Cellular ...
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Background: Cellular network technology
3 Overview

O 16: Analog voice (ho global standard ...)
O 26: Digital voice (again .. GSM vs. CDMA)

o 36: Digital voice and data
+ Again ... UMTS (WCDMA) vs. CDMA2000 (both CDMA-based)
« and ... 2.56: EDGE (6SM-based)

0 4G: LTE, LTE-Advanced ..
- OFDM (OFDMA for downlink and SC-OFDM for uplink)

0 56: 56 New Radio (NR)
* 56 NR based/build on LTE and OFDM (+ mmWave, etc. shorter range)
 Yet lower delays, smaller cells, higher bw, computing at edge, virtualization

7 Trends

o Advanced networks (SDN, NVF), everything on cloud, immersive
experience, tele presence, massive connectivity, D2D, ...

O More data, packet-based switching, shared channel, directional (spatial
reuse), multi-antenna, etc.

O Other goals: Seamless with other technologies, QoS for multimedia, etc.




2G (voice) network architecture
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3G (voicetdata) network architecture

D 4 Public
— telephone
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N network
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Key insight: new cellular data
network operates in parallel
(except at edge) with existing
cellular voice network

= voice network unchanged in core

= data network operates in parallel g Gateway GPRS Support Node (GGSN)

GGSN

Serving GPRS Support Node (SGSN)
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3G (voicetdata) network architecture
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Code Division Multiple Access (CDMA)

0 used in several wireless broadcast channels
(cellular, satellite, etc) standards

T unique "code" assighed to each user; i.e., code set
partitioning
3 all users share same frequency, but each user has
own “chipping” sequence%i.e., code) to encode data
O encoded signal = (original data) X (chipping sequence)
O decoding: inner-product of encoded signal and chipping
sequence
O allows multiple users to "coexist" and transmit
simultaneously with minimal interference (if codes
are "orthogonal”)



CDMA Encode/Decode
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CDMA: two-sender interference
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Practical chipping codes ...

3 Orthogonal even under offset?
O No synchronization ...
O Random sequence; high probability low cross-correlation

3 Different chip lengths?

o different rates, take advantage of silence, more calls
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3G versus 4G LTE network architecture

] Public
__ telephone
network

Gateway
MSC

Public
Internet
GGSN
fgor—— Public
(@ »)/éé Internet
. S-GW P-GW
radio access network J‘ Evolved Packet Core
Universal Terrestrial Radio EPC
Access Network (UTRAN) T ( )

Wireless and Mobile Networks

7-11



4@: differences from 3G

Oall IP core: IP packets tunneled (through core IP
network) from base station o gateway

Tno separation between voice and data - all traffic
carried over IP core to gateway

Mobility
Managemen’r Home Subscriber Serving
Entity (WME) Server(HSS) Gateway Packet data

network
T HSS ‘ (S-6W) Gateway

MME - / / (P-GW)

Public

@) daTa é‘é* Internet
S-GW P-GW

radio access network _| Evolved Packet Core
Universal Terrestrial Radio '|< (EPC)

Access Network (UTRAN)

UE eNodeB
(user element) (base station)
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LTE: data plane control plane separation

control plane

= new protocols for mobility
management , security,
authentication (later)

data plane

= new protocols at link,
physical layers

= extensive use of tunneling to
facilitate mobility

base station

IP tunnels

Wireless and Mobile Networks: 7- 13



LTE data plane protocol stack: first hop

Application LTE link layer protocols:
Transport Packet Data Convergence: header
IP IP / compression, encryption
L | Backet Data Comvergents "~ Radio Link Control (RLC) Protocol:
S | Radio Link Radio Link fragmentation/reassembly, reliable
Yy | Medium Accesp Medium Accesp data transfer
Physical Physical \.

Medium Access: requesting, use of
radio transmission slots

(<, Er
rm
I

—pLd=t data

plane
base station
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IP

Packet Data
Convergence

Radio Link
Medium Acces

Physical

base station

LTE data plane protocol stack: first hop

LTE radio access network:

= downstream channel: OFDMA

(orthogonal frequency division
multiplexing)

= upstream: SC-OFDM (Single carrier
OFDM)

Wireless and Mobile Networks: 7- 15



LTE data plane protocol stack: packet core
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B X )

tunneling:

= mobile datagram
encapsulated using
GPRS Tunneling
Protocol (GTP), sent
inside UDP datagram
to S-GW
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LTE data plane protocol stack: packet core

L

base station

GT GTP-U
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TP IP
lin link

Phys Physical

tunneling:

= mobile datagram
encapsulated using
GPRS Tunneling
Protocol (GTP), sent
inside UDP datagram
to S-GW
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LTE data plane protocol stack: packet core

tunneling:
GTD. TS XY * mobile datagram
T 1o 2 ﬁ‘i A encapsulated using
0cCl RESOURCE PRIQRITY PACKET DELAY PACKET ERROR EXAMPLE SERVICES
TYPE BUDGET (M5) LOS5 RATE
1 GER 2 100 107 Conversational voice
2 GBR 4 150 107 Conversational video (live streaming)
3 GBR 5 300 108 Non-conversational video (buffered streaming)
4 GER 3 50 10° Real-time gaming
5 Mon-GBR 1 100 10% IMS signaling
6 Non-GER 7 100 107 Voice, video (live streaming), interactive gaming
7 Non-GER 6 300 108 Video (buffered streaming)
8 Non-GBR 8 300 108 TCP-based (for example, WWW, e-mail), chat, FTP,
p2p file sharing, progressive video and others
9 MNon-GER 9 300 10%




LTE data plane protocol stack: packet core

tunneling:
GTP- Ul ety
F IP ||
ik 1 link
/oicol Ph isical i .
_E" 3 cal Physi lJ_ » S_GW r-e_-runnels
g datagrams to P-GW
&L e =3 ng = supporting mobility:
| < g mobility:
I:Ee:zion o 5-GW P-GW only tunneling

endpoints change
when mobile user
moves

Wireless and Mobile Networks: 7- 20



Radio+Tunneling: UE — eNodeB — PGW
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Overview

& User1 == User2 User3 &= User ..
» Time Division * Frequency Division » Code Division » Frequency Division

» Orthogonal subcarriers

f f £

L G L

AN

Image: http://www.Itehandbooks.com/2015/09/Ite-radio-interface-of dmofdmasc-fdma.html 22



LTE downlink (OFDMA-based)

5 MHz Bandwidth

FFT |‘ ¢ Sub-carriers ’l
/\ w5 |

Symbols

Frequency

Figure from:
36PP TR 25.892; Feasibility Study for
Orthogonal Frequency Division Multiplexing

A A A A g (OFDM) for UTRAN enhancement (Release 6)
Time

3 Data symbols are independently modulated and

transmitted over a high number of closely spaced
orthogonal subcarriers.

3 Available modulation schemes for E-UTRA downlink:
QPSK, 16QAM, and 64QAM (with 2,4 ,and 6
bits/symbol, respectively)

7 OFDM signal is generated using Inverse Fast
Fourier Transform (IFFT) digital sighal processing



... Oneframe (10ms)

[ 1 I | I | I [ I | I [ 1 I

One resource element
One subframe (1 ms) Lo

Asssssssssssssseatianntadastakasaibassaaansana Y

m— Figure from:
e " S. Parkvall, "LTE - The Global Standard for
: = Mobile Broadband”, presentation, Ericsson Research

O Time domain structure:
o 10 ms frame consisting of 10 subframes of length 1 ms
O Each subframe consists of 2 slots of length 0.5 ms

O Each slot consists of 7 OFDM symbols (6 symbols in case
of extended CP)

3 Resource element (RE)
O One subcarrier during one OFDM symbol

3 Resource block (RB)
O 12 subcarriers during one slot (180 kHz x 0.5 ms)

24



1 resource block =
180 kHz = 12 subcarriers Subcarrier spacing = 15 kHz

A

" .
1slot=05ms= \ \
\7 OFDM symbols '\

b "t\\T\\
oo NCRRERRE
RS WY

time QPSK, 16QAM or 64QAM modulation

frequency

0 Scheduling decisions done in the base station

3 Scheduling algorithm is a vendor-specific, but
typically takes into account
O Radio link quality situation of different users
O Overall interference situation
O Quality of Service requirements
O Service priorities, etc.

25



SNR

0 Scheduling decisions done in the base station
3 Scheduling algorithm is a vendor-specific, but
typically takes into account
O Radio link quality situation of different users
O Overall interference situation
O Quality of Service requirements
O Service priorities, etc.

Hint: QPSK (2bits/symbol), 16QAM (4bit/symbol), and 64QAM (6 bits/symbol)
26



Downlink vs Uplink

OFDMA SC-FDMA

Time

1

/.

/A

e 15K 4 e 12x15K=180KHz

»
——

12x15K=180KHz

Multiple Subcarriers Single Carrier
Resource Block Resource Block

>
-

Frequency
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. - Dawnh‘nk“
Downlink vs uplink ——

DFT precoder |~~_OFDOM modulator --

yelic-prafi
= [FF T = "DFT-”FFT"{ st =

3 Parallel transmission on O Single carrier properties
large number of = 7 Better battery lifetime at
narrowband subcarriers phones/sender (reduced

0 Avoids own-cell power-amplifier power)
inferference , 7 More complexity at

7 Robust to time dispersion receiver (equalizer needed)

0 Bad power-amplifier J Lower throughput 28

efficiency



Multi-antenna (*slide from Ericsson)

Multi-Antenna Transmission Techniques

Diversity for improved Beam-forming for improved coverage
system peformance (lesscells to cover a given area)
SDMA for impro ved capacity Multi-layer transmisson ("MIMO")
(more users per cell) for higher data ratesin a given bandwidth

The multi-antenna technique to use depends on what to achieve

Encmm Corfd entad = M 0s 2 ERICSSON

29



MIMO transmission: single user

Single User MIMO: spatial diversity

= multiple transmit/receive antenna to/at one user at same time

= exploit multipath: use multiple antennas to increase number of
paths for transmitted signal between transmitter and receiver

* multipath: signals

M)

arriving at receiver not
the same (e.g., some at —»0)) o
higher quality)

 antenna gain: increase _>.>> o—
SNR by combining
multiple signals cendbr receiVver

12 signal paths from one sender
(with two antennae) to one
receiver (with two antennae)



i

MIMO: spatial diversity

)
i

)

!

= increase reliability, range by
sending / receiving redundant
streams of information in —~e)
parallel along different spatial sender
paths between transmit and
receive antennas

= improved reliability: unlikely that all paths degraded at same time

= jmproved range: multiple antennas gather more signal at receiver

Example:
"Outage” with probability p
M independent antennas send same signal: at least one
success with probability 1-pM,

receiver



D

MIMO: spatial multiplexing

= send two different streams of

N
N
N A
N

X Y= H;1(x1)
information, x, and x, in parallel —te) g 1
along different spatial paths §
from transmitter to receiver >-<2'>> o
= spatial multiplexing differs from transmitter s

spatial diversity
Y= Hy(x1) + H 1(x5)

5., 0
N
X Hy)
BaNg

>
H
220 Vo= H; Ax;) + Hjo(x5)

Receiver

SN
—%5

Transmitter




MIMO: spatial multiplexing g

Y= H;(x1)
->

ﬁ., 01> | * Hz(x)
y 3
y7_ H7, 7(X7) 7 HZ, 7(X2) >> Y= H %)
* H, AX5)

y=H / 2()( , ) + HZ,Z(X 2) Transmitter

H,; () . V1= Hy (1) + Hz 4(X2)

ot
35
3 ANY

H,2) Vo= Hi A1) + Hz 2x5)

Two equations with two unknowns

" but H, (x;) are time-varying —=
stochastic quantities X3

Transmitter

Receiver




MIMO System Model 13
Y o]~ [*] Y
User data stream \Y S, \ Y2 |\ ]/ User data stream
. Channel y — H S + n
_:Y | Sy | Matrix H ¥ \(/_’
; i One example receiver side
Transmitted vector Received vector .
Yy = Hs +n estimate ...
T is a Complex Gaussian ) — -1 —
. | n B sl | il s oei s’=H=y=s+error
reH= M, “ fz AAAAAAAA .W fading gain between the ith Note-
transmit and jth receive -
(B B e | b - H based on channel
estimation (fading) using
| known reference of pilot
o o signal
2 M g - Stability depends on
O ¢ i o -s-) . .
JLE (s S condition number of H
: - Want cond(H) close to 1
[ - Decomposition methods,
P - rather than pure inversion




Multi-user MIMO

= multiple fransmit antenna send to
different users at same time
» "spatial multiplexing”

= exploit directional antenna: send
to geographically separated users
at same time via beamforming

)\




Beamforming

Advantages:
- Beam towards user
- Strong receive signal

- Save transmit power (by sending
same signal at lower power)

- Less interference

Conventional Beamforming Array Switched Antenna Array Adaptive Antenna Array
Source: http://optima.skku.ac.kr/research/array_beamforming.JPG
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4G/56G cellular networks

similarities to wired Internet

edge/core distinction, but
both belong to same carrier

global cellular network: a
network of networks

widespread use of protocols
we've studied: HTTP, DNS,
TCP, UDP, IP, NAT,
separation of data/control
planes, SDN, Ethernet,
tunneling

interconnected to wired
Internet

differences from wired Internet

- different wireless link layer

= mobility as a 15t class service

- user “identity” (via SIM card)

= business model: users
subscribe to a cellular provider

- strong notion of "home network”
versus roaming on visited nets

- global access, with authentication
infrastructure, and inter-carrier
settlements

Wireless and Mobile Networks: 7- 40
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Architectural Elements

AMF AUSF SMF NSSF NRF AF
Access, Mobility | Authentication Session Network slice Network Application
. Management Server Management selection Repository Function
(C P22
E UPF PCF | UDM |NSSAAF| NEF
User Policy Unified Data NSS auth. Network
TS5 Plane control Management | aythorization Exposure

User device
W2
“rhan

<<(| S>>

to
Internet

<«— radio access :L 56 - 5
| core
Network (RAN) network

of b6



56 Radio Access Network (RAN)

5G RAN: edge network connecting
devices to base station

= provides link-layer service, as first hop
between devices and larger network

= limited geographic scope

= under control of a single service provider

= somewhat analogous to WiFi LAN

= RAN components:
* many devices (User Equipment: UE)
* radio channel (New Radio: NR)
* one base station (Next Generation Node B:
gNodeB, gNB)




56 Core Network

= Core situated between RAN and other ) NRF
endpoints (Core, larger Internet) T NEF

Network
Exposure

* single Core; multiple RANs

= consist of links, routers, servers,
providing services to devices and base
stations

to
Internet

 “all IP” Core, but very different
services than traditional Internet apps
= clear logical separation between
control-plane, user plane:

* CUPS: Control-Plane and User-Plane
Separation




Resource Blocks (RB)

= Resource Element (RE): holds one

transmitted OFDMA symbol, in

one time minislot on one

subcarrier frequency

= Resource Block (RB): bundle of

neighboring (time, frequency)

Resource Elements

+ 46: 84 symbols (12 neighboring

1

a"

10 MHz channel with 50 RBs.

subcarriers, 7 consecutive

minislots)

»

each RB spanning 180 kHz subchannel
A

- 56: multiple bundlings possible

* RB is smallest unit of transmission
scheduling: all symbols in RB have
same source, destination

_J

time

46 Resource Block
(RB): 84 Resource
Elements (REs), each
carrying one symbol.



5G Bands, Channels, Subchannels

i

one band multiple channels multle =g
Q
S
\Y

subchanne
per channel

time




Downlink physical channels

base station | of data (radio channel information RBs, user and

<<(( D)) — Physical channel
"T set of Resource Blocks (RBs) carrying similar type
control RBs, RB allocation information)

i
i = downlink RBs transmitted from base station
i to devices
i = three 56 downlink physical channels:
* Physical Downlink Shared Channel (PDSCH)
T < * Physical Downlink Control Channel (PDCCH)
7! * Physical Broadcast Channel (PBCH)



Uplink physical channels

<<<<-‘1>>>>
base station

— Physical channel

set of Resource Blocks (RBs) carrying similar type
of data (radio channel information RBs, user and
control RBs, RB allocation information)

= uplink RBs transmitted from devices to base
station
= three 56 uplink physical channels:
* Physical Uplink Shared Channel (PUSCH)
* Physical Random-Access Channel (PRACH)
« Physical Uplink Control Channel (PUCCH)




Uplink/downlink logical channels

)

3
JEL w

x
53>
(m m (Cgi? D
&
¥ |
aotemilos

(¢
base station

gk
3

<

— logical channel

Set of Resource Blocks (RBs) carrying similar
type of data. Logical channels are mapped onto
physical channels, with one or more logical
channel mapped to same physical channel

= individual, per-device logical channels, as well

as shared logical channels among devices




RAN pt‘O"'OCOl stack (at device, base
station)

user plane

user
control control wRlane

blane )
RRC SDAP

RAN PDCP RAN
link " link
layer RIS layer

MAC
- ._:.( b
deviZﬂ ﬁ o




Retrospective: A day in the life"” (56 RAN)

user plane
O

# control
(-

hlane

control
vlane

user
plane

SDAP

(D HTTP/3 request in UDP

segment, in IP datagram, into
5G frame. Enter, wait, 56
MAC frame scheduling queue

device's control plane sends SR
Scheduling Req) on Physical
Uplink Control Channel (PUCCH)
to base station

base station control plane send
DCI message Physical Downlink
Control Channel (PDCCH)

granting upstream RBs

device sends frame in
allocated RBs



RAN packet processing pipeline: context

RAN: transfers datagrams between mobile core and devices

1
control
plane |

IP datagrams Base station

' i
H I
(gNode-B) = S RIS ET SRR :
1 ] 1 1 i !
H (D) v ' ' | !
T :
.
RF D/A ‘
: rontend lcomerson i PHY AC BB RLC !

protocol processing pipeline in UE



RAN packet processing pipeline

base station

| I

|
MIHI__,._---T----T----h

mobile ,plane

I
core | : L
<|||<pr' : h
Iane I datagrangs
|p L

traditional 3GPP view

front end

RRC (Radio Resource Control)

= configures coarse-grained, policy-related aspects of pipeline
(e.g., scheduling prioritization, security)

= this implements the RAN's control plane

= does not process user plane packets



RAN packet processing pipeline

base station

mobile ,plan
core
<|||<pr'

| p Iane I datagrams

front end

PDCP (Packet Data Convergence Protocol)
= compress/decompress IP headers
= ciphering, integrity protection



RAN packet processing pipeline

base station

RF

front end

RLC (radio link control)

= link-layer frame segmentation/reassembly
= reliable data transfer (ARQ)



RAN packet processing pipeline
base station

T I
|
. I e . 1|- T T g I msec scheduling control loop,
mobile 1P | :

core |
»

I
‘<|u<pr 'l"

p Iane I datagrams
L

MAC (Media Access Control)
i

muITlplexmg/demul‘ruplexmg frames
: real-time scheduling frame decisions



RAN packet processing pipeline
base station

core | '
I
<|n<pr' »

Iplane I datagrams

front end

3

o

=

o

=20

o

S

®

r -—F=-

I
I

PHY (Physical Layer)

= modulation, coding



Split RAN

= Q: how is RAN functionality partitioned between physical elements
(i.e.,., "split" across centralized and distributed locations)?

= historically: no split - implemented in base station

———————————————————————————————————————————

> RF
i front end

<-luser I

|
p Ia ne 1 datagrams
L e e e e e e e e o e e e e e e e e e e e e e e e e e e e e e e e e e = = - J



Split RAN

= Q: how is RAN functionality partitioned between physical elements
(i.e,., "split" across centralized and distributed locations)?

= historically: no split - implemented in base station

= O-RAN: three "units” - where units are implemented is an
implementation choice

Central Unit (CU) Distributed Unit (DV) Radio Unit (RU)

I I I '

I I I '

plane ! : .
I

I

I
<lser 'h »

front end

1
p la ne I datagrams
L



Software-defined RAN

Recall our earlier description of traditional RAN base station (below)
= tightly coupled control and data planes
= |et’s focus on control / management: RRC implementation

base station

----------------- ()

front end



Software-defined RAN

= SD-RAN: implementing RAN using SDN approach

3GPP-compliant
interface between
RAN and Mobile
Core control

New programmatic
API for exerting
software-based
control over

plane pipeline that
implements RAN
user plane
control : C&gt]rgl Real-Time Intelligent I Re-factored
plane | proxy Controller (RIC) I RRC ((I |))
|
user D/A RF
plane conversion front end

SDN-controlled switches



Software-defined RAN

= SD-RAN: implementing RAN using SDN approach

Near-real time network RAN Network Information Base (R-NIB)
control applications = common set of information
implemented as consumed by numerous control
“xApps” ' apps, e.g., longer time-scale CQl

o (channel Quality Indicator) values,
oa L ] L ] .
:: other per-session state

S e JEppu Japapp

Control

control olane Real-Time Intelligent I Re-factored

plane proxy Controller (RIC) : RRC ((I |))
user D/A RF

plane conversion front end

SDN-controlled switches



RAN: operator's "secret sauce”

= combination of standardized specifications + implementation
strategies:
= interfaces, high-level functions standardized
= implementation of some functions, e.g., RB assignment to
channels, frame scheduling, not standardized - up to the
network operator.

= implementation choices are the technical "secret sauces”
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RAN/WLAN scheduling: the "big picture”

All packets to/from all devices in edge network
must pass through base station

= 4G/5G and WiFi 6/7: OFDMA RB scheduling

= downlink MAC scheduler: which frames to send
from base station to which devices in which
order in which RBs (if OFDMA)?

= uplink MAC scheduler: which devices send
which frames in which order in which RBs to
base station (if OFDMA)




Wireless MAC scheduling: considerations

Channel aware or QoS aware or QoS Priorities, Fair scheduling?
channel unaware? unaware? = Does scheduler provide priority
7 does scheduler . does scheduler among different types of traffic

consider (1U0|i1'y consider QoS (quality (user, control, real-time)?
Of channe of service) needed by ® does scheduler consider

?fgwgs%rt\)gse (Or guaranteed to) fairness among UEs?
device? device? = fairness: no standard definition
good W~

— \ ﬁe;@ﬂn
\ poor B \
ﬂ« WWW browsing

R

~ v
JAYA\ e
ﬂ/

“We are all equally important”



MAC scheduling considerations

Channel aware or QoS aware or QoS Priorities, Fair scheduling?
channel unaware? unaware?

» Standards do not dictate answers to these questions!
» Scheduling algorithms, parameters up to network
implementers, operators: their “secret sauce”



RAN scheduling: Resource Blocks

Scheduling:

= Base station decides which
frames/packets get
assigned to which RBs for
transmission to user

= scheduling interval: 1 msec

= scheduling complexity:

* 50 subchannels per

Resource Block: 84 symbols 10MHz channel

* one USer gets to transmit 84 symbols o (2 .
on one subchannel in 0.5 sec time * 100's ( ) ) active user

interval
* 50 subchannels per 10MHz channel

A 4

—>]
180
kHz

|

A 10 MHz channel with

50 RB_s, each RB spanning 180 kHz

— » time




RAN scheduling: Channel Quality Tndicator

‘ o Channel Quality Indicator (CQl):

= yser measures quality of
received reference signals
(embedded in RBs), reports
quality back to base station

@)
o
o
]
c
©
o
©
-
-
c
o
<)

MAC | scheduler = 4-bit CQJl value maps to

modulation scheme to use
k (e.g., which QAM?) and
RAN t- i
‘;faccf(;g‘;;‘;ss'”g expected throughput




RAN scheduling: QoS Class Indicator

‘ P datagrams QCI: QoS Class Indicator

= QoS network wants to provide to a
particular device (e.g., delay,
guaranteed bit rate QoS guarantees)

= scheduler determines allocation of
available radio spectrum to ensure
all UEs meet their QoS requirements

. r—

100ms .0 Voice
50 ms .001 Real-time gaming
300 ms .000001 Streaming video

600 000001 Web browsing,
TCP

RAN packet-processing
stack (3GPP)




4G/56G scheduling: abstraction

H
- - - Select segments to transmit
- H I H M| | from a set of subscriber queues
H N N N N .

Requested QCI
(subscriber assigned)

Reported CQl
(from devices)

-=h

Allocate Resource Blocks {



Scheduling policies: priority

Priority scheduling: high priority queue
Oarriving traffic classified, arrivals
queued by class —

oany header fields can be used
for classification, e.g.,
control versus user data low priority queue

—
—

classify departures

= send packet from highest
priority queue that has
buffered packets packet

arrivals

v

* scheduling within priority class
could be another scheduling departures
discipline

v



Round Robin scheduling (per UE)

= scheduler cyclically scans device queues,
mapping packets/frame from each device

Each device has its own queue

(if available) to an RB in turn = — m
= channel unaware, QoS unaware - N HCRCECe -
= fair (by turns) but not necessarily

throughput-fair since different devices ]

may have different channel quality



Maximum Throughput (MT) scheduling

= find device (UE) i, with highest quality channel
over all RBs, k:

e d(t): expected data rate for UE’ using kth RB m
. - — ]
at time t (e.g., based on CQl) \i| H u H H H
4

e att: select max; , {d',(t)}, assign UE' frame to

e, T

" maximizes overall immediate throughput 4
= channel aware, QoS unaware, throughput unfair



Blind Equal Throughput (BET) scheduling (per device)

= scheduler maintains exponentially-weighted-
moving-average of data rate received at each
UE’ at time t, Ri(t):

Ri(t) = (1-) - ri(t) + B- Ri(t-1) = 2 |
where r'(t) is data rate achieved in scheduling \i| H ulH H H

interval t
T

= at t: select min. {R/(t-1)}: assign UE' frame blindly I
(not know channel conditions) to (any) RB
* assign RB to device with smallest data rate last round

= channel somewhat-aware, QoS unaware, blind
throughput fair



Proportional Fairness (PF) scheduling

= combine Blind Equal Throughput (BET) and
Maximum Throughput (MT) scheduling

d' (t): expected data rate for UE' using

i m
k’FhRBattlmet | HHUHHH
Ri(t-1): data rate achieved by UE' at t = -l- I

= at t: select max,}k{d’k(t)/Ri(t-y}; assign UE’ _
4

= balances high data rate with a measure of fairness
= channel aware, QoS unaware, fairness aware
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Evolved Multimedia Broadcast/Multicast

Service (eMBMS) in LTE-advanced
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Evolved Multimedia Broadcast/Multicast
Service (eMBMS) in LTE-advanced

Contral informiatian
Lsrssion start/stop,
Areal

Contrad InTarmatian WABAE
itk | . ] Conmtral iInfarmatisn
wession startstop, areal ___.-" l [sexsion startstop, area)
I:‘-I'-'IE-E I'-.-'IEI'.-'IS -~

gal:-zwu:,r MICE

1y Contral information

Ciata Data ' | (MBSFM area, madulation,
tand iw\r\ \coding)
infarmatian |
L

=

ODOpg remne

Figuire 4. AN arcintecire foe SPN voross HE base stafions

0 Separation of control plane and data plane

Image from: Lecompte and Gabin, Evolved Multimedia Broadcast/Multicast Service
(eMBMS) in LTE-Advanced: Overview and Rel-11 Enhancements, IEEE
Communications Magazine, Nov. 2012. 97



Evolved Multimedia Broadcast/Multicast
Service (eMBMS) in LTE-advanced

I'.-'ICE 1

MBESFR area MIBESFH arsa 2
welloww and r\-e-l:l e wellows e ruioe=
MHI:"FH "‘" ":.-.-n-:hrnni?.ﬁl

red senvice

e LTE bose statiom and
—_— EOwer ) A
BACE 2

Figure 5. Fuoarrrede winft rovee AFHWS servdees waindn alififerennd semvices anreas

7 MBMSFN and use of services areas

Image from: Lecompte and Gabin, Evolved Multimedia Broadcast/Multicast Service
(eMBMS) in LTE-Advanced: Overview and Rel-11 Enhancements, IEEE
Communications Magazine, Nov. 2012. 98




Global cellular network: a network of IP networks

(<>>>>> home network HSS:
5 qaj gg%eg:lber " identify & services

info, while in home

t“'

<<i>>> home r’:‘e‘z\?v'(')er , - network and roaming
public Internet
. ((cc)))/ and 0” IP
in home L2 = carriers interconnect
network N wi’rh. eqch other, and
S, L public internet at
3 exchange points
= 4 o + legacy 26, 36: not all
SIM card: visited mobile egacy ' + No Cl
lobal carrier network IP, handled otherwise
globa ~ ",

identify roaming in ey
infoin  visited

home network
network
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Some words about bG

3 goal: 10x increase in peak bitrate, 10x decrease in
latency, 100x increase in traffic capacity over 4G

Capacity = cell density x available spectrum x spectral efficiency

3 How to achieve (radio part) ...
O Shorter range: denser deployment
O Open up new high-frequency spectrum (e.qg., 52-24 GHz > 2 GHz)
o MIMO for spectral efficiency

Also, and increasingly important ...

0 Advanced network (e.g., SDN, NVF, context-aware, content-aware)
O Multi-RAT (Radio Access Technology)

3 Advanced D2D

0 Edge computing, efc. ... 100



DG NR (New radio) aspects

= Two frequency bands : FR1 (450 MHz-6 GHz) and FR2 (24 GHz-52
GHz): millimeter wave frequencies

= much higher data rates, but over shorter distances

= pico-cells: cells diameters: 10-100 m

= massive, dense deployment of new base stations required
= not backwards-compatible with 46
= MIMO: multiple directional antennae

= Massive MIMO (100s of ports)

= Beamforming (efficient per-device delivery routes)

101



Use-case-driven requirements ...
5G (IMT-2020) Requirements

ITU-R IMT-2020 requirements eMBB (enhanced Mobile Broadband) — Capacity Enhancement

Gigabytes in a second

Smart Homes 3D video 4K screens

Smart-ciy camesas Work and play in the cloud

A D Augmented/Virtual reality
Voice ;

0—%—0 Industrial and vehicular automation

Mission critical broadband
~—
"%_— é Self-driving car

mMTC (massive Machine Type Communications) - URLLC (Ultra-reliable and Low-latency communications) -
Massive connectivity High reliability, Low latency

Sensor Network

Source: Zahid Ghadialy, "56: An Advanced Introduction” (slides) 102



Use-case-driven requirements ...
5G (IMT-2020) Requirements

cement

ITU-R IMT-2020 requirements eMBB (e

Gigabytes in a second

Smart Homes 3D video 4K screens

Smart-clty cameras Work and play in the cloud

P - Y .
- U ("‘»:%Z‘\:‘, Augmented/Virtual reality
oice . ' 4
o%s Industrial and vehicular automation
Sensor Network
Mission critical broadband

Self-driving car

Source: Zahid Ghadialy, "56: An Advanced Introduction” (slides) 103



.. Wish list ...

5G High Level Requirements and Wish List

>10 Gbps 100 Mbps

Peak data rates Whenever needed

eMBB (enhanced Mobile Broadband) - Capacity Enhancement

100 x 10000 x
More devices than AG Gigabytes in a second More trafflc than 4G
Smart Homes
M2M - UR
Ultra low cost Ultra-Reliable
Sensor Networ!
10 yea r.S Mission critical broadband < 1 ms
battery life St drwing car Low latency on
radio interface
mMTC (massive Machine Type Communications) - URLLC (Ultra-reliable and Low-latency communications) -
Massive connectivity High reliability, Low latency

Source: Zahid Ghadialy, "56: An Advanced Introduction” (slides) 104



bG goals/targets/requirements ...

Optimize for
connection
numbers

Optimize for
data rate

Optimize for
delay

Image Source: ' - Bernard Barani European Commission, Globecom?2014

Source: Zahid Ghadialy, "56: An Advanced Introduction” (slides)  10°



More slides ...
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Functional split of major LTE components
s

(@

s

Inter-cell RRM

RE control
Connection Mobility Control

Radio Admission Control

eNB measurement
configuration and provision

Dynamic resource
allocation (scheduler)

51

T wews
o vy v
o o
o S
R,
Cme

e
e
e
o

E-UTRAN

handles idle/active UE transitions
pages UE
sets up eNodeB-PGW tunnel (aka bearer)

holds idle UE info
QoS enforcement

Idle state mobility
handling

EPS Bearer Control

Mobile anmu

EPC

LE IP
address allocation

Packet filtering
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