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Outline

* Openness and programmability

* 5G open, programmable, and virtualized architectures
* Intelligent control through O-RAN

 Use cases:

* Self-clustering and load prediction

e Scheduler selection with DRL

* Conclusions
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Why do we need a new architecture? - 1

5G supports a diverse

. and heterogeneous set
<3
% of use cases

Enhanced Mobile \/ Cyber-Physical

Broadband Systems - loT

Need a flexible and programmable
network architecture h l Institute for the Wireless

Internet of Things
at Northeastern



Why do we need a new architecture? - 2

Network complexity is increasing

¢ 1S

b More devices Complex
More spectrum & é ; protocol stacks
D mmWaves | ; nnnnnnn :,

......

| 5G RAN | 5G Core | Internet | Applications |

» Need an automated and intelligent
network architecture b I Institute for the Wireless

Internet of Things
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Toward open, programmable cellular architectures

Blaclf box Architecture

h e e o mm  mm n s o a o s o sy

Closed, nhon—
. programmable :
!’ac ket : RAN ; Packetﬁ‘

In : 1 out

* Limited re-configurability and adaptability

* Limited coordination among network nodes

* Vendor lock-in
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Toward open, programmable cellular architectures

Open Architecture
i Open, disaggregated, programmable RAN CIosedLoopControI :
Packet : l‘ ..................... ! l‘ ..................... ! mgrl?firc]es l‘ ..................... ! I____/ ______ | I Packet
in—’: : RAN Function | :—: RAN Function 2 . . RAN Function N — Radio  out
:: Distributed Virtualization Layer : | I :
Based on

|. Virtualization
2. Disaggregation and open interfaces

3. Programmable network nodes and control loops ‘\‘ A e

Internet of Things
7 at Northeastern



Virtualization

Networking functionalities are implemented in software,
and run on white-box hardware

Network Orchestrator

* Instantiation and management of
Virtual Machines (VMs)

* Resource orchestration

*  VNF orchestration

VNF VNF
Instances Manager
NFVI VIM
Resources Manager

) . |

Virtual Network Functions (VNF) |

|

*  Provide and execute network services I

|

VNF 1 VNF 2 VNF N I

N e C 1
VM 1 VM 2 e°° VM N

Virtualization Layer

Physical Hardware

NFV Infrastructure (NFVI)

*  Provide physical hardware to host VMs



Disaggregation and open interfaces
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! Virtualized ! 1 implemented !
| | 1

1
1 on hardware

________________________

3GPP split 7.2

The RAN and Core network nodes are split into multiple network
9 functions, connected through standardized interfaces



Programmable network nodes and control loops

Closed-loop control

|. Implement programmable control logic
‘ \ ‘ Institute for the Wireless

2. Embed intelligence in the network Internet of Things
I O at Northeastern



5G open, programmable,

@ ONAP

OPEN NETWORK AUTOMATION PLATFORM

L~ COFS
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and virtualized architecture
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Resources on 5G open source software

Computer Networks 182 (2020) 107516

journal homepage: www.elsevier.com/locate/comnet

Contents lists available at ScienceDirect

Computer Networks

Survey paper

Open, Programmable, and Virtualized 5G Networks: State-of-the-Art and the

Road Ahead”™

Leonardo Bonati *, Michele Polese, Salvatore D’Oro, Stefano Basagni, Tommaso Melodia

Institute for the Wireless Internet of Things, Northeastern University, Boston, MA 02115, USA

Check for
updates
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D-RAN - a reference architecture for programmable 5G

A L L I A N C E

Service Management and Orchestration Framework

Ol interface Al interface Ol I . Open’ Standa—rdized
e : Interfaces

E2 interface

2. Disaggregated RAN

g rleei 3
Cneracer e P9 | 3. Open-source
Fl-u interface . .
:_ ........................ _O-BU_ ........................ .:- Contrlbutlons
T 1 open Fronthautincerfaces .
! O-RU 3

‘ \ ‘ Institute for tI_1e Wireless
13 4.RAN Intelligent Controllers Intemet of Things
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Intelligent Control Loops

Currently supported by O-RAN

Control and learning objective  Scale Input data Timescale Architecture

> 1000 s E e e Non real-time i Service Management and Orchestration (SMO)

Policies, models, slicing non real-time RIC
devices KPls >1s

CU-level KPIs

e.g., number of
sessions, PDCP traffic

Near real-time
|0-1000 ms

User Session Management > 100
e.g., load balancing, handover devices

Medium Access Management > 100 MAC-level KPls Near real-time

e.g., scheduling policy, RAN : e.g., PRB utilization,
slicing e buffering

|0-1000 ms

~10 MAC/PHY-level KPIs Real-time

devi e.g., PRB utilization,
evices channel estimation <10 ms

Radio Management

e.g., resource scheduling,
beamforming

Device DL/UL Management

e.g., modulation, interference, | device I/Q samples
blockage detection

Real-time
< | ms

Institute for the Wireless
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Use cases for intelligent and programmable 5G networks

Data-driven clustering and
load prediction

Real-world dataset from AT&T with
>600 base stations

‘ \ I Institute for the Wireless
Internet of Things

I 5 at Northeastern



Data-driven clustering and prediction

eNB 0 eNB 1 eNB 2 eNB 3

10 - The dataset:
- 08 :
5 * 472 eNBs in San Francisco
> 02 PREUHlizzTioN
0.0 - | | * February 2017, every day, 3 PM.to 8 PM.
15:00 16:00 17:00 18:00 19:00
y Time e |78 eNBs in Palo Alto
=)
«; 400 * June-july 2018, 24h
3 200 -
’Q'é . Number of UEs = 4G LTE deployment
j 15:00 16100 17:00Time 18100 19100 ° Data Collected:
% 104
£ 12  Resource utilization
é '1 r Number of handovers . . .
5 * Number of incoming and outgoing handovers
5 0.5
é 0 | | | * Number of active UEs ‘\ ‘ Institute for the Wireless
15:00 16:00 17:00 18:00 19:00 Internet Of Things
Time at Northeastern
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Data-driven operations: RAN clustering

* How can the network automatically match the CU and controllers?

* Goal: minimize the interaction among different controllers

* Avoid inter-controller sync-up

* Avoid the exchange of inter-controller messages

4

Minimize the control plane latency

. RAN o RAN ;
'_ Controller _ | ' Controller _ |
T __V{ _____ ST,
'cu'cy 'cu! 'cu ™cu 'cu ' cu!
L. . L I L I | L. . LI W n_ .. J
D NN D ; ‘\ ‘ Institute for the Wireless
Internet of Things

N,
~~~~~ /
I 7 __________________ % at Northeastern



Data-driven operations: RAN clustering

Goal: minimize inter-controller interactions
(impact on control plane latency)

Clustering based on
handover transitions
(dynamic, based on network data)

Clustering based on
base station positions
(fixed, no dynamic data)

aaaaaaaaaaaa
Bay National
Wildlife...

Portola Valley

Vi
Sunnyvale Windy Hill Sunnyvale

eeeeeee

Los Trancos ‘Coyola

18



Data-driven operations: RAN clustering

Number of handovers

-10°

.
Intra

Posijtion-based
clustering| "

Number of handovers

01:00 04:00 07:00 10:00 13:00\{?:00 19:00 22:00

Time Data-driven clustering

Ratio intra/inter-cluster HOs

- - - 15 min updates daily updates - - - static (geo clustering) ——— Data-driven clustering - - - Position-based clustering
20 20
e 15 e 0
o o
R= 2 10|
S 101 &
: 5 i
. N e ST . \ \ | I
‘ ‘ B ST Position-based 0 10 20 30 40 50

\ \
I 9 01:00 04:00 07:00 10:00 13:00 16:00 1 clustering Number of clusters N,
Time



Data-driven operations: prediction

20

Goal: predict the number of active UEs

Local-based method: train a different model in each BS to predict the number of
UEs in each single BS

= This is what is possible in 4G LTE networks

Cluster-based method: train a model per cluster, predict a vector with the
number of UEs in each BS of the cluster

= Enabled by RAN controllers

= Exploit spatial correlation to improve the prediction

Institute for the Wireless
Please check the paper for details on data processing, training, testing Internet of Things

M. Polese, R. Jana,V. Kouney, K. Zhang, S. Deb, M. Zorzi,“Machine Learning at the Edge: a Data-Driven Architecture with
Applications to 5G Cellular Networks”, IEEE Transactions on Mobile Computing, June 2020 at Northeastern



RMSE &

Data-driven operations: prediction
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Data-driven clustering

and load prediction

Results on a
sample cluster
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Intelligent scheduling for RAN slicing

D

[  Challenging environment:
I B * Dynamic channel
DDDD 0 * Dynamic resource allocations for each slice

MTC slice URLLC slice eMBB slice

Exploit data-driven closed-loop control with the near real-time
RIC to automatically tune the RAN parameters for each slice

i

We focus on scheduling policy selection through Deep
Reinforcement Learning (DRL)

‘ \ ‘ Institute for the Wireless
Internet of Things

at Northeastern

22 More info: L. Bonati, S. D’Oro, M. Polese, S. Basagni, and T. Melodia, "Intelligence and Learning in O-
RAN for Data-driven NextG Cellular Networks", arXiv:2012.01263 [cs.NI], December 2020



O-RAN integration in Colosseum

Colosseum is the world most powerful hardware-in-the-loop network emulator

* 256 software-defined radios

* 25.6 GHz of emulated bandwidth, 52 TB/s RF data

* 2| racks of radios, |71 high-performance servers w/ CPUs, GPUs
== * Massive computing capabilities (CPU, GPU, FPGA):

* > 900 TB of storage

320 FPGAs

18 10G switches

|9 clock distribution systems
52 TB/s of digital RF data

Institute for the Wireless

We can create and test complex N
I Internet of Thing
>G scenarios rireligy
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O-RAN Integration in Colosseum

Traffic Generator (TGEN)

TUSWAS[ASP [opowW 14C]

4 E2 interface:
AlRsweas : 0 RIC Subscription
 UE 0 RIC Indication
| (with srsLTE) | Massive Channel Emulator
SRN (MCHEM) | OO, | - Standand _'*_adje_NP:if_(_S_R_':'})
10 UEs | :
3 slices :
1
SRN I
o . b xApp i
: : .
i (with srsLTE) i o < 3 Base sta:|on DRL |
--------- - connector i
1 = Container | Container 2 Container 3 (one per BS)| !
|0 UEs  prmmeass 5 [: R Docker !
3 slices l___L_J_E___.! ° ° ) S
I : o
10 UE . $. © T T T T e e e e e e
R T ——— ‘ BRI L SN ZAA N T | [T kv . I
3 slices . UE | A 7 . i O-RAN non real-time RIC :
____________________________ .
\ A 4 i ML models catalog :
10UEs  emasass . Mobility, path loss, fading, | r-----c-n-moo---CelL4| Offline training engine |
) i UE . . ] Base station i i i
3 slices  fe===Tmes inter-cell interference ~  |"TTTF TS e ;
O -like interface for data collection

J \
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Fully virtualized RAN on white-box hardware

O-RAN open-source infrastructure



O-RAN Integration in Colosseum

12 DRL agents running in parallel

25

Fully-connected neural network PP i
(5 layers & 30 neurons each) > DRL o
) . . i Container 2 Container 3 (one per BS) i ;
Online inference w/ real-time RAN | Docker 13
performance data B S Y N e s B
I S B S N O e 00 15 N S S0 o
Trained offline on 6 GB of data & 63 | ©RiY ety e Hlis e B
hours of experiments i _ Thmocek catalos :
! —> Offline training engine i
Decisions on scheduling polic e e ey e :
each BS slice ,
. Round-.l"C.)bln (RR) e /@\ . £ /@\' Dense urban
*  Waterfilling (WF) o Lo el scenario, 4 BSs, 40
* Proportional fair (PF) ) Rz, UEs w/ pedestrian
% X é\' ~ mobility




Experimental results
URLLC slice

. 1
eMBB slice ,-
0.15 | 5 §
| 0.8 | |
!
0.1t R
i f
06 ¢ 0.05 | l'/.f - [
: 5 | 7 i
© O - i
0.4 r 0.6N\07 08 09 I
I
{
02 | ]
Spectral Efficiency [bit/s/Hz] ) Y i/
pectral Emmciency |biv/s/Hz lalenlall d SERTTLEITE DRL control %
0 — I -—--—-&
0 0.2 0.4 0.6 0.8 1
PRB Allocation Ratio
—
* Improve spectral efficiency for eMBB users
= ‘\ | Institute for the Wireless
Internet of Things
at Northeastern

 Satisfy URLLC users requests
* Reduce RLC buffer occupancy by 20%

26



Experimental results — policy selection

Probability that the DRL agent selects a certain policy

! ! ' Probability

Number of PRBs  (=size of the slice)

* Different behaviors for the 3 slices

e Different behaviors for different slice sizes » el CEEHEVER, EEpElE 2iene:



Conclusions

Future cellular networks will be

Programmable

truly enabling the vision of data- and Al-driven networks
Road ahead:
* Testbeds and platforms for intelligent RAN development

* Dataset availability

* More involvement toward open-source protocol stacks
28



Resources

* Open source 5G software website: https://open5g.info

* Colosseum website: https://colosseum.net

* PAWR platforms: https://advancedwireless.org

* Institute for the Wireless Internet of Things:

https://www.northeastern.edu/wiot/

N

29
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https://open5g.info/
https://colosseum.net/
https://advancedwireless.org/
https://www.northeastern.edu/wiot/

openb5g.info colosseum.net
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