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Cellular Networks are Evolving Fast. Six Acts

Open RAN

Programmability

Al-RAN

Cognitive base station

Autonomous networks

Self-synthesizing

<|<]z]=]=]-

The network is software.

The network is a control system.

Shared compute, many narrow controllers.

The base station senses, learns, and serves.

One reasoner above many controllers.

The network builds itself.
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The Intelligence Orchestration Problem

High-level intent

Serve eMBB and URLLC
m traffic to 500 users in
“ Downtown Dallas

Operator

The Complexity: This intelligence orchestration
problem is NP-hard, making brute-force
solutions impractical for real-world networks.

Downtown Dallas Downtown Houston




AgentRAN - Hierarchical Al Agents for RAN Control L
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AgentRAN — Multi-Agent LLM-based Optimization
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Fixed Wireless Access

MTC slice: CCTV camera

Initially: fair allocation

Emergency: prioritize CCTV

Back to normal: energy harvesting, save CCTV energy



AgentRAN - Multi-Agent LLM-based Optimization

Home > Dashboards > 5G Ac ment - Per UE Display 10 B® & | Add v Share Last 1 minute Q 2 1s Auto

FWA and MTC Scheduler Limits Power Consumption of MTC UE Uplink iPerf Throughput
100 Mb/s

100 Mb/s

80 Mb/s 75 Mb/s

50 Mb/s /\/\/\/\/—\_/\/\——/

25 Mb/s

60 Mb/s

@ L2 Manager Intent Control

Update the L2 Manager intent and let it break down into
0 Mb/s sub-intents automatically
20 Mb/s 08:13:00 08:13:15 08:13:30 08:13:45

== UE1 Mean: 55.5 Mb/s Last *: 62.1 Mb/s Max: 62.3 Mb/s
LA e cC ted to simulated RIC
08:13:00 081315  08:13:30  08:13:45 ° == UE 2 Mean: 56.6 Mb/s Last *: 49.8 Mb/s Max: 67.7 Mb/s onnected to simulate

== FWA Limit == MTC Limit = UE3 Meain tasi’: Max:

40 Mb/s

Throughput (Mbps)

] Current Intent
SNR Targets - FWA UEs SNR Targets - MTC UEs

250 250

Maximize the overall throughput of
the system and do not throttle any
user or try to save battery.

. New Intent

Enter the new L2 Manager intent...

08:13:00 08:13:10 08:13:20 08:13:30 08:13:40 08:13:50 08:13:00 08:13:10 08:13:20 08:13:30 08:13:40 08:13:50
Agent Power Intent Agent Scheduler Intent : Update Intent

Maximize transmission power for all UE classes to achieve highest possible Maximize the throughput limits for both MTC and FWA user equipment classes to
spectral efficiency and system throughput, without any power throttling or achieve overall system throughput optimization. Do not impose any throughput

)attery conservation measures. The power control agent should operate at maximury restrictions or scheduling limitations that would reduce system capacity, and

power levels to support optimal channel conditions for all users. ensure QoS requirements are maintained while maximizin&resource utilization

across all user classes.




ACT VI

Self-Synthesizing Networks

The network builds itself.
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Each one can take months

Typical RAN R&D cycles:

Analysis on first authored->merged on open-source 5G RAN stack
| |

* Synthesize features from specs/papers into production code %D ol
 Test conformance and interoperability across vendor stacks 3
 Harden against field anomalies and deployment diversity ﬁ;

» Optimize with data-driven policies (schedulers, mobility, ...) % ol
 Discover novel waveforms, functionalities, capabilities for 6G g

« Secure the stack and identify vulnerabilities E 0

Off-the-shelf LLM agents do not close that g~

a conditional handover...

205d

I median
I B mean
Inpoo

50d

23d
9d

Features

After Claude Code claimed to have implemented and triggered

Bug fixing/docs/etc

® Yes — this is a clean, spec—-canonical HO. You were right and I was wrong on

° They fail on RAN ) Did the HO fire?
T A second attempt claimed success but used the traditional handover
« Context exhaustion ) :::’(‘:1::;::”’ pipeline
 Mis-read specs L o%f};,,:j:i:%:{; the previous one. Let me show the proof.
-— any mention of 87d6 —-
* Simulation breaks on OTA ahintmatiiith

® Honest answer: no, the first trigger didn't actually complete an HO. Here's

the definitive evidence:
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Need for closed-loop approach: reason, act, test - and repeat

Multiple testing options, but the tests need to be ultimately grounded on real-
world systems

Need to leverage state-of-the-art agentic frameworks and LLMs

=

L

\/ Need to enable matching between agents and LLMs fit for each task
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Genesis

INTENT “Implement RRC.ConnMean per TS 28.552" - Spec clause - KPI anomaly - Research hypothesis

NV
Agentic Layer Knowledge Layer - Synapse
- -
Hybrid retrieval Telco Specs
<4- - pgvector + BM25 O-RAN/3GPP
autonomous SYNTHESIZE TEST HARDEN OPTIMIZE DISCOVER SECURE Y
capability > <
pipelines = Y
e i S S S S S S g 5
{ AGENT SPECIALISTS | DevOps || RAN || Rado || UE || Testbed || Emulation | ! easoning Layer $ 1
e < T o
5 o
Commercial 3 O
Y Cloud-based B T
Deterministic Execution Layer - 2 2
23 deterministic procedures - sample shown -
T Claude Opus 4.7
i SKILLS build run configure deploy experiment i Claude Sonnet 4.6 CD
! < RAN < RAN & Radio < DevOps & Testbed ! A
(HOOKS .. Observability - Policygates - Audit Open Weight |
Served locally : 2
v v ! 5 -
Substrate Layer - Testbeds and Infrastructure ﬁpt-OSZ ; .
ama @
0! S
RFSim Colosseum/Keysight X5G/Arena phi =9 =
SIMULATION Single gNB —>| EMULATION Hardware—in—the—loop_> OVER-THE-AIR Production env gemma §i§ goé-
QII— =
1
L Al Accelerators - Connectivity - Radios - Virtualization LLM inference Monitoring L




GENESIS Design: Agents - Skills - Hooks

Enable a composable, portable agentic RAN R&D system

AGENTS

Autonomous specialists that reason, plan, make decisions

A persona with domain expertise that reasons over
ambiguity
Invokes skKills or delegates to sub-agents
e Stateful reasoning
* Decision authority
* Domain constraints
* Hierarchical
4 )
GENESIS EXAMPLE

An orchestrator agent plans a 3-step pipeline; a gNB agent
delegates the patch to a skill.

SKILLS

Deterministic procedures that execute a well-defined task

Structured recipe (SKILL.md) of inputs, steps, and expected
outputs

* Deterministic and composable — same inputs, same steps
every run

 Parametrized
e Specific responsibility scope
e Self-validating

[GENESIS EXAMPLE b

“/oai/build” compiles OAl for a profile;
“/rfsim/experiment/run” runs build — deploy — configure

N\ J

HOOKS

K_) test — collect. )

Pre/post agent actions that trigger specific procedures — observability, gates, and side effects bound to events




~ R&D Bottlenecks to GENESIS Capabilities S

CAPABILITY
SYNTHESIZE

IN Spec clause / paper

OUT Spec-to-code

TEST

IN Feature stack,
OUT Conformance matrix

IN: KPl anomaly alert
OUT: Bug, patch

OPTIMIZE

IN: KPI target + policy

PRINCIPAL STAGE

SpecAnalyzer

CodeAnalyzer

Analyzer

SpecReader

TestDesigner

RRRIVR

ScenarioAgent

TestRunner

O< AnomalyDetector

O< RootCauseAnalyzer

O< RegressionAgent

OUT: Dataset, policy

IN: Research

DISCOVER

OUT: KG branch

SECURE

IN: Threat model

OUT: Threat report, patch

/m:m< CodeWriter

Synapse KB

DataAgent

Profiler

TrainingAgent

Deployer

A/B Tester

HypothesisEngine

ExperimentDesigner

SpecWriter

ThreatModeler

VulnScanner

ExploitAgent

SYNTHESIZE
* A spec-to-code pipeline
TEST

* Regression-grade conformance testing
against system and standard spec-s

HARDEN

* Bug - fix loop (anomaly - validated
patch)

OPTIMIZE

* Data - driven adaptation and sim-to-
real transfer

DISCOVER

* Research hypothesis to implementation

SECURE

* Adversarial security analysis



 SYNAPSE: The Knowledge Base JEIEEER

. Play hree roes

2 mre * Source of ground truth

y. , * Recipient of generated

o S “ - knowledge

» Cross-capability substrate

* Ingests
 3GPP and ORAN spec-s
* Research papers
* Experiment artifacts

* Closed-loop between agentic
playground and knowledge base

* Ontology

* The graph is based on a telco-
specific ontology
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© The Agentic Testbed Hii

Substrate Layer - Testbeds and Infrastructure GENESIS
Validation Tier Agents
Operational modes SIMULATION EMULATION OVER-THE-AIR
for th h I
» Al Agents > GENESIS | forhe e channe o
. . Software Stacks —l < OAl / Aerial
Mi . RIC/SMO DU specialist
specialists owies e ot w | [w
DevOps
[ ] L . .
RAN’ DeVO pS’ U E’ o Virtualization - OpenShift - Automation - LLM serving - Monitoring < e 25:222?
Rad |07 Em u |at|0n, X5G Infrastructure Colosseum Data Center = UE
s P
Testbed -_— S .i/ ) SoftUF
> 4 : \ ‘ / specialist
* Staged validation
- N f : < specialist
continuum LB )
¢ SIMU 9 EMU 9 OTA .- - ' Emulation
Testbed Network el
Al Accelerators - Connectivity - Radios Te)s(;ged
specialist
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ELAPSED  CACHE cosT CTX
DemO [ GENESIS - SYNTHESIZE ? ] Implement RRC.ConnMean KPM end to end using the synthesize capability. You can... -opusas Os 0% $0 .00 0%
Pipeline 2 Tree 3 Topology 4 Artifacts 5 Timeline 6 Events 7 Metrics 8 Catalog
=
1 2 3 4 5 6
SpecAnalyzer CodeAnalyzer CodeWriter TestRunner Analyzer Ingest
DISPATCH Ol’chestl'ator running ARTIFACTS

® orchestrator

v PROMPT ¢ No artifacts yet.

Implement RRC.ConnMean KPM end to end using the synthesize capability. You can find more information in TS
28.552. Validate over rfSIM and OTA with RU1 and a close Sierra.

v THINKING

© No thoughts yet.

» OUTPUT

idle no pods reported E2@ KPM @ ind

ALL orchestrator

03:02:10 orchestrator capability: synthesize (hint)




 SYNTHESIZE Capability: Specs to Tested Code - KPM

Use case and prompt: Implement the KPM measurement RRC.ConnMean using synthesize capability. You can find more
information in TS 28.552 and O-RAN.WG3.E2SM-KPM.

Description Mean number of users in RRC CON-
NECTED mode per NR cell during the
granularity period

Knowledge Loop

3GPP: definition and collection of metric

---------- T = ]

T

(1) SpecAnalyzer
RRC.ConnMean spec summary, NRCellCU measured object

]

(2) CodeAnalyzer*
IMPLEMENTATION_PLAN : Style 1 cell-level read path, gNB-CU-CP meas. advertisement

)

(3) CodeWriter
targeted edits to OAl RRC, E2AP/KPM...

¥

(4) TestRunner*
Rfsim 4-UE up/down, OTA with Sierras. “xApp: Format 1 indications at 1000 ms gran..”

¥

(5) Analyzer
“RRC.ConnMean tracks ground truth at 7/7 transitions.” Data analytics, insights.

¥

(6) Ingest
spec + plan + code diff + logs + trace

Property Value

. 3GPP reference TS 28.552, clause 5.1.1.4.1 [18]
O-RAN: exposure over E2 6k eference O-RANWG3 EXSM-KPM [60]
. Collection method SI (sampling + arithmetic mean)
W|th E2S M KPM Data type Single integer
Measured object NRCellCU
Applicable node types ngran_gNB, ngran_gNB_CU
KPM report style [59] Style 1 (E2 Node Measurement)

Action / Indication formats [59] Format 1 / Format 1

—— RRC.ConnMean UE attached
g sl
e
s |
O 1
2 o [ I
4 - ]
8 3t T S
5 2F s - —
O e s e s s s s s s Y N I R B

) ) 0O 10 20 30 40 50 60 70 80 90 100110120 130 140
Valldatlon: pIOtS Time since gNB start (s)

ge ne rated by \ Northeastern University
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 SYNTHESIZE Capability: Specs to Tested Code -CHO

Use case and prompt: Implement Conditional Handover over F1 end-to-end together with a closed-loop E2SM-RC anti-ping-
pong xApp. Design relevant simulation experiments to test yourself and handoff to me for the OTA test. You can find more
information in TS 38.300, TS 38.331, TS 38.473, and O-RAN.WG3.E2SM-RC-R0O03.

Handover CHO

TARGET

(2&)

UE SOURCE

1 R

UE SOURCE

1 ¥

TARGET

%

RRC Reconfig. RRC Reconfig. Property Value
for Meas. for Meas.
VTRV Description A mobility procedure where the handover
€as. hepor . .
Meas. Report v - eP command is prepared in advance by the
for specified Event for specified Event
o e network but executed by the UE only when

————

-r=---

1
gNB decides |

HO exec.

I___'I-__"

RRC Reconfig. for HO w/
single target cell

\
UE exec-sHO
immediately 1

/7

o

RRC Reconfig. \{

Complete /

1
I gNB determines HO I
I condition and target

|

1 cell candidates
e e e e e e e m
1

<

RRC Reconfig. for HO w/
up to 8 target cells

RRC Reconfig.

Complete

>

UE exec-s HO

1
i
when condition is :
met 1

1

RRC Reconfig. "\

Complete /

\ 4

3GPP references

O-RAN reference
Feature class
Trigger / execute
E2 service style

specific radio conditions are met

TS 38.300 [62]; TS 38.331 [61]; TS 38.473
[63]

O-RAN.WG3.E2SM-RC-R003-v03.00 [64]
RRC + F1AP + E2SM-RC + UE

Event A3/A4/AS.

insert Style 3 Indication ID 2 for mobility
events; policy Style 3 Action 2 for CHO
control

N
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SYNTHESIZE Capabilty: Specs to Tested Code - CHO.

Use case and prompt: Implement Conditional Handover over F1 end-to-end together with a closed-loop E2SM-RC anti-ping-
pong xApp. Design relevant simulation experiments to test yourself and handoff to me for the OTA test. You can find more
information in TS 38.300, TS 38.331, TS 38.473, and O-RAN.WG3.E2SM-RC-R0O03.

OAl (2026.w21) GENESIS
(e — | r-(—F——— - - ——_—_— == 1
““““““ KB
: L T J : A2, A3 meas. events* Conditional reconfig. cache |!
1 o |
| (1) SpecAnalyzer : o 1
! CHO procedure, candidate trigger events (A3/A4/A5), F1AP CHO IE on UE Context Mod < A2, A3 meas. timers* A4 meas. event !
1 T = I
, —  _ _ ___ =
1 1 -l | w 1
: (2) CodeAnalyzer* | Near-RT RIC 1 > IR e o CHO evaluate and exegqte I
| IMPLEMENTATION_PLAN: CHO A4-prep + A3-execute MeasConfig, F1AP IE 373 | *txApp I I Detach and RACH upon condition | |
1 1 l e e e e e e e e e e - - -—-——-——-—-———=—C
§ : i 5 : 1 RRC.Reconfig. 3
3, (3) CodeWriter | I " , ons
S targeted edits to OAI RRC,F1AP,GNB-APP, E2AP, NR UE... FlexRIC + | | eas. report (event A4)
3 " Resm [§ e [TpS==========f=======-=-=-=-=-2< I
1
§ 1 v ! ! G Ric / ! ~ Traditional F1 handover CHO state machine |
I 4) TestRunner* | I Control ] ; : ] :
8 . ( | | POLICY | + A3 event, execute immediately Per-UE context, up to 8 candidates |
X1 Rfsim sweep 3-200 km/h, OTA on Sierra. “xApp: A3 offset 5210 dB due to 5 PPs.” Style3 | &
: f 2 1 A2 Uik 1 ==, S Meas-report - HO dispatch || FLAP conditional mobility emit :
1 I T ! I A3 case only, no A4 handling UE Context Mod with CHO-initiation
, (5) Analyzer | Anti-ping- | | 15 [
| “CHO 5/5 at every speed (3-200 km/h)”. Data analytics, insights. I ::ng [ : ? F1AP CHO ASN.1 codecs Event A4 prep dispatcher :
. i 1 PP l¢—— 5 Per-UE optimization and target
1 1| conFlexric {1 RIC 1O 1
' (6) Ingest | | INSERTstyle |  Indication @ | g RC service model agent || E2 RC POLICY + INSERT services | I
spec + plan + code diff + logs I 3 I ’S";}S/I’:;RBT | ® REPORT styles 1 and 4 only Service style 3 |
[ P ——— 1 e 1
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 SYNTHESIZE, HARDEN, and TEST for CHO

Validation Tier
Operational modes SIMULATION EMULATION OVER-THE-AIR

for the RF channel

RFsim-based validation of anti-ping-pong xApp RFsim-based validation of CHO effectiveness
——— RSRP DUO RSRP DUT ------ Wobble peak
<«—> A (first HO) «—> A (PP HO) —— A3 offset HpcuollmnO
2 e B B e 10 100
g 45 {4 9 G S 8o
AT i Y2 g 60
% —51 l 0 Z % C;J 40
® 54 - - - -, vV s Z % 20

0 | | | | |

DU 1 — | = | T [ |
v || H |_1 3 30 60 120 200

DU 0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 Speed (km/h)
tsim (S)
UE oscillates between the cell edge of two RUs UE moves at increasing speed between two RUs

Serving




'SYNTHESIZE, HARDEN, and TEST for CHO

Human in the loop: agents pause experiment and wait for UE to move

RSRP (dBm)

Validation Tier
Operational modes SIMULATION EMULATION OVER-THE-AIR
for the RF channel
A4 threshold A4 fires @ seeeas A3 fires  seeee CHO execute

Candidate DU é=—>» A >A3 offset —@— Source DU —a— Target DU
—65

—70 - : —h
—-75 1 :

—80 M:

—85 . -

—90 = :

—95 . :

—100 | | | | | - | - | | |

0 3 6 9 12 15 18 21 24 27 30

Time since UE attach to source DU (s)

Validate that CHO is successful with COTS UE
(Qualcomm modem)



'DISCOVERY for RAN Schedulers

ALLSTaR: Procedural maps to GENESIS: Agentic
ALLSTaR: Papers to Schedulers

: Scheduling Papers

(4) Analyzer
Analyze and assess research hypothesis

LLM Code

: Paper Title Generator
—
: * Abstract (3) TestRunner
i o Tests Run DU with new research artifact, collect KPIs

\

Synthesis

(2) CodeWriter
Implement scheduler (or variants) if necessary

ALLSTaR Schedulers Library
[

y
A

: x5 : LLM Intent Sched (1) HypothesisEngine
S L
1 g E 3 Intent Generator Map research question to scheduler design, identify is scheduler is in KB
12 g% nten
0 o £ ]
1 2 ©

KB
1
: Farser Tests <:> l

. 1
ALLSTaR: Intent to Schedulers Discovery '« ____ T o ___. !
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Evaluatmg GENESIS vs Claude Code

CIaude Code is prowded W|th specs and bash sorlpts that GENESIS uses, but no agents/skllls/hooks

Claude Code
. Time: lack of a structured
GENESIS Monolithic approach leads to longer runs
Metric Opus 4.7 Sonnet 4.6 Opus 4.7 Sonnet 4.6
. . . _ Success: lack of understanding
Wall—CIOCk 44 min. 93 min. 78 min. 113 min. and ro|e Segmentation |eads 1(e)
Success rate 100% 60% 0% 0% 0% SUCCESS

Cost per trial (USD) $28.36 $17.18 $43.76 $18.73

Cost: GENESIS skills and
deterministic procedures
enable cost savings

\ Northeastern University
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* Evaluating GENESIS Cost and Time

i CaChe reads — 94% Of tOkenS (10% Of | [ KPM (Opus) KPM (Sonnet)ll Feature (Opus)
|n put prlce) % Cost (Opus) "m Cost (Sonnet) ACost (Feature)

T T T TTTIm T TTTI

ol
10() a2 :: . - .

. .o %*
10-1 | | | 1 |

o\ T
g™ e cod Ve

Tokens (M) / Cost (USD)

{[{ KPM (Opus) B KPM (Sonnet) § B Feature (Opus)

* Months = hours

= 2
g 10°E
Y C
= L
hat 1L
« 107 E
2 =
- -
X N
§ 109 + l
aalY \“‘éc$\ \ Northeastern University
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Conclusion

First end-to-end demonstration Closed-loop RAN R&D architecture

An agentic framework that synthesizes, tests, and Agentic architecture closes the RAN R&D loop end-
discovers RAN functionalities on production-grade to-end, anchored in a staged validation continuum.
radios.

Model-selection tradeoff Months — hours + Success

A non-obvious model-selection tradeoff for agentic Successful on tasks where state-of-the-art Claude

RAN engineering. Code fails.

Next Steps: auto-skill and auto-agents — self-developing GENESIS

Northeastern University
Institute for Intelligent
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The autonomy ladder

Where we've been.Where we're going. What INSI built at each step.

- open RAN The network is software. Colosseum - X5G - OpenRAN Gym - Arena
Programmability The network is a control system. (FolO-RAN - OrchestRAN - PACIFISTA - EXPLORA
dApps
AI-RAN Alliance - Techno-economic model -
n Al-RAN Shared compute, many narrow controllers. MWC 2025
Cognitive base station The base station senses, learns, and serves. icr:ieg:;teic;r:SAC dApps - NVIDIA Aerial

v Autonomous networks One reasoner above many controllers. AgentRAN - AutoRAN - MANATEE

Self-synthesizing The network builds itself. SYEI\'\II,EESSE.ALLSTaR :

Northeastern University
Institute for Intelligent
Networked Systems
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}\ /ntelligence, Programmability, Control

Al-RAN
orchestration,
resiliency,
automation

Secure Open RAN

Digital/Physical
Twins for Networks

™~
—

Al-and-

End-to-End Intelligent Network Design and Optimization

Generative and Agentic Al for the RAN Flexible
| / backhaul
Orchestration r---—------------- ; Core Network Al-on-RAN
and Al-driven Al/ML Ops ore etworks - ISAC
— Ll
Open RAN 3 S5 /
=| | Plug-and-Play Open RAN |-
Control ) =
Non-RT RIC g p— .=
: g i | | E
Intent-driven  —— = _| g 2 .o ! | E
* Orchestration £ < o _ | & ©
« Configuration 5| | © ' pu |t 0| &
+ Resiliency - vaisadcio | L | &
(NVIDIAaACI Aerial, han Spectrum
----------- Al-for- OAl, 0SC, OCUDU) J sharing
<Zt Coexistence of Al and RAN RAN \
e \
Real-time observability

PAWR PIatforms

mﬁﬁ;fﬁﬁ

and programmability
with dApps



Thank You

melodia@northeastern.edu - insi.northeastern.edu - openég.us
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