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Abstract

This paper presents a novel resource allocation and MEC server
deactivation strategy for MEC-enabled O-RAN networks, with the
objective of optimizing energy consumption while satisfying strict
delay requirements. Our approach leverages an intelligent orches-
tration application, SLEEPY-rApp, deployed in the SMO layer to
dynamically control MEC server activation and request routing. We
formulate a joint optimization problem that simultaneously consid-
ers computing capacity, end-to-end delay, and energy consumption.
To address the NP-hard nature of this problem in real time, we
propose a low-complexity heuristic that adapts to varying network
conditions and workload patterns. Simulation results indicate that
our method significantly reduces energy usage—particularly during
peak operating periods—while maintaining the required quality
of service. These findings underscore the potential of intelligent
orchestration in enhancing the energy efficiency of future MEC-
enabled O-RAN systems.
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1 Introduction

Recent advances in wireless networks have given rise to the Open
Radio Access Network (O-RAN) paradigm, which offers enhanced
flexibility, interoperability, and scalability through its disaggregated
architecture and open interfaces [14]. In this new landscape, tradi-
tional network functions are partitioned into distinct modules that
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can be developed and optimized independently. In particular, man-
aging computing resources at the network edge—implemented via
MEC servers—plays a crucial role in supporting latency-sensitive
applications and ensuring robust network performance [4].

Integrating MEC servers within an O-RAN framework presents
both challenges and opportunities [8]. Whereas conventional archi-
tectures rely on tightly coupled systems, the O-RAN approach en-
ables a more distributed and vendor-agnostic deployment, thereby
promoting rapid innovation and efficient resource utilization [7].
However, orchestrating these distributed MEC servers demands
sophisticated strategies that adapt to dynamic network conditions
and diverse service requirements without compromising overall
performance [1].

In this paper, we propose a new orchestration framework for
MEC-enabled O-RAN networks, featuring SLEEPY-rApp, an intelli-
gent orchestration application deployed in the SMO layer [9, 12].
The primary contributions of our work are as follows:

(1) We develop a comprehensive system model that captures the
key features of an O-RAN environment, with a focus on the
distributed management of MEC servers.

(2) We introduce an innovative orchestration strategy that dy-
namically configures MEC server deployment to satisfy strict
latency and performance requirements in a multi-vendor O-
RAN ecosystem.

(3) We validate the proposed framework through extensive sim-
ulations, demonstrating its effectiveness in adapting to real-
world network dynamics and service demands.

2 Related Work

Recent research has increasingly focused on improving the energy
efficiency of distributed computing infrastructures [11]. Early stud-
ies in cloud computing [11, 17] demonstrated that consolidating
workloads at the network edge can reduce WAN traffic and lower
overall energy consumption. Techniques such as shutting down
network devices during periods of low demand have proven effec-
tive in achieving energy savings [6]; however, these methods often
overlook the stringent latency requirements of modern applications

[3].


https://doi.org/10.1145/3721889.3721927
https://doi.org/10.1145/3721889.3721927
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3721889.3721927&domain=pdf&date_stamp=2025-04-22

MECC 25, March 30-April 3, 2025, Rotterdam, Netherlands

Subsequent research has proposed advanced resource allocation
and routing strategies to enhance energy efficiency in edge comput-
ing systems [5, 10]. While some approaches jointly optimize request
routing and resource management, many fail to fully address the
idle energy consumption of underutilized servers [2]. Other studies
have explored clustering and hardware-specific techniques to re-
duce power usage [13], yet these methods rarely achieve complete
server shutdown.

Our work extends these ideas to the MEC-enabled O-RAN con-
text, where the challenges of ultra-low latency and multi-access
edge computing necessitate refined resource allocation and server
deactivation strategies. In contrast to previous methods, our pro-
posed SLEEPY-rApp framework dynamically manages MEC server
activation and request routing to optimize energy consumption
without compromising quality of service.

3 System Model

In this section, we present the system model for the MEC-enabled O-
RAN framework. The model is structured into four primary layers:
the Service Management and Orchestration (SMO) layer, the MEC-
enabled O-RAN layer, the Core Network (CN), and the IoT layer.
The proposed framework leverages MEC servers co-located with
Distributed Units (DUs) and Radio Units (RUs) to perform edge
computing, thereby reducing latency and optimizing operational
costs.
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Figure 1: High-level architecture of the MEC-enabled O-RAN
system.

3.1 High-Level Architecture Overview
The overall architecture is divided into four primary layers:

(1) SMO Layer: The SMO layer hosts the SLEEPY-rApp, an ap-
plication responsible for network intelligence, monitoring,
and optimization. The SLEEPY-rApp communicates with the
MEC-enabled O-RAN layer through standardized O1 links,
which connect both the Centralized Unit (CU) and the Trans-
port Network (TN) to the SMO layer.

(2) MEC-enabled O-RAN Layer: This layer integrates Multi-
access Edge Computing (MEC) within an Open RAN (O-
RAN) architecture. Its key components include:
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Centralized Unit (CU): Performs higher-layer RAN pro-

cessing, connects to the Core Network via the NG-u inter-

face, and communicates with Distributed Units (DUs) via
the F1 interface.

e Transport Network (TN): Comprises the switches and
links interconnecting the CU, MEC servers, and other net-
work elements, ensuring efficient data transmission.

e MEC Servers: Co-located with DUs (and, in some cases,

RUs), MEC servers execute latency-sensitive computing

tasks [16]. Each MEC server h; is defined by its comput-

ing capacity C'"'®* (in operations per second) and can be
activated or deactivated (with boot time TjS ) to conserve
energy while meeting delay constraints.

Distributed Units (DUs) and Radio Units (RUs): DUs

perform baseband processing and coordinate the activities

of multiple RUs, which serve as the primary radio interface

for user communications [15].

o Interfaces: The O1 interface connects the SMO layer (and
SLEEPY-rApp) to the MEC-enabled O-RAN layer, while the
F1 interface links the CU with DUs for RAN management.

Core Network (CN): The CN handles user authentication,

mobility, and packet routing, including functions such as the

User Plane Function (UPF) that manages traffic between the

CU and external networks.

IoT Layer: This layer represents IoT devices (e.g., sensors,

smart home devices, industrial applications) that connect to

the network via RUs.

—
5Y)
=

3.2 MEC-Enabled O-RAN Components and

Their Roles

SMO Layer and SLEEPY-rApp: Within the SMO layer, the SLEEPY-
rApp continuously monitors network parameters (such as load,
latency, and energy consumption) and orchestrates resource alloca-
tion decisions. By communicating with the MEC-enabled O-RAN
layer via O1 links, the SLEEPY-rApp dynamically adjusts the opera-
tional states of MEC servers and optimizes the routing of computing
requests.

MEC-enabled O-RAN Layer: This layer serves as the core of the
computing infrastructure and comprises:

e CU: Provides centralized RAN control and interfaces with
the CN.

e TN: Facilitates connectivity among network components.

e MEC Servers: Each MEC server h; is co-located with a DU
(or RU) and offers a computing capacity C}na". Similar to
traditional edge servers, MEC servers can be activated or
deactivated (with a boot time TJ.S ) to optimize energy con-
sumption while satisfying delay requirements.

¢ DU and RU: DUs manage baseband processing and coordi-
nate RU operations, with RUs serving as the radio interfaces
for user and IoT device connectivity.
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3.3 Computing Requests and Resource
Allocation

Request Model: Let A denote the set of latency-sensitive services.
Each request for a service a; € A is modeled as a tuple:

<0k’ Vkin’ V]gut) T];na)c)!

where:

® 0y is the computational workload (in operations),

. Vkin and V]f“t are the input and output data sizes (in bytes),

respectively,

e T, is the maximum allowable delay.
Requests for service aj arrive at RU i at a rate A; . MEC servers
distribute their processing capacity among services in proportion

to the computational load; if a MEC server lacks sufficient capacity,
excess requests are rejected in a FIFO manner.

3.4 Orchestrator and Decision Variables

The orchestrator, implemented via the SLEEPY-rApp in the SMO
layer, maintains a global view of the network. Its primary functions
include:
e Monitoring network performance metrics (e.g., latency and
utilization).
e Routing requests from RUs to active MEC servers.
e Dynamically booting or deactivating MEC servers to opti-
mize energy consumption.
The key decision variables are defined as follows:
e x;j: the operational status of MEC server hj (y; = 1 if active,
0 if inactive).
® ¢, the fraction of requests for service ay routed from RU
i to MEC server h;.
e wy j: the fraction of the CPU capacity at MEC server hj
allocated to service ag.

3.5 Latency and Energy Constraints

Latency Constraints: Each computing request experiences several
delay components:
. Tl?fk: upload delay from the RU to the DU (or source MEC
server),
. rir’ - routing delay through the transport network from the
source to the destination MEC server,
. rlf”k: computation delay at the destination MEC server,

. Tidk: download delay from the destination MEC server (or
DU/CU) back to the RU.
The total delay must not exceed the delay budget T;"** for service
ag:

u r c d max X
Tt ¥kt Tig < Tk ,  Vap € A, VRU;.

Energy Consumption: The energy model comprises:

e Idle Energy: Each MEC server h; consumes idle energy
E;.dle when active.

e Active Energy: Additional energy E; is expended per oper-
ation executed.

e Link Energy: Energy consumption for data transmission is

characterized by o (J/bit) along the transport links.
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¢ Boot Energy: When reactivating a MEC server, a boot en-
ergy E]b.""t
for Tjs seconds.

is incurred, and the server remains unavailable

The orchestrator’s objective is to minimize overall energy consump-
tion while ensuring that both latency and capacity constraints are
satisfied.

3.6 Key Notation Summary

e SMO Layer: SLEEPY-rApp — The network intelligence and
optimization application.

e MEC-enabled O-RAN Layer: CU, TN, M, DU, RU
- Centralized Unit, Transport Network, MEC servers, Dis-
tributed Units, and Radio Units.

e Core Network: CN - Core network functions (e.g., UPF).

e IoT Layer: 7 - IoT devices connected via RUs.

e C: Maximum processing capacity of MEC server hj.

e J;k: Arrival rate of requests for service ay at RU i.

® ¢;k, ;: Fraction of requests for a; routed from RU i to MEC
server h;.

e x;: Operational status of MEC server h;j (1 if active, 0 if
inactive).

® oy ;: Fraction of CPU allocated to service aj at MEC server

j .

. Tgk’ T{k, Tic,k’ Tgk:

computation, and download, respectively.

Delay components for upload, routing,

. Ej.dle, Ej, Ej?o‘”: Energy consumption parameters for MEC
server h;.

In summary, the proposed system model seeks to optimize the
energy consumption of a MEC-enabled O-RAN by dynamically
managing MEC server activation and request routing while ensur-
ing that stringent latency and capacity constraints are met. The
subsequent sections detail the problem formulation and the opti-
mization algorithms employed by the orchestrator.

4 Problem Formulation

In our MEC-enabled O-RAN framework, the orchestrator’s objec-
tive is to minimize the overall operational cost—represented here in
terms of energy consumption—while ensuring that all computing
requests are processed within their respective delay budgets. The
decision variables are defined as follows:

e x;j € {0,1}: the operational status of MEC server h; (with
xj = lifactive and y; = 0 if deactivated),
® ¢;k ; € [0,1]: the fraction of requests for service a. arriving
at RU i that are routed to MEC server hj,
® oy ; € [0,1]: the fraction of the computing capacity at MEC
server h; allocated to service aj.
We denote the set of services by A, the set of RUs by R, and the

set of MEC servers by M. For a given service ag, each request is
modeled as a tuple

i t
<0k) V];n, Vlfu , T[:nax>’
where oy is the computational workload (in operations), Vki” and

Vko”t denote the input and output data sizes (in bytes), and T;™* is
the maximum tolerable delay.
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4.1 Capacity and Resource Constraints

For each MEC server hj, the total computing load assigned to ser-
vice a; from all RUs is given by

O,j = Z @ik, j Ok i
ieR
where A; . is the arrival rate of requests for service a; at RU i. The
overall load at MEC server h; is then

0j= ) O
ar€A

To ensure that the processing capacity of h; is not exceeded, the
following constraint must be satisfied:

1

Furthermore, to allocate the computing capacity among services
proportionally to their load, we require that

0j <C™* Vhje M.

ZieR (Pi,kjj 0k @

Wk.i =
k.j O]

s Vh]'EM, Vake.?(.

4.2 Delay Constraints
Each computing request experiences a combination of delays:
. T;‘k: Upload delay from RU i to the associated DU/MEC

server,
. rl.r «* Routing delay within the transport network,

. TiC:k: Computation delay at MEC server hj,
° Tfk: Download delay from the MEC server (or DU/CU) back
toRU i.
For a request served by MEC server hj, the computation delay is
inversely related to the allocated capacity, and can be modeled as

®)

c Ok

T, = e, fore;r ;> 0.
ik ™ k.j C}jnax J
Thus, the overall delay for a request originating at RU i for service
ar must satisfy:

©

Tzk + r{k + rl.c’k + Tfk < Tlgnax, Vai € A, Vi e R.
4.3 Energy Consumption Model
The total energy consumption of the MEC-enabled O-RAN system
comprises:
e MEC Server Energy: When active, MEC server h; con-
sumes an idle energy E;dle

operation executed. Thus, the energy consumption of A is
modeled as:

and additional energy E; per

total _ [ pidl .
Bl =y (Eifle +0, E))

e Transmission Energy: Energy consumed for data trans-
mission over the transport links is proportional to the data
volume and characterized by a per-bit energy cost o. (A
detailed link model is deferred to future work.)

e Boot Energy: When a MEC server is reactivated, it incurs a

boot energy Ej?o‘” and remains unavailable for Tjs seconds.
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4.4 Optimization Objective

The primary objective is to minimize the overall energy consump-
tion while satisfying the capacity and delay constraints. Mathemat-
ically, the optimization problem is formulated as:

Z Xj (E;dle +0j Ej) + Z o - (Data Volume)

min
00,
bnx hjeM links
subjectto  Oj < C}m‘x, Vhj e M,
ZieR Pik,j OkAik
wka—l bl TR Vhje M, Vag € A,
$) O]
u r Ok d max
™ o+ —5 4 < T,
ik ik ok C}nax ik k

Vak € ﬂ, Vi € R with (pi,k,j > 0,
Z Pikj=1 Var €A VieR,
hjEM
Pik,j = Xj>
®ik,; € [0,1],
w,; € [0,1],
xj €1{0,1},

Yap € A, Vie R, Vhj e M,
Vap € A, Vie R, Vhj e M,
Vak €A, th S M,
Yh j € M.
(P1)

Constraint (1) (implicitly defined via O; < Cj.m‘") ensures that the
total computing load assigned to each MEC server does not exceed
its capacity. Constraint (2) guarantees proportional allocation of
processing resources, while constraint (4) ensures that the end-to-
end delay for each request remains within the service’s maximum
tolerable delay. The condition ¢; ;. ; < y; enforces that requests are
assigned only to active MEC servers.

The overall optimization problem in (P1) is a Mixed-Integer Lin-
ear Program (MILP) and is NP-hard. In practice, heuristic algorithms
(such as the MEC-ON approach described in Section 5) are employed
to obtain near-optimal solutions in real time.

In summary, the formulation seeks an optimal routing and re-
source allocation configuration that minimizes energy consump-
tion while satisfying both capacity and delay constraints in the
MEC-enabled O-RAN environment. Furthermore, the problem for-
mulation provides a rigorous mathematical foundation that enables
precise evaluation of the trade-offs between energy efficiency and
service quality. The model captures the interplay among computing
capacity, network delay, and energy costs, which are critical for
designing adaptive and sustainable wireless networks. In particular,
the constraints ensure that no MEC server is overloaded and that
all user requests are processed within the allowable time limits,
thereby guaranteeing both operational efficiency and quality of ser-
vice. This comprehensive formulation facilitates the development
of efficient heuristics that can operate in real time, making it highly
relevant for future wireless network deployments.

5 SLEEPY-rApp Optimization Algorithms

This section details the algorithms executed by the SLEEPY-rApp
(located in the SMO layer) for optimizing energy consumption by
dynamically managing MEC server activation and request routing
in the MEC-enabled O-RAN system. These algorithms operate in
discrete time slots, periodically updating the network configuration.
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Algorithm 1 SLEEPY-rApp Initialization Procedure

Algorithm 3 SLEEPY-rApp Energy Optimization Heuristic

Require: Current network load A
1: for each MEC server j in M do

2 Set yj « 1 > Activate all MEC servers initially.
3: end for
4: for each RU i in R and for each service a; € A do
5: if RU i is associated with a local MEC server then
6 if Ai,k s 0 < c;nax — O; then
7 Set jp; < 1
8 else

cmax o,
9: Set Piki -+

Aik - 0k

10: Determine candidate MEC servers reachable within

T,"®* and assign the remaining load accordingly

11 end if

12: else

13: Route the entire load from RU i to the nearest active
MEC server that satisfies the delay constraint

14: end if

15: end for

16: Update w based on the initial routing ¢

17: return ¢, o, and y

Algorithm 2 Delay Constraint Handler

Require: Current allocation variables ¢, w, x, load A, and maxi-
mum iteration limit M
1: Initialize counter ¢ « 0
2: while a MEC server v is identified with delay violations and
¢ < Mdo

3 Identify the service a; causing the delay violation at RU i

4 Determine the candidate set M4 of MEC servers reach-
able within the delay limit

5 Sort Mcand in ascending order based on the available ca-
pacity gap (C™& — 0)

6: Select the candidate server m with the smallest capacity
gap

7: if Ai,k COk  Pikm = Cﬂax — Oy, then

8 Select the closest inactive MEC server to RU i and set
its status: ym <1

9: Reassign the load from MEC server v to the newly acti-
vated server: update @; j , and set @; i, < 0

10: end if

11: Increment counter ¢ < c+1

12: end while
13: return the updated values of ¢, w, and y

The SLEEPY-rApp Optimization Algorithms operate in a time-
slotted fashion. At the beginning of each time slot ¢ € {1,2,...,T},
the SLEEPY-rApp executes the Energy Optimization Heuristic (Al-
gorithm 3) using the maximum expected load A; as input. Initially,
the allocation is established using the Initialization Procedure (Al-
gorithm 1). Subsequently, MEC servers are evaluated in descending
order of their idle energy cost; for each candidate MEC server,
the load is redistributed to neighboring servers that satisfy the
delay constraints and have sufficient available capacity. The energy
savings from deactivating a MEC server are compared with the
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Require: Current network load A and performance metrics
1: Obtain initial values for ¢, w, and y using Algorithm 1
2: Sort the set of MEC servers M in descending order by their
idle energy cost
3: Sort the set of services A in ascending order by their delay

budget T];"“"
4: for each MEC server j in M do
5 Compute the current energy cost if active:
Eon <« Xj % (E;'_dle +Oj 'Ej)
6: Initialize the tentative energy cost Eqg <— 0
7 Tentatively set yj < 0 > Attempt to deactivate MEC
server j.
8: for each service a; € A do
9: for each RU i in R such that ¢; ; > 0 do
10: Determine the candidate set M ;4 of MEC servers

reachable within T;™®*, sorted in increasing order by estimated
transmission cost

11 for each candidate server m in M ,,q do

12: if the available capacity (both link and server)
at m is sufficient to accommodate the load ¢; s ; then

13: Transfer the entire load: set ¢;r, <«
Pikm * Qik,j and set @; g ; < 0

14: else

15: Transfer as much load as possible:

Piem < Cikm + 8, @ik < Pikj— D

where A is determined by the available capacity at m and the
link capacity

16: end if

17: Update E ¢ based on the new allocation

18: end for

19: end for

20: end for

21: if Eo¢ > Eopn or any load remains unassigned from MEC
server j then

22: Revert the allocation changes and set y; < 1 » Keep
MEC server j active.

23: end if

24: end for

25: Recompute w for all active MEC servers based on the new load
distribution

26: if any delay constraints are violated then

27: Invoke the Delay Constraint Handler (Algorithm 2)

28: end if

29: return the updated values of ¢, w, and y

additional energy incurred by rerouting the load. If the savings are
insufficient or if some load cannot be reassigned, the MEC server
remains active.

After completing the primary optimization loop, the algorithm
recalculates the CPU allocation w for all active MEC servers. If any
delay constraints are violated due to the reallocation, the Delay
Constraint Handler (Algorithm 2) is invoked to reassign the affected
load or to activate additional MEC servers as necessary.
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6 Results and Conclusions

Figure 2 illustrates the performance of our proposed SLEEPY-rApp
against baseline approaches (Default Operation with continuously
active servers and Random Policy with non-optimized task routing)
across two operational periods.

B SLEEPY-rApp
B Continuous Operation
B Random Policy

EEN SLEEPY-rApp
= Continuous Operation
B Random Policy

Energy Consumption (kWh
Number of Active Servers

Off-Peak Hours

Operating Period

Peak Hours Peak Hours Off-Peak Hours

Operating Period

(a) Energy Consumption (kWh) (b) Number of Active Servers
Figure 2: Energy consumption and active server comparison
across policies.

During Peak Hours, SLEEPY-rApp achieves significant energy
efficiency, consuming 633 kWh—a 36.7% reduction compared to
the 1000 kWh under Default Operation. This efficiency persists in
Off-Peak Hours, where SLEEPY-rApp (760 kWh) outperforms both
Default Operation (800 kWh) and Random Policy (1048 kWh). Con-
currently, SLEEPY-rApp demonstrates optimal resource utilization,
requiring only 5 and 3 active servers during Peak and Off-Peak
Hours, respectively, versus 9 and 8 for Default Operation.

Further analysis reveals that SLEEPY-rApp maintains service
quality despite reduced resource usage, with a request satisfac-
tion rate exceeding 99.9 %. The heuristic’s decision-making process
proves particularly effective during system load transitions, where
appropriate server activation/deactivation strategies are crucial.
While Random Policy attempts to reduce active servers (achiev-
ing 7 during Off-Peak), its non-optimized routing decisions lead to
increased energy consumption, demonstrating that server count
reduction alone is insufficient without intelligent workload dis-
tribution. The simulation also indicates SLEEPY-rApp’s approach
differs fundamentally from conventional load-based strategies, as
it considers both request characteristics and server energy profiles
when making orchestration decisions, resulting in more efficient
resource utilization particularly under heterogeneous workloads.

6.1 Conclusions

In this paper, we proposed a novel resource allocation and MEC
server deactivation strategy implemented via the SLEEPY-rApp in
the SMO layer. Our contributions include:

o The development of an optimization formulation jointly con-
sidering capacity, delay, and energy constraints.

o The design of a low-complexity heuristic for dynamic MEC
server activation and request routing.

e An empirical demonstration of 36.7% energy reduction dur-
ing Peak Hours through intelligent orchestration.

These findings confirm that intelligent orchestration through
SLEEPY-rApp can substantially enhance energy efficiency and re-
source utilization in MEC-enabled O-RAN environments. Future
extensions of the present work is necessary to further investigate
the scalability and complexity of SLEEPY-rApp against baseline
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MEC sleep scheduling methods. Additional future work will also
focus on refining the heuristic, incorporating adaptive load predic-
tion, and integrating additional performance metrics to improve
network efficiency and quality of service.
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