Non-orthogonal Non-orthogonal Good
FBMC Subcarrier = (3,4,5) x Symbol duration Orthogonal in real domain Orthogonal in real domain Best
UFMC Subband = CP length Orthogonal Quasi-orthogonal Good
e f-OFDM Subband < 1/2 x Symbol duration Non-orthogonal Quasi-orthogonal Better
O instituto de
IPL IARIA SIGNAL 2016 ‘ telecomunicag()es

instiruro politécnico
de leiria

73 | 26.06.2016 LISBON

ol




SG Key Enabllng Technologles

ACM & Multlple Access» New Modulation » FQAM

l 8 Improves the ceII edge f
o ‘performance 4-ary QAM 4-ary FSK 16-ary FQAM

- With FQAM, the :t:

.~ statistical distribution. of + o 00-- .
ICl is likely to be non- S, S, req o req
Gau35|an es ecially for —.J—Q+ '.L_."

_ Gaussi pecially { ] D) e

- H|gher transmission + o0t o- ’ ' -Q—O—LO—
rates (x3) when { ) D T

compared with QAM- S, S4 —o-0-0-1- -Q—.—.—_L
based OFDMA

-

‘\

[Source: Samsung electronics “5G Vision”, White Paper [Online] 2015.]
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Mllllmetre Wave Wireless Radio System Prototype for
Glga bltls Multlmedla Application [our work]

: \ThIS research prOJect involves the design of appropriate digital
»wbaseband modulatlon schemes that will be implemented on FPGA
platform based on the standard 802.15.3c.

‘The |dent|f|cat|on of RF non-idealities that should be considered in the
60 GHz des[g,n and providing efficient mitigation methods.

Orthogonal Frequency Division Multiplexing (OFDM) and Single
Carrier Frequency Domain Equalization (SC-FDE) are the
transmissions schemes adopted by this standard.
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Millimetre Wave Wireless Radio System Prototype for
G\ig\a/-‘bitl_sf_MUIt‘_ime_dia Application [our work]

RF |rjhpai"r*mentﬁs Models for 60 GHz Communications Systems

RX .
 Antenna I(i Ilﬁ)élé}n:es
‘ \ 1
R o SOY o
| I
IN 90° ' |
Phase shift|
- IX Phase Noise RE Q 1
" Antenna O |
LO R (O I
RE <+—<DAQJ
\
[ 900 I
|Phase shift |
Non-Linearities :
RE F
From PA Q ‘
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

Simulation:Framework for mm\Wave systems

‘OFDM block diagram
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Millimetre Wave Wireless Radio System Prototype for

Giga-bit/s Multimedia Application [our work]

Simulation-Framework for mmWave systems

Coded OFDM

L1 —— A
______ 5 | =——LDPC(672,336)
"""""" 7= = = Shannon limit (R=1/2)
| =e=LDPC(672,504)
107 ___|===Shannon limit(R=3/4) ||

FEC Overall  yy dulation  Throughput [Ghbps]
code rate

RS (224.216) /14 16 QAM 3.96
LDPC (672.336) 12 16 QAM 308
64 QAM 4.62
16 QAM 4.62

LDPC (672,504 3/4
(672,504) 64 QAM 6.93

\ | ——RS(224,216)

& | = = = Shannon limit(R=9/14)

10’35
P
Lu ]
m T
107,
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

PSNR Simulations Results

®* PA non-linearities impact on the subject quality of a transmitted
video frame.

Reference frame from the Full HD
Cactus.yuv video sequence for the
PSNR calculation.

60 60
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

Simulation-Framework for mmWave systems

SC-FDE block diagram
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

Simulation-Framework for mmWave systems

OFDM/FS-FBMC block diagram
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~ Millime*tre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

' Simulation Framework for mmWave systems

~ OFDM/FS-FBMC
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* Millimetre Wave Wireless Radio System Prototype for
Glga b|tls Multlmedla Application [our work]

Slmulatlon Framework for mmWave systems

OFDM/FS FBMC
Estlmated out-of band emission using the GaAs PA model employing
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

e Simulation Framework for mmWave systems
 OFDM/FS-FBMC
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

On the air in 10 minutes

Vubigq V6OWGDO3.

ADC specs - FMC 126:

10 bit resolution;
*1.25 GSPS using two channels;

*‘Maximum signal bandwidth:
625 MHz.
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

Under prototyping

Beam Controller H
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Millimetre Wave Wireless Radio System Prototype for
Giga-bit/s Multimedia Application [our work]

Under prototyping
MIMO 2x2 @ 60 GHz

MIMO 2x2 @ 60 GHz

________________________

FMC126
#1
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