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Non-terrestrial networks (NTNs) have been proposed as a key component of next generation of mobile

networks. Satellite networks can potentially enable connectivity anywhere on earth, and modern satellites

are capable of providing high throughput connectivity. However, there remain several open questions about

how NTN will work in practice. We show that blindly applying terrestrial RAN architectures and connectivity

management algorithms to the NTN context fails to deliver on multiple network and user level metrics. In

this work we present an NTN system that takes a holistic view of the problem, considering both the radio

access network architecture as well as the algorithms that drive user session orchestration in the face of

satellite mobility. Using a realistic satellite emulation platform as well as large-scale simulations we show that

our proposed system outperforms baseline solutions in simultaneously balancing multiple key performance

indicators including throughput, coverage, and stability by reducing the impact of satellite mobility.
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1 Introduction
Broadband networking with satellites is a reality today [16] with numerous providers, e.g. Star-

link [35], Kuiper [50], OneWeb [3], etc., providing high speed internet via satellite around the

world. Deploying 5G and future generation mobile networks on satellites, known as non-terrestrial

networking (NTN), is the next logical step in this evolution, with the potential to provide seamless

coverage anywhere on earth, particularly in hard to reach places (e.g. rural areas) [31]. Low-

earth orbit satellites (LEO) are especially interesting because of their proximity to Earth; however,

it is significantly more challenging to deploy 5G NTNs via LEOs than best-effort IP networks

(e.g. [18, 32, 47, 52, 56]), due to their core-centric control and dense, cellular ground coverage.

Despite these challenges, NTNs are coming—officially included in standardization efforts since

the 3GPP 5G Rel. 17 in 2020 [6]. Meanwhile on the commercial side as of 2024, Starlink has partnered

with several mobile operators around the world to provide direct-to-cell coverage via satellite

on the same spectrum as their partner operators [46]. This represents a significant advance and
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(a) HARMONI RAN Architecture (b) HARMONI Session Orchestration
Fig. 1. System Overview of HARMONI

demonstrates the physical layer feasibility of connecting handsets to LEO satellites; however, little

information is available on how the various layers of the Radio Access Network (RAN) map onto

the Starlink satellite network, beyond stating that the satellite “acts like a traditional cellular base

station” [46]. While the initial use case of this service is to provide low-data rate applications (like

emergency alerts and text messages) in remote areas, it remains to be seen if and how NTNs can

support applications with more demanding requirements. Similarly, while NTNs will never replace

traditional terrestrial networks in dense urban areas, it is still an open question if they can be scaled

to provide dense cellular coverage on par with rural or suburban terrestrial networks.

A simple translation of terrestrial cellular systems to NTN would be to deploy gNBs (i.e. base

stations) either at the satellite gateway (GW) or on-board the satellites themselves. From there,

users (UEs) would decide which satellite to connect to based on signal strength as they do with

terrestrial base stations. Using case studies leveraging realistic LEO constellations, we highlight that

this approach fails to satisfy multiple key performance indicators (KPIs) essential to mobile network

operations. Specifically, we show naively reusing terrestrial paradigms has two major downsides:

First, the architecture results in handovers that are more expensive in terms of latency—up to 4×
due to messaging with the core network—compared to alternatives. The accumulation of these

handover events has a significant impact on the individual UE quality of experience (QoE). Second,

while UE-driven connection decisions may be simple, they result in poor overall network efficiency,

using < 50% of total network capacity.

To understand the root cause of why terrestrial paradigms fail in the NTN context, we need to

understand the fundamental difference between the two: infrastructure mobility. In a terrestrial

network, mobility is confined to UEs at the edge of the RAN. By contrast, in NTNs, satellites—critical,

connection bearing infrastructure within the RAN—are highly mobile. The two key challenges in

designing an NTN system are coping with this mobility inversion: 1) How should we map the

different RAN functions onto the satellite network? 2) How do we satisfy multiple KPIs—throughput,

latency, stability (i.e. reducing the impact and frequency of handovers)—in the face of infrastructure

mobility? Stepping back, we observe that fixed-earth cells [23] and satellite GWs are analogous,

albeit much larger, to the cells and BSs of a terrestrial cellular network. This provides an opportunity

to abstract the satellite mobility within the RAN by leveraging the stability at the edges.

To this end, we propose a novel NTN framework, HARMONI1, shown in Fig. 1, which specifies

both a deployment architecture and a suite of scalable, efficient session orchestration algorithms.
Designed with satellite mobility in mind, HARMONI enables NTN sessions that provide both the

performance (e.g. high throughput, low latency) and stability necessary for broadband applications.

Specifically, HARMONI’s architecture (Fig. 1a) leverages the recent Open-RAN (O-RAN) framework

to disaggregate a RAN node into centralized-, distributed-, and radio-unit nodes (CU, DU, RU). We

propose deploying a CU-DU at each satellite GW and a DU-RU on board satellites. Connections

1
Holistic Architecture for RAN Management and Orchestrated NTN Integration
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between satellite and GW and ISLs within the satellite constellation are enabled via an integrated

access and backhaul (IAB) interface. This allows HARMONI to decouple the satellite mobility from the

user-CU relationship, replacing expensive inter-CU handovers with inter-DU handovers. By using

IAB and proactively establishing tunnels between GW-CUs and satellite-DUs, HARMONI performs

the bulk of HO messaging outside of the critical path enabling session migration (from one satellite

to another) in such a way that minimizes the effect on user QoE. Further, routing within the IAB

network can be preformed using layer 2 routing methods [7], allowing HARMONI to leverage recent

works on efficient inter-satellite network routing [28, 29, 44].

While HARMONI’s architecture allows us to mitigate the impact of satellite mobility on the user

QoE, we still need scalable, efficient algorithms to manage the connections between UEs and their

anchor to the core network (i.e. the CU-GW) at the time scale of satellite dynamics. HARMONI
couples its split RAN architecture with a spatially and temporally hierarchical suite of session

orchestration algorithms (Fig. 1b). First, at coarse timescales it maximizes network utilization

through load balancing of the cells amongst GWs. Then, at finer timescales, each GW operates

independently to orchestrate the migration of sessions through the dynamic satellite network to

maximize session demand satisfaction, reduce latency, and maintain stability. Several noteworthy

aspects of HARMONI’s algorithms include: (i) efficiency: They provide a flexible framework to jointly

optimize and balance the trio of KPIs (capacity, latency, stability) simultaneously based on operator

requirements; furthermore, notwithstanding the NP-hardness of the underlying assignment prob-

lems, we establish performance guarantees. (ii) scalability: The fine timescale routing decisions

are entrusted to individual GWs, focusing only on a subset of satellites and cells, which allows the

NTN to scale without sacrificing global performance.

We implement and evaluate HARMONI’s components on a satellite network emulator [29], which

combines realistic satellite trajectories and connectivity with real IP network tooling, allowing us to

emulate 1000s of traces measuring throughput, delay, and routing.
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We consider realistic NTN scenarios consisting of dense terrestrial cells

and 1500+ satellites from Starlink’s phase 1 constellation. This realistic

emulation is supplemented by large scale simulations to characterize

HARMONI at larger network scales. Our evaluations highlight HARMONI’s
ability to abstract the impact of satellite mobility on 5G NTN sessions

resulting in: (1) high network utilization, with total throughput up to 90%

of network capacity, (2) low latency, with >95 % of users having under

30 ms of end-to-end latency, and (3) high stability, i.e. minimal session

disruption, while maintaining complete cell coverage. HARMONI does this

while being scalable, allowing its algorithms to run in real-time at the

fine timescales of satellite dynamics.

Finally, we note that many of the existing satellite network work is

centered around a single aspect of deploying NTNs, e.g. the handover pro-

cedure at the UE- [15, 24, 54] or GW-level [57] or generalized IP routing

within the satellite network [14, 18, 32, 42, 47, 52, 53]. Additionally many

of the evaluations are limited to simulations involving individual, point-

to-point connections through the satellite network, rather than covering

dense cellular deployments. To the best of our knowledge, HARMONI is the
first work that adopts a holistic view in understanding the complex trade-

offs that exist between the architecture and session algorithms specific

to an NTN while addressing multiple KPIs simultaneously, and proposes

a 5G compliant framework for its efficient and scalable deployment.
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2 Need for a Holistic NTN Approach
2.1 RAN Architecture
An important question in deploying NTNs is the choice of RAN architecture. There are several

options, enabled by the development of O-RAN [27] and 5G RAN functional splits [39], each with

potential benefits and pitfalls. Here we consider three options: transparent, monolithic gNB, and a

split CU/DU architecture with CU/DU at the GW and DU/RU on board the satellite.

Transparent satellites are the simplest; the entire gNB (CU+DU+RU) is located at the satellite

GW. The satellite has no on-board baseband processing and thus cannot make use of ISLs. This

architecture has been included since 3GPP Release 17 [6]. By contrast, the monolithic gNB archi-

tecture places the entire gNB on board the satellite.This is an officially supported architecture in

the standard as of 3GPP Release 19 [23]. The gNB-on-board solves the ISL issue of the transparent

architecture, but another issue arises: whenever users switch satellites, they must also switch

gNB-CUs. We claim this is a problem for two reasons: First, in a terrestrial network, inter-CU

handovers only occur when a user moves between cells covered by unique base stations. This

movement is recognized in the core network access and mobility management function (AMF). If it

is the infrastructure (i.e. the satellite) that has moved rather than the UE, logically, we should not

treat this the same. Second, and importantly, this inter-CU handover is expensive, as we will show.
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To understand the impact of RAN architecture on user QoE,

we perform experiments (detailed in § 4.1) in a realistic satellite

network emulator [29] and recreate the handover messaging

that occurs when a UE switches satellites using three RAN

architectures: (1) gNB-BP: A full gNB-on-board without ISL. (2)

gNB-ISL: The Rel. 19 arch. of gNB-on-board, with ISL allowing
direct communication over the Xn interface [48]. (3) DU: CU-
DU split RANwhere CU+DU is located at the GW,withDU+RU

on board the satellite.

Fig. 2 shows the handover delay associated with these ar-

chitectures. Both gNB architectures experience higher delay

compared to DU. This is because when using a gNB architec-

ture, the UE-satellite switch triggers an inter-CU handover

(shown in Fig. 5) requiring a message exchange with the core

network’s AMF. This adds latency due to the RTT and com-

putation within the core. Since gNB-BP lacks ISLs, there can
be no direct gNB-gNB communication; all signaling must go

through the core on the ground. We have not showed the

Rel. 17 transparent architecture. Because all signaling termi-

nates at the ground (including RACH), the delay is even greater

than gNB-BP. On the contrary, in DU these switch events trig-

ger inter-DU handovers, which avoid any core-based overhead

because the handover happens within a single logical gNB

(detailed in Fig. 6). Even though inter-DU handovers require

slightly more messages, they take less time, especially in NTNs as they do not require an AMF

update. The handover-induced delay reported in Fig. 2 has a direct impact on the UE QoE by

reducing the instantaneous throughput, as we will see. The fourth option in Fig. 2, DU-proactive,
used by HARMONI (detail in § 3.1), reduces this impact even further. The RAN architecture is only one

component of the NTN system; we next explore its counterpart—session orchestration—identifying

how terrestrial network algorithms fail to simultaneously satisfy multiple KPIs when used in NTNs.

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 54. Publication date: December 2025.



HARMONI : A Holistic Approach to 5G-LEO NTN 54:5

2.2 Orchestration: Balancing Multiple KPIs
For any sufficiently large satellite constellation, there are at any moment, multiple satellites in view

from any one terrestrial location. This increases the total capacity of the network, but it raises several

questions: Which areas on Earth will a satellite serve? If multiple satellites serve the same terrestrial

area, how do UEs within that cell decide which satellite to connect to? Finally, since the end-point

for all NTN user traffic is the operator’s (most likely terrestrial) core network, once the traffic enters

the satellite network, how do the satellites “choose” which GW is used to offload its traffic? These

questions amount to a problem of session orchestration: How is the connection from the UE, through
the satellite network, to the core managed in the face of satellite mobility? The answer depends on
what we want to optimize. NTNs, like terrestrial mobile networks, need to simultaneously satisfy

multiple KPIs. Important ones that we will consider here are: 1) Coverage: Ensuring total coverage

requires a constellation of a sufficient size. We assume a modern LEO mega constellation with

enough satellites to cover all cells, but we want to ensure that our orchestration provides service

to all users at all times; 2) Latency: Due to the large distances between UEs and satellites, the

orchestration should minimize delay when possible; 3) Maximizing stability: Infrastructure mobility

poses a unique challenge in NTNs. While some churn is inevitable, minimizing the frequency of

handover events will lead to higher QoE for UEs; and 4) Fairly satisfying user demand.

We argue that in NTNs, these KPIs present tradeoffs which are less pronounced in terrestrial

networks. Mobility is restricted to the UEs which makes stability easier to manage. Base stations

are much closer to the UEs, so the choice of gNB has little impact on latency. Base stations are also

strategically placed to spatially distribute the network load, and when there is highly asymmetrical

traffic, networks can perform load balancing. To illustrate the tradeoffs between these KPIs in

NTNs, let’s consider a small scenario involving a few hundred cells and three GWs (details in § 4.2)

and attempt to optimize, first individually, each of our KPIs.

Stability

Latency

Load Balancing

Scalable

Greedy
Hold
Global LB
HARMONI

Fig. 7. KPI Tradeoff

Local Schemes for Latency and Stability: To minimize la-

tency, each session should take the shortest path. This is achieved

when both UEs and satellites take a greedy approach to connec-

tivity. In this scheme, UEs periodically measure the signals of vis-

ible satellites, and connect to the strongest; for LEO satellites, the

strongest signal is likely to originate from the closest. Likewise,

satellites, aware of their positions (or controlled by the operator

on the ground) connect to the closest GW. This mirrors terrestrial

networks where the connections are largely UE-driven. Though

technically, the gNB and core network are responsible for admitting

UEs and facilitating handovers, decisions are predicated on local, UE-based measurement reports. A

downside of greedy is that cells switch satellites and GWs very frequently. Recall that each switch

triggers some type of handover impacting UE QoE. Fig. 3 shows the number of cell-satellite and

cell-GW that greedy incurs over time. If instead of minimizing the latency, we want to maximize

the stability, we could “hold” onto connections as long as they are valid and also choose the satellite

that will be “alive” the longest (as proposed in several works including [15]). Fig. 3 shows that the

hold approach does reduce switches.

There is an important downside to both schemes: poor load balancing results in low network
efficiency. Sessions based on local decisions, end up in progressive bottlenecks throughout the

network: most UEs connect to a few satellites, which connect to a handful of GWs. This congestion

reduces the capacity available per cell and inefficiently uses network resources. To illustrate, Fig. 4

shows the percentage of cells served by each GW over time when using the hold method. All else

being equal, in a “balanced” network, each GW would support approx. 33% of the cells, giving each
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54:6 N. Cameron Matson, Yu-Tai Lin, and Karthikeyan Sundaresan

cell access to an equal share of the network capacity. On the other hand, when the majority of cells

are assigned to a single GW as in Fig. 4, the capacity available per cell suffers.

Global Load Balancing Optimization:What if orchestration decisions were made globally

by a centralized entity instead of locally by individual nodes? Consider an orchestration scheme

which computes optimal connections between all UEs and GWs, through the satellite constellation.

Its objective is to increase the network utilization and decrease congestion to increase the available

capacity per cell. The details of this global load balancing formulation can be found in Appendix B.

This optimization needs to be computed for the entire network continuously at the timescales

of the satellite dynamics. While this may be possible for small scenarios consisting of a few UEs,

GWs, and satellites, the (NP-Hard) optimization is unable to scale larger scenarios involving mega-

constellations and dense terrestrial cells (e.g. in § 5 we show it takes over 20 s for a small problem

involving 1200 cells and 15 GWs). In contrast, while the local session management schemes have

downsides, they have the benefit of being naturally scalable.

Fig. 7 summarizes the trade-offs in these terrestrial-inspired single objective schemes: While

optimal for their stated objective, each scheme exhibits unacceptable performance along other

desired KPI dimensions. In the following section we present HARMONI, a holistic NTN framework

designed to scalably and efficiently balance multiple KPIs simultaneously.

3 HARMONI Design
In this section we provide details on the design of HARMONI. The core components are a split CU/DU

RAN architecture empowered by ISL over IAB (Fig. 1a) paired with a suite of scalable session

orchestration (SO) algorithms (Fig. 1b) to jointly optimize multiple network-wide KPIs such as

maximizing network utilization and minimizing session disruption due to satellite mobility.

3.1 NTN RAN Architecture
Fundamentally, HARMONI’s architecture (Fig. 1a) is a mapping of RAN entities—UEs, cells, gNBs, and

their interfaces—onto a satellite network— GWs, GW-facing feeder-satellites, UE-facing service-

satellites, and ISLs. The distinction between service- and feeder-satellites is purely logical as

satellites typically have separate RF chains for uplink and downlink in each direction. The same

physical satellite may function as both service and feeder. We assume fixed-earth cells [21] to mimic

static terrestrial cells. Based on the discussion in § 2.1, HARMONI splits the gNB between the GW

and the satellites, locating a complete CU/DU at each GW while placing the DU/RU on board the

satellites. The connection between the two, as well as all ISLs between satellite-DUs, are executed

using IAB. The split RAN is critical for HARMONI’s stability objective. Under this architecture,

UE-satellite switches trigger lower-latency inter-DU handovers. HARMONI’s SO algorithm anchors

each UE to a single GW-CU, nearly eliminating the more costly inter-CU handovers altogether.

Two additional important aspects of HARMONI’s architecture are:
Trajectory Aware HO: To further increase the stability of NTN sessions, HARMONI takes advan-

tage of predictable satellite trajectories, tracked via global databases of TLEs (two-line element).

Using this knowledge, HARMONI’s SO algorithms quickly compute when handovers are needed

and proactively initiate the inter-DU handover procedures between satellites before the switch

occurs. HARMONI precreates the necessary bearers/sessions from the GW to the target satellite-DU

by performing all but the UE-involved messages in Fig. 6 before the actual HO event, eliminating

their impact on user QoE. This enables an even lower handover latency than that of DU as shown

by DU-proactive in Fig. 2. Handovers procedures are triggered periodically by HARMONI’s session
orchestration algorithms (§ 3.2). It uses knowledge of the satellite trajectories to ensure the cell-

service-feeder-GW assignment is valid. Efficient Routing via IAB: DU-to-DU connectivity, on

the feeder link as well as all ISLs, is facilitated via the integrated-access-and-backhaul (IAB) feature
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available in 5G NR [33]. Routing within an IAB network is managed by the Backhaul Adaptation

Protocol (BAP) which replaces IP to manage hop-by-hop addressing within the network [53]. By

using IAB, HARMONI abstracts away ISL routing and focuses only on choosing the optimal service-,

feeder-satellite pair for each session leaving intra-constellation routing to be handled by existing

algorithms (e.g. [32, 47, 52, 53]. We note that in addition to static IAB in 5G, dynamic, mobile IAB is

an important functionality [9] that future releases are expected to incorporate, especially for NTNs.

3.2 HARMONI Session Orchestration
Because a global, end-to-end optimization (even for a single KPI) cannot scale to realistic NTN

scenario sizes, HARMONI session orchestration is spatially, and temporally decomposed into three

subproblems (Fig. 1b). Rather than solve each layer of the multi-dimensional problem sequentially,

the decomposition leverages the split RAN architecture to work “outside-in”: the first submodule

optimally assigns cells to GW-CUs (establishing an upper bound on performance) before the

remaining two optimize satellite assignments. While not equivalent to the global optimization,

this decomposition ensures scalability while each submodule remains optimal. Additionally, the

submodules’ optimization problems are parameterized to balance multiple KPIs. The orchestration

is carried out by two entities: a centralized, core-network function HARMONI-G and a distributed,

O-RAN xAPP HARMONI-X running on RAN intelligent controllers (RICs) at each GW.

Cell-GW Assignment

z-1

UE-CU
Anchor

DemandDistance

Multi KPI
Demand
Adjust

Fig. 8. Anchoring Submodule

At slow coarse timescales (e.g. 10s of min-

utes), HARMONI-G requests aggregate cell de-

mand data from the HARMONI-X instances, and

performs UE-CU Anchoring (§ 3.2.1). This
global optimization maximizes network utiliza-

tion through load balancing while enabling

the down stream modules to address addi-

tional KPIs by forming coherent “GW-regions”.

HARMONI-G also keeps track of satellite trajecto-

ries by pulling from a TLE database. At medium

timescales (e.g. 20-30s), it uses these trajectories

to compute regional visibility data for each GW-

region and performs Satellite Partitioning
(§ 3.2.2)—assigning disjoint subsets of satellites
to each GW-region. HARMONI-G uses a novel greedy algorithm that enables fast, efficient partitioning.

The two assignments (cell-GW and satellite-GW), along with the satellite trajectory information,

are shared with each GW’s HARMONI-X instance. Then, at fine timescales (<20s), each computes

cell visibility, and uses it to perform in parallel Session Migration (§ 3.2.3), in which HARMONI-X
assigns a specific service- and feeder-satellite pair for the NTN sessions from each cell. The local

optimization addresses multiple KPIs simultaneously: throughput, latency, and stability in the

presence of satellite dynamics.

In the following sections we detail each submodules’ optimization formulation, giving particular

emphasis on how the formulation relates to the specifics of the NTN session orchestration problem.

Additionally, if applicable, we provide performance guarantees for the algorithms in each phase.

3.2.1 Cell-GW Session Anchoring. The first submodule of HARMONI is cell-GW session Anchoring,
depicted in Fig. 8, carried out by the core network function HARMONI-G. Rather than handle individual
UEs, HARMONI aggregates them within pre-defined, fixed-earth cells—analogous to, but larger than

cells in terrestrial systems. The goal of Anchor is to pair each cell with a GW to balance demand

across the network. At coarse timescales, HARMONI-G monitors the aggregated cell demand by
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querying each GW-CU’s HARMONI-X instance. Anchor hanldes multiple objectives: maximizing

throughput through load balancing, minimizing the end-to-end latency, and maintaining stability.

Problem: The formulation is as follows: Consider𝑀 GWs, each with fixed capacities 𝐶𝑖 , and 𝑁

fixed-earth cells. At a coarse time step, 𝜏 , each cell, 𝑗 , has an aggregate demand, 𝑟 𝑗 (𝜏), (top right of

Fig. 8). Let 𝑥𝑖 𝑗 = 1 if cell 𝑗 is assigned to GW 𝑖; otherwise 𝑥𝑖 𝑗 = 0. If the total demand assigned to a

particular GW is exceeded, UEs will experience congestion and be unable to achieve their desired

rates. NTNs (like terrestrial networks) utilize scheduled access and can “trim" the demand of each

UE through the allocation of resources. In the (likely) event that total demand exceeds the total GW

capacity, we apply a uniform “service ratio”, 𝜆 to all cells for fairness. Since Anchor is only run at

coarse intervals, e.g. 10s of minutes, so “fairness” here is different from that in traditional wireless

scheduling, e.g. proportional fairness [8, 30], which operates on a faster, frame-by-frame basis.

Thus, we have two objectives: maximize 𝜆 and maximize the network utilization, i.e. the percentage
of total network capacity which is utilized. Both objectives can be solved simultaneously through a

load balancing objective: by distributing the demand as evenly as possible among the GWs (through

a min max formulation, also known as the minimum makespan problem [45]) we reduce, as much

as possible, the congestion at each GW-CU. min𝑥 max𝑖 𝜆
∑

𝑗 𝑥𝑖 𝑗𝑟 𝑗 (𝜏), and then maximize 𝜆.

Anchor(𝜏): (1)
min

𝑥
max

𝑖
𝜆
∑︁
𝑗

𝑥𝑖 𝑗 (𝜏)𝑟𝑖 𝑗 (𝜏)

s.t.
∑︁
𝑖

𝑥𝑖 𝑗 (𝜏) = 1,

𝜆
∑︁
𝑗

𝑥𝑖 𝑗 (𝜏)𝑟𝑖 𝑗 (𝜏) ≤ 𝐶𝑖∀𝑖

How does Anchor optimize multiple KPIs? We capture all

three of HARMONI’s global objectives (throughput, latency, sta-
bility) by defining a new GW-dependent “virtual demand” vari-

able, 𝑟𝑖 𝑗 . To encourage stability, 𝑟𝑖 𝑗 (𝜏) = 𝑟 𝑗 (𝜏) if 𝑥𝑖 𝑗 (𝜏 − 1) = 1,

i.e. we do not modify the demand for the current GW. For

all other GWs, {𝑖 : 𝑥𝑖 𝑗 (𝜏 − 1) = 0}, we “virtually” increase

the demand of cell 𝑗—since the objective is a minimization,

increasing the effective demand discourages reassignment. We

know that the minimal latency is achieved over a bent pipe connection, which can only occur if

the cell is assigned to a GW near enough to have visible satellites in common. Thus, to minimize

latency, the demand is scaled by a distance-dependent factor:

(
𝛽 + ¯𝑑𝛼

𝑖 𝑗

)
, where

¯𝑑𝑖 𝑗 is the normalized

distance between the center of cell 𝑗 and GW 𝑖 (because of fixed-earth cells, this is known a priori).
The parameters 𝛼 and 𝛽 control how much to increase the virtual demand based on the distance

and stability objectives, respectively. The final formulation is given in Eq. 1.

Algorithm: The minimum makespan problem is NP-Hard. Leveraging the solution in [45], our

algorithm is the following:

(1) Relax the integrality constraint, i.e. 𝑥𝑖 𝑗 ≥ 0 rather than 𝑥𝑖 𝑗 ∈ {0, 1}. Perform a binary search

on 𝜆 ∈ (0, 1] to find the maximum value for which the LP relaxed problem has a feasible solution.

Define this service ratio as 𝜆0 and the LP solution as 𝑥𝑖 𝑗 . (2) Perform the following rounding

algorithm (based on [45]) to obtain integral solution 𝑥∗𝑖 𝑗 : form a bipartite graph of cells and GWs.

Create multiple nodes per GW for each fractional assignment in LP-relaxed solution and create

weighted edges between them and the cell node according to the 𝑥𝑖 𝑗 . Then find a minimum cost

matching between the cell and virtual GW nodes. (3) Let the demand assigned to each GW be

𝑅𝑖 =
∑

𝑗 𝑥
∗
𝑖 𝑗𝑟 𝑗 (where 𝑟 𝑗 is the original demand.) If 𝜆0𝑅𝑖 > 𝐶𝑖 , adjust 𝜆 according to the max violation:

𝜆 = min𝑖
𝐶𝑖

𝑅𝑖
=⇒ 𝜆𝑅𝑖 ≤ 𝐶𝑖∀𝑖 .

We emphasize the utility of minimum makespan objective: It is used to control the maximum

capacity constraint violation, which directly corresponds to the final value of 𝜆 and in turn the

satisfaction of each UE. The output of the Anchor 𝑥∗𝑖 𝑗 (𝜏), is a cell, GW-CU assignment, that only

changes with large-scale changes in demand, not with satellite mobility. Because of the distance
objective, the cells assigned to particular a GW-CU are close, both to each other and the GW-CU

itself, forming GW-regions as seen in the lower left of Fig. 8, this is important for the feasibility of the
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next submodule. Because Anchor is centralized, it leads to better network performance compared

to locally-driven alternatives, as we will see in § 5. Finally, we present the following theorem on

the performance
2
of Anchor, with a sketch of proof deferred to Appendix A.1.

Theorem 1. The algorithm for Anchor satisfies no less than 1

2
the max achievable demand.

Compute
Profit

z-1

Satellite
Partition

Cell Visibility Cell-GW Assignment

Satellite-GW Assignment

Fig. 9. Sat. Partition

3.2.2 Satellite Partition. The next phase of ses-
sion orchestration (performed by HARMONI-G)
is to Partition the visible satellites among

the GWs. This is both critical for scalability (it

shrinks the global problem to a local one which

can by run in parallel at each GW) and necessary

from an architectural standpoint (DUs may only

connect to one upstream CU in O-RAN). Fig. 9

shows an overview of Partition which takes

as inputs cell-satellite visibility (computed from

TLEs), Anchor assignments, and the current par-

tition, and outputs a partition for the next time

step. The problem may seem similar to Anchor,
but satellite mobility induces key differences:

Visibility: A satellite 𝑘 is “visible” from a

particular point on earth (e.g. cell 𝑗 ) if its elevation angle above the horizon, 𝜃 𝑗𝑘 , is greater than

some 𝜃min. Let 𝑣 𝑗𝑘 (𝑡) = 1 if 𝜃 𝑗𝑘 (𝑡) ≥ 𝜃min. We require full cell coverage, implying that within a

GW-region, at least one of the assigned satellites must be visible for all cells. To ensure that a

satellite is visible from all points within the cell, we increase the minimum visibility elevation

angle proportionately to the size of the cell (shown in the inset of Fig. 9). Timescale: The session
anchoring takes place over a coarse timescale (e.g. 10s of minutes), but Partition must occur

faster to account for changes in satellite visibility. In choosing a timescale for the satellite partition

problem there is a trade-off in the longevity of a particular assignment (too large a time step will

result in invalid visibility assumptions) and the computational cost of finding the partition. We

find that 20-30 seconds is a good value for sufficiently large constellations, ensuring that satellites

are visible during the time step while providing ample time to run HARMONI’s fast partitioning
algorithm.

Problem: Our objective is to optimize ℎ𝑖𝑘 , the assignment of satellites (𝑘) to GWs (𝑖), so as to

maximize the number of visible satellites per cell in each GW region. This increases the total capacity

per cell, decreasing congestion, and offers greater flexibility at fine timescales to achieve multiple

KPIs. To do this, we define the “profit” in assigning satellite 𝑘 to the GW 𝑖 as the number cells in 𝑖

which can be covered by 𝑘 : 𝑝𝑖𝑘 (𝑡) =
∑

𝑗 𝑥
∗
𝑖 𝑗 (𝜏)𝑣 𝑗𝑘 (𝑡). Where 𝑥∗𝑖 𝑗 (𝜏) is the Anchor assignment.

To increase stability, the profit in assigning satellite 𝑘 to a new GW 𝑖 is scaled by a parameter

𝜅 ≤ 1, i.e 𝑝𝑖𝑘 (𝑡) = 𝜅𝑝𝑖𝑘 if ℎ𝑖𝑘 (𝑡 − 1) = 0. We formulate our objective as a sum-log (commonly used

in rate-allocation problems to promote fairness [8, 30]) over the number of satellites per GW. The

final Partition formulation is given in Eq. 2. Constraint Eq. 2b ensures a valid partition, while

constraint Eq. 2c ensures complete cell coverage. GWs are included as additional “cells" in the

Partition, ensuring at least one satellite is visible to the GW to serve as feeder. The existence

of a feasible solution is a function of the network topology. Obviously, if there are more GWs

than visible satellites, a solution does not exist; however, this is mitigated by the size of modern

constellations.

2
This is a worse case performance bound (for any arbitrary scenario). We find the average performance on realistic scenarios

like the ones considered in § 5 is quite close to the upper bound.
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Partition(𝑡):
max

ℎ

∑︁
𝑖

log

∑︁
𝑘

ℎ𝑖𝑘 (𝑡)𝑝𝑖𝑘 (𝑡) (2a)

s.t.
∑︁
𝑖

ℎ𝑖𝑘 (𝑡) ≤ 1∀𝑘, (2b)∑︁
𝑘

𝑣 𝑗𝑘 (𝑡)
∑︁
𝑖

𝑥∗𝑖 𝑗 (𝜏)ℎ𝑖𝑘 (𝑡) ≥ 1∀𝑗 (2c)

Algorithm: The Partition problem is signif-

icantly harder than the assignment problem in

Anchor. While the partition constraint is similar

to other assignment problems, the objective and

cell-coverage constraint is more like a maximum

coverage problem [34].

To solve Partition we have designed a graph-

based, greedy algorithm. The details of the algorithm are described in Appendix B. An example

partition is shown in Fig. 9. In § 5.3 we discuss how adjusting 𝜅 allows us control the trade-off

between different NTN KPIs.

z-1

Cell-Service
Assignment

Service-Feeder
Assignment

Adjust
Demand

Cell Visibility

Demand

Satellite Trajectories

Session Migration

Compute
ISL Cost

Fig. 10. HARMONI-X Fine-Time Process

3.2.3 Satellite Session Migration. The last

phase of HARMONI’s session orchestration

(shown in Fig. 10) is to allocate satellite-DUs

to connect each cell and its assigned GW and

then manage the migration of these sessions in

response to satellite mobility. This process runs

on independent HARMONI-X xApp instances lo-

cated at each GW-CU. The task is to assign two

satellites for each session: A service satellite-
DU to provide access to the UEs within a cell

and a feeder satellite-DU which connects to the

GW-CU. These do not need to be distinct satellites, i.e. the same physical satellite function as

both the service and feeder for multiple cells. Because HARMONI utilizes IAB, each downstream

DU may only connect to one upstream DU which allows us to simplify the joint allocation into a

sequential one. The cell-GW and satellite-GW assignments from HARMONI-G define the sets of cells

and satellites each HARMONI-X considers in solving Service and Feeder. Each HARMONI-X process

takes the cell-satellite visibility and satellite trajectories (computed from TLEs), the cell demand,

along with the current solution to produce a new set of assignments.

Problem: Each sub-stage formulation is similar to the previous with the following adjustments:

𝜃 -based Channel Quality: HARMONI is fundamentally a network level orchestration, thus the

capacity constraints we present represent the total capacity of that RAN node as determined by

its processing capabilities and its allocated bandwidth. However, we should also account for the

fact that each space-to-ground link has an associated capacity dependent on the SNR. Since these

channels are LOS, the SNR is a function of the distance and any atmospheric attenuation. We

capture both factors through the elevation angle: low elevation angles correspond to both greater

distances and more atmospheric losses; the shortest distance and the minimum attenuation both

occur when the satellite is directly overhead. While Partition used a binary notion of visibility,

this submodule uses a more continuous notion of visibility to model the quality of the space-ground

channel. We define a service (feeder) visibility factor 𝑣 𝑗𝑘 based on the angle: 𝑣 𝑗𝑘 (𝑡) = sin𝜃 𝑗𝑘 (𝑡) if
𝜃 𝑗𝑘 ≥ 𝜃min and 0 otherwise. The elevation-adjusted demand parameter is 𝜌 𝑗𝑘 (𝑡) =

𝑟 𝑗 (𝑡 )
𝑣̃𝑗𝑘 (𝑡 ) . Note that

if a satellite 𝑘 is invisible from cell 𝑗 , (i.e. 𝜃 𝑗𝑘 < 𝜃min) then 𝜌 𝑗𝑘 =∞. For stability, we incorporate

a handover cost by adjusting the demand with a parameter 𝛾 ≥ 1: 𝜌 𝑗𝑘 (𝑡) = 𝜌 𝑗𝑘 if 𝑦 𝑗𝑘 (𝑡 − 1) = 1,

otherwise 𝜌 𝑗𝑘 = 𝛾𝜌 𝑗𝑘 .

ISL Cost: HARMONI only specifies the service-feeder pair. It does not dictate full ISL routing and

rely on network layer ISL routing protocols to efficiently connect the service and feeder satellites

via IAB. However, the chosen service-feeder pair can have a large impact on the eventual ISL route

chosen. Previous work [13, 47] identified that in constellations with +grid connectivity, ISL routes
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Service𝑖 (𝑡) (3):
min

𝑦
max

𝑘
𝜇𝑆

∑︁
𝑗

𝑦 𝑗𝑘 (𝑡)𝜌 𝑗𝑘 (𝑡)

s.t.
∑︁
𝑘

𝑦 𝑗𝑘 (𝑡) = 1 ∀𝑗,

𝜇𝑆

∑︁
𝑗

𝑦 𝑗𝑘 (𝑡)𝜌 𝑗𝑘 (𝑡) ≤ 𝐶𝑆 ∀𝑘

Feeder𝑖 (𝑡) (4):
min

𝑧
max

𝑙
𝜇𝐹

∑︁
𝑘

𝑧𝑘𝑙 (𝑡)𝑞𝑘𝑙 (𝑡)

s.t.
∑︁
𝑙

𝑧𝑘𝑙 (𝑡) = 1 ∀𝑘, 𝜇𝐹
∑︁
𝑙,𝑘

𝑧𝑘𝑙 (𝑡)𝑞𝑘𝑙 (𝑡) ≤ 𝐶𝑖 ,

𝜇𝐹

∑︁
𝑘

𝑧𝑘𝑙 (𝑡)𝑞𝑘𝑙 (𝑡) ≤ 𝐶𝐹 ∀𝑙,
∑︁
𝑙,𝑘

𝑧𝑘𝑙 (𝑡)𝑐𝑘𝑙 (𝑡) ≤ 𝐼ISL

are shortest when the source and destination satellites travel in the same direction, e.g. north vs.

south. To account for this, we introduce an ISL cost 𝑐𝑘𝑙 ∈ {1, 2, 3} for assigning service satellite 𝑠𝑘 to

feeder satellite 𝑠𝑙 , corresponding to {𝑠𝑘 = 𝑠𝑙 , same, and different directions}, respectively. Minimizing

this cost incentivizes bent-pipe routes (i.e. same satellite for both service and feeder) if possible, and

otherwise empowers the routing protocol to minimize the hop count and end-to-end latency. Other

costs that are functions of the particular routing protocol may also be used. This cost minimization

objective can be incorporated into the minimum makespan formulation as an additional constraint

without changing the algorithm or the performance guarantees [45].

Formally, let {𝑠𝑘 } and {𝑠𝑙 } be the sets of service and feeder satellites (they may overlap.) Each

service (feeder) satellite has capacity 𝐶𝑆 (𝐶𝐹 ), and recall GW 𝑖 has capacity 𝐶𝑖 . Let 𝑦 𝑗𝑘 (𝑧𝑘𝑙 ) be

the assignment variable of service satellite 𝑘 to cell 𝑗 (service 𝑘 to feeder 𝑙). As before we have

service ratios for Service (𝜇𝑆 ) and Feeder (𝜇𝐹 ≤ 𝜇𝑆 ) to scale the satisfied demand. The formulation

for the Service problem is given in Eq. 3. Given the solution (𝑦∗, 𝜇∗
𝑆
), each service satellite 𝑠𝑘 is

assigned demand 𝑞𝑘 = 𝜇∗
𝑆

∑
𝑗 𝑦

∗
𝑗𝑘
𝜌 𝑗𝑘 . For a chosen ISL cost value 𝐼ISL the formulation for the Feeder

assignment is given in Eq. 4.

Algorithm: Service and Partition are solved sequentially using the algorithm from Anchor
(§ 3.2.1), with the exception of the ISL cost in Feeder which may be set and adjusted independently;

however, enforcing a lower ISL cost may yield a lower service ratio. We present the following

theorem regarding the performance with a sketch of proof deferred to Appendix A.3:

Theorem 2. The final 𝜇∗ following Feeder is no less than 1

4
that of the optimal, joint assignment.

A snapshot of the final session orchestration is shown in Fig. 10. Potential feeder satellites are

connected to the GW via a dotted line, while the service-feeder relationship is indicated by a

dashed line. Note that the service satellite connects to a potential feeder traveling in the same

direction (as indicated by the arrows). HARMONI-X then shares the session configuration with the

satellite-DUs, proactively sets up the necessary tunnel to minimize disruption, and triggers the

necessary inter-DU handover procedures.

Algorithm Summary: Each of HARMONI’s three submodules—cell-GW anchoring, satellite

partitioning, and sessionmigration—are formulated to be efficient and flexible in catering tomultiple,

often competing, KPIs. By adjusting the parameters of each phase, we can adjust the balance between

KPIs. Note that the optimal latency and stability schemes (i.e. greedy and hold from § 2.2) can be

achieved within this framework by setting the parameters appropriately. Meanwhile, the algorithm

design is hierarchical, both temporally (multi-timescale) and spatially (centralized HARMONI-G and

distributed HARMONI-X) which allows it to scale to large NTN deployments without sacrificing

global performance as we demonstrate in § 5.

4 Implementation and Experiments
4.1 HARMONI Implementation
To evaluate HARMONI, we use StarryNet [29] an open source platform for realistic satellite net-

working experimentation. StarryNet (Fig. 11 left) uses containers to enable collecting real network
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measurements (e.g. throughput and latency) on emulated satellite deployments based on real satel-

lite trajectories and topologies. Cell demands and satellite trajectories are generated using StarryNet

and communicated to the appropriate HARMONI components (Fig. 11 right) implemented in Python.

HARMONI performs session orchestration and feeds the slow- and fine-timescale assignments back

to StarryNet. Given the service and feeder satellite assignment, StarryNet computes an efficient

ISL route within the constellation. While useful for its satellite mobility emulation capabilities,

StarryNet was designed for IP-level experimentation, and does not have by default the ability to

emulate 5G systems. As such we make two major additions to the IP-level capabilities provided by

StarryNet:

HO Msg.

StarryNet (Docker)

Slow/Global Cell/GW assign

cont. H
n

d
v
r.	

 m
s
g

. e
x
c
h

n
g

.

HARMONI-X
Fast/Local	

Sat. assign

HARMONI-G

cont.

cont.

cont. cont.cont.

HARMONI

Trajectories

T
ra

ffi
c

Demand

Fig. 11. HARMONI impl. w/StarryNet

NTN specific network entities. In StarryNet, all

nodes are either Satellites or GroundNodes. In order

to emulate NTNs, we add the functionality needed

to represent the different capabilities of UE and GW

nodes. Additionally, we modify both the GroundNode

and Satellite entities such that we can map particular

NTN RAN architectures onto them, e.g. gNB-on-board,

CU/DU split.

Capturing HO Overhead To accurately capture the

handover overhead for different deployment strategies,

we implement shell programs that exchange the necessary control message of both inter-CU and

inter-DU handovers based on the procedures shown in Fig. 5 and 6. As a reminder, proactive

inter-DU handovers require only messages that involve the UE at the time of handover. We then

deploy the programs to different entities based on their roles (i.e. UE/DU/RU). StarryNet emulates

realistic transmission delays based on the geo-location of satellites and ground nodes, allowing us

to accurately profile the handover overhead reported in Fig. 2 and overall network performance

(e.g. sum throughput, average delay, etc.) for different NTN architectures and session orchestration

algorithms. We use Linux tools iperf to capture network throughput and ping and traceroute
to understand the end-to-end network latency.

4.2 Experiments
To represent a realistic satellite deployment, we use a subset of Starlink’s GW deployment [2]

and Phase 1 of their constellation [1]—a Walker-Delta [5] pattern with 1584 satellites across 72

orbits with an inclination angle of 53
◦
each with 22 satellites at a height of roughly 550 km. We

assume each GW is equipped with eight antennas/radios each capable of supporting a 20 Gbps

feeder link [40], i.e. 𝐶𝑖 = 20 Gbps ∀𝑖 . We assume each satellite has the same capacity for both the

service and feeder links, i.e. 𝐶𝑆 =𝐶𝐹 = 20 Gbps.

Name GWs Cells Area (km2) Sats.
small 3 147 0.236 E6 24

se 15 1147 2.087 E6 54

east 21 1511 2.498 E6 76

usa 54 4569 8.102 E6 127

Table 1. Scenario Summary

We define fixed-earth cells using Ubers’s H3 protocol [4]

with resolution 4, producing an average cell radius of 26 km

(much larger than any terrestrial system cell). As men-

tioned in § 3.2.1, we are concerned with aggregate demand

within a cell; thus, at the coarse timescale (10 minutes) each

cell’s demand is generated (uniformly) randomly between

5-20 Gbps. We assume satellites are equipped with phased array antennas [40] capable of generating

steerable, spot beams. For satellite visibility, based on § 3.2.2, the minimum elevation angle to 25
◦
.

We emulate satellite mobility using realistic trajectories, captured at 20 second intervals for both

the medium- and fine-timescales. To emulate how an operator would deploy HARMONI, we vary the

ground node deployment in several scenarios described in Table 1 and shown in Fig 26 in the Appen-

dix. All scenarios use the full 1584 satellite Starlink constellation. The “Sats.” column is the average
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number of cell-visible satellites. Because StarryNet can only support a limited number of links we

can only use it to evaluate small; thus, we evaluate the network-level performance of HARMONI’s
design for the remaining scenarios in simulation by using the SkyField Python library [41].

Baselines: We evaluate HARMONI at a system-level by comparing it to alternative architecture-

algorithm pairs. The potential architectures are: i) transparent with gNB at GW (i.e. 3GPP Rel.

17), ii) gnb: full gNB-on-board (i.e Rel. 19 and the Starlink D2C deployment), and iii) split: a split
CU/DU architecture utilizing IAB (used by HARMONI). To create a full system these architectures are

paired with one of the following baseline algorithms: a) greedy: cells/satellites choose the closest
satellite/GW at each time step. b) hold: like greedy, but cell-satellite and satellite-gw relationships

are maintained as long as possible. c) qglobal: a quasi-globally optimal algorithm (detailed in

Appendix B), which performs a sequential assignment of cells to satellites to GWs. The true global

formulation is only used to demonstrate its inability to scale.

5 Evaluation
5.1 Emulated System-Level Results
We now present HARMONI’s performance on several system-level benchmarks using StarryNet

emulator on the small scenario. To measure throughput, each cell’s demand is used as the requested

throughput to iperf. Measured throughput depends on the congestion at each satellite and GW

node as determined by the session orchestration algorithm. We use ping and traceroute to

measure the end-to-end delay and route from cell to GW. Unless otherwise specified, HARMONI’s
session orchestration algorithm is configured with the parameters (𝛼, 𝛽, 𝜅,𝛾) = (2, 1, 0.01, 2) to
balance KPIs (parameter choice detailed in § 5.3). To model unpredictable satellite availability, we

set a “damage ratio” in StarryNet causing 5% of satellites to fail within each timestep, giving a

conservative estimate for network reachability.

Network Utilization:We define “network utilization" as the ratio between total network traffic

(

∑
𝑖 𝜇

∗
𝑖

∑
𝑗 ′∈U𝑖

𝑟 𝑗 ′ ) and instantaneous system capacity (the minimum of the total GW and visible

satellite capacities). Fig. 12a shows the average network utilization over time for HARMONI as well
as two baseline systems: gnb+greedy and split+hold. HARMONI achieves the highest network

utilization, approx. 80% on average, nearly twice the baselines, with less variation over time.
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Fig. 12. (a) Network Util. (b) HO impact (c) End-to-End Delay

HO Impact on QoE:
While steady-state network

utilization is a function of

session orchestration, the

different system architec-

tures have a direct impact

on how instantaneous user

QoE responds to satellite

mobility. To measure this impact, we look at the average throughput of cells before and after

satellite switch events, shown in Fig. 12b. The network utilization prior to the event reflects the

steady-state performance. All approaches experience a drop in throughput immediately after the

switch event occurring at 0ms while the UE and gNB exchange handover messages; however, since

HARMONI utilizes a split CU/DU architecture with pro-active path creation, its throughput recovers

most rapidly (< 50ms). The other systems take longer to return to the pre-event levels, up to 200 ms

for the gnb+greedy system. The difference in steady-state throughput is a result of averaging over

multiple time-steps. The accumulated impact of these HO is explored in Appendix C.

End-to-End Delay: Fig. 12c shows the CDF of the end-to-end (i.e. cell-to-GW) delay measured

via ping in StarryNet for HARMONI, greedy, and hold algorithms. Note that this delay, as opposed
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to the HO-induced latency discussed above, is not a function of the specific NTN architecture.

Compared to the two locally-driven algorithms, which result in mostly bent-pipe connections

between user and GW, HARMONI experiences a comparable, but slightly longer delay: 30 ms vs

23 ms at the 85
th
percentile. The session orchestration algorithm in HARMONI does not explicitly

incorporate the end-to-end delay (from user to GW) in its formulation. Rather the delay is minimized

indirectly in two ways: 1) by anchoring sessions at nearby GW-CUs (§ 3.2.1) and 2) by minimizing

the potential ISL cost of service-to-feeder satellite pairs (§ 3.2.3). In addition, it leverages external

routing algorithms to establish low-latency ISL connections through the constellation. While the

delay is slightly longer than the compared baselines, and has a long tail, we argue it is well justified

given the superior performance of HARMONI in both the network utilization and session stability.

Ultimately, this represents one of the fundamental trade-offs in satellite networks as discussed in

§ 2.2. Fortunately, HARMONI is parameterized to balance these tradeoffs (§ 5.3).

5.2 Algorithm Performance Simulations
We now focus specifically on the effectiveness of HARMONI’s session orchestration algorithm. Due

to the limitations of StarryNet, we simulate the larger scenarios in Python using the SkyField

library [41] for the satellite trajectories. Most of the following results, unless specified, come from

the se scenario. Additional results for remaining scenarios are available in Appendix C.

Scalability: One of the primary motivators for HARMONI’s hierarchical design is to decouple

any global, network-wide optimization (involving thousands of variables) from satellite dynamics,

without sacrificing global performance. We achieve this by partitioning the cells and satellites

among the GWs, and running local optimizations at each GW on a much smaller set of variables.

To illustrate HARMONI’s scalability, we compare the run time of the two time-critical submodules—

Satellite Partition and HARMONI-X’s Session Migration—with that of the qglobal optimization

for the three larger scenarios in Table 1. The run times are measured on a workstation with 32 GB

of RAM and a 24-core, Intel i9 3.5 GHz CPU. The 85th percentile run times for each are shown

in Fig. 13. We first note the runtime of the true global formulation (which only optimizes load

balancing) on the smallest scenario is already over 20 s. We see that qglobal does not scale with
the size of the scenario, primarily due to the significant increase in the number of cells. While the

compute time of HARMONI’s greedy partitioning algorithm does increase with the number of GWs

(and satellites), the number of visible satellites does not increase as fast as the number of cells does,

thus the compute time remains manageable. The session migration compute time does not increase

with scenario size. Because each GW performs it independently, for its own region, it only depends

on the number of cells per GW region, which remains fairly constant (50-100) as the size of the

scenario increases. Importantly, both the partitioning and session migration are achievable in well

under the 20 second threshold set for HARMONI updates to handle satellite mobility.

Feasible Network Utilization: We define network utilization the same as in § 5.1 with the

exception that it is computed from the service ratio delivered by the SO algorithm rather than

measured directly. Fig. 14 shows the CDF of network utilization by HARMONI and the local and

global baselines over 10 minutes of simulation. As expected, the locally-based algorithms severely
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Fig. 17. GW LB Fig. 18. Cell-GW distance Fig. 19. Util. vs. Switches Fig. 20. Dist. of Sats.

under utilize network resources and qglobal is most efficient. In fact HARMONI slightly outperforms

qglobal (which is not optimal itself) around 40% of the time.

Switch Events: Fig. 15 shows the average percentage of cells experiencing GW- (solid/left)

and satellite-switches (hatched/right) every 20 seconds within a single coarse time interval of

10 minutes. Because of HARMONI’s UE-GW anchoring (§ 3.2.1), users experience zero GW switches

within the coarse time interval. While HARMONI causes more frequent satellite-switches than greedy
and hold, it is comparable to the number of GW-switches caused by those schemes. In HARMONI,
all satellite-switches are minimally impactful proactive, inter-DU handovers. Finally, note that the

high network utilization of qglobal comes at the cost of extremely high churn—nearly all of the

cells experience a switch event every 20 seconds, illustrating the competing nature of these KPIs.

Unlike baselines, HARMONI strikes a balance between maintaining stability and high utilization.

ISL Usage: A CDF of the percentage of cells at each time step using ISL connections to reach its

assigned GW (i.e. those that are not reachable via bent-pipe) is shown in Fig. 16. HARMONI requires

ISLs for a larger (but small overall) proportion of users compared to baseline algorithms. This

higher ISL usage directly leads to the marginal increase in end-to-end delay observed in Fig. 12c;

however, as mentioned, this is a natural trade-off for the utilization and stability gains of HARMONI.

5.3 Parametric KPI Trade-offs
A key benefit of HARMONI’s design is supporting multiple, often competing KPIs simultaneously. In

this section we highlight the HARMONI’s ability to adjust the balance of these objectives.

Anchoring: The formulation for Anchor (Eq. 1) has two parameters: 𝛼 to minimize the GW-cell

distance and 𝛽 to encourage stability. One objective of Anchor submodule of HARMONI’s session
orchestration load balancing user demand. Fig. 17 shows the average assigned demand (after

applying the coarse-time service ratio) to each of the 15 GWs in the se scenario over 10 coarse time

steps when (𝛼, 𝛽) = (2, 1). We compare this to a demand assignment which anchors cells to their

nearest GW. HARMONI utilizes 99% of the total GW capacity while the “closest” strategy achieves

only 52%, with an uneven distribution of demand across GWs. The final throughput is limited

by the remaining submodules, so it is critical that this stage is as efficient as possible; HARMONI
achieves nearly optimal load balancing. Amazingly, we achieve this efficiency while maintaining

high GW-cell proximity. Fig. 18 shows a CDF of the distance between cells and their assigned

GW. For non-zero 𝛼 we are very close to the minimum distance assignment. Increasing GW-cell

proximity increases the chance a cell and its assigned GW have similar satellite visibility which

reduces likelihood of needing ISLs to connect the two, ultimately reducing end-to-end latency.

The final objective in the coarse timescale, after load balancing and minimizing GW-cell distance,

is to reduce the the number of cell-GW switches that trigger expensive inter-CU handovers. We

incentivize maintaining the current cell-GW assignment through the parameter 𝛽 in Eq. 1; however,

it comes at a cost of decreased network utilization. Fig. 19 plots the average network utilization

(as a fraction of the GW capacity) over 10 coarse time steps vs. the percentage of cells that switch

GWs for different (𝛼, 𝛽) pairs. We see that increasing the value of 𝛽 decreases both the number of

handovers and network utilization. This is because we may need to decrease the service ratio if
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demand changes and we do not adapt the assignment. An operator may wish to vary (𝛼, 𝛽) over time
to find the correct balance between efficiency and stability depending on the deployment scenario.

Partitioning: Partition’s objectives are to 1) ensure complete cell coverage, 2) evenly distribute

satellites among GW regions, and 3) reduce HO caused by satellite-GW switches over time. HARMONI
balances of the partition objective with switch minimization through the parameter 𝜅 . Fig. 20 shows

the PDF of the number of satellites per GW for 𝜅 ∈ {0, 0.01}. From a balanced partition perspective,

the “tighter” distribution resulting from 𝜅 = 1 is preferable as no one GW has significantly more or

fewer satellites than any other GW. The 𝜅 = 0.01 partition has much higher variation—some GWs

receive only one satellite, while others receive 10+. The trade off is that increasing 𝜅 decreases

stability. Fig. 21 shows a CDF of the number of satellite-GW switches per 20 second time step over

10 minutes. We see that 𝜅 = 0.01 maintains complete cellular coverage with significantly fewer

satellite-GW switches than 𝜅 = 1. Once again, HARMONI allows operator to balance efficiency (higher
utilization) and stability (fewer handovers) depending on need.

Fig. 21. Sat-GW Switch
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Session Migration: As with the other two

phases, the fine-time session migration tries

to balance efficiency (e.g. high network utiliza-

tion) with stability (minimizing cell-satellite

switches)–this time through the parameter 𝛾 .

Fig. 22 shows the average total network utiliza-

tion vs. the percent of cells who switch satellites

per time step at different values of 𝛾 and 𝜅. Increasing 𝛾 lowers the frequency of switches (and

thus HOs) at the cost of utilization, illustrating the trade-off that exists between the objectives

and how 𝛾 can tune the performance of the system. Note that 𝜅 sets the operating point of this

utilization-stability curve. A lower 𝜅 decreases satellite-GW switches, illustrating the trickle down

effect of HARMONI’s hierarchical design. With low 𝛾 , we achieve nearly 100% network utilization, but

require handing over nearly 50% of user cells every 20 seconds. While HARMONI performs minimally
impactful, pro-active inter-DU HOs, high volumes may still be undesirable to operators. HARMONI
provides the flexibility to adapt to these competing KPIs.

6 Related Work
Intra-Constellation Routing There has been increasing interest in research around routing

within mega-constellation satellite networks [19, 20, 32, 37, 42, 53, 55, 56]. The main challenge

identified is the constant (but predictable) churn of satellite neighbors. A common approach to deal

with this mobility is to perform geographic routing [32, 42]. Other works treat the routing through

the network as a flow problem and present graph-based solutions to devise routes that maximize

flow [55, 56]. IAB routing within the satellite network has also been considered [37, 53].

Handover How to execute handovers in the face of satellite mobility has also received a lot of

attention [12, 15, 24, 25, 51, 52, 54]. The survey in [12] provides a nice overview of the different

scenarios and types of switch events. Many works use a local measurement (e.g. proximity, signal

strength) for determining handoff, similar to terrestrial networks; however, some works have fo-

cused on NTN-specific methods like angle [54], antenna gain [24], longest potential connection [15].

An application of 5G’s (terrestrial) conditional handover procedure was investigated in [25]. [51]

considers the predictable motion of satellites and pre-emptively performs message passing between

source and target satellites prior to the switch similar to our proactive handovers; however it is

restricted to inter-CU HO between monolithic gNB satellites rather than within gNB inter-DU

handovers. Finally, while most works look at the problem from the point of view of an individual

user, [15, 52] investigate handover for larger groups of users simultaneously.

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 54. Publication date: December 2025.



HARMONI : A Holistic Approach to 5G-LEO NTN 54:17

Architecture While the aforementioned work considers only individual aspects of implementing

NTN, several recent works have studied different network architectures in the context of satellites.

For example [10, 11] investigated how software-defined networking (SDN) and network-function

virtualization (NFV) might be applied to satellite networks; however, they do not specifically

consider the implications of this architecture on a 5G system. On the other hand, [17, 43] do look

specifically at the potential 5G RAN architectural choices for NTN, but the focus of these works

is primarily on the feasibility of each architecture from a PHY layer perspective. As the leading

commercial satellite network, much work has gone into understanding the design of SpaceX’s

Starlink, e.g. [19, 22, 36, 49]. Important to our discussion is the consensus among researchers

(and confirmed by SpaceX) that Starlink runs a global network reconfiguration every 15s similar

to HARMONI’s fine-time operation. However, because Starlink is still a black box, we still do not

understand how GW assignment is performed which is critical for NTN session orchestration.

Finally, while 3GPP has included the transparent and regenerative gNB in the standard as part of

Rel. 17 [6] and 19 [23]; however we have shown the stability benefits of a split RAN.

7 Conclusion
In this work, we have demonstrated how reuse of terrestrial RAN architecture and session man-

agement algorithms in NTNs fails to achieve many network- and user-level KPIs because of high

satellite (i.e. infrastructure) mobility. In response, we have presented HARMONI, a holistic system for

NTN. HARMONI consists is both a split RAN architecture, enabling HARMONI to mitigate the impact of

satellite mobility by anchoring users to CU-GWs and proactively establishing tunnels for inter-DU

HO. This architecture is coupled with a hierarchical set of session orchestration algorithms that cre-

ate/migrate sessions between cells, GWs, and the satellite network to jointly optimize multiple KPIs:

throughput, utilization, delay, and stability. Using a realistic satellite emulator, we demonstrated

HARMONI’s effectiveness to enable scalable, efficient, and flexible NTN operation.
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APPENDIX
A Performance Guarantees
A.1 Coarse-Time
Note that in the final step of the coarse-time algorithm we return to the actual demand 𝑟 𝑗 rather

than the adjust demand 𝑟𝑖 𝑗 . The capacity constraint was met with 𝑟𝑖 𝑗 , and since 𝑟𝑖 𝑗 ≥ 𝑟 𝑗 for all 𝑖 ,
and the the solution is still guaranteed to be feasible in terms of 𝑟 𝑗 . The result from [45] guarantees,

that the integral solution after rounding will have a makespan of at most 2× the capacity constraint,

i.e. max𝑖
𝜆0𝑅𝑖
𝐶𝑖

≤ 2. This implies that the min𝑖
𝐶𝑖

𝑅𝑖
≥ 1

2
, and consequently 𝜆 ≥ 1

2
𝜆0 ■

A.2 Medium-Time
We present the following greedy algorithm to solve Partition: Begin by forming a bipartite graph

for the time step 𝑡 G(𝑡) = (𝑆,𝐺, 𝐸 (𝑡)) with satellite nodes, 𝑆 , and gateway nodes 𝐺 . Each edge, 𝑒𝑖𝑘 ,

between GW 𝑖 and satellite 𝑘 is weighted according to both the profit, 𝑝𝑖𝑘 (𝑡), and a cost which is

used to ensure the coverage constraint is met. The cost, 𝑐𝑖𝑘 (𝑡), is the number of currently uncovered
cells in other GWs, which could be covered by satellite 𝑘 : 𝑐𝑖𝑘 (𝑡) =

∑
𝑖′≠𝑖

∑
𝑗∈U𝑖′ 𝑥𝑖′ 𝑗 (𝜏)𝑣 𝑗𝑘 (𝑡), where

U𝑖′ is the set of uncovered cells in GW-region 𝑖′. The weight of each edge is the min{𝑝𝑖𝑘 (𝑡), 𝑝̃𝑖𝑘 (𝑡 )𝑐𝑖𝑘 (𝑡 ) },
where the min ensures numerical stability. An example graph G(𝑡) is shown in Fig. 23. GWs are

represented by squares at the bottom, and satellites are depicted by small "X"s at the top. For

visibility, the edges are quantized into three levels based on the number cells in a GW region

covered by a satellite. This is the “profit” used in greedy algorithm. The “cost”, i.e. the number of

potential number of cells not covered by that satellite, is not explicitly shown.

The algorithm proceeds by choosing the edge, 𝑒𝑖𝑘 with maximal weight and assigning the

corresponding satellite 𝑘 to GW 𝑖 . After each selection, remove the chosen satellite 𝑘 from the

graph and recompute the cost component of the remaining edge weights based on the remaining

uncovered cells. The algorithm continues until all satellites have been assigned.

The above algorithm has a computational complexity of O(𝑀𝐾) where𝑀 is the number of GWs

and 𝐾 the number of visible satellites. In § 5 we will show that this allows us to scale to large

scenarios efficiently without sacrificing performance. Partition being a combination of both an

assignment and coverage problem is significantly harder than the two in isolation, hence it is difficult

to provide worst-case performance guarantees. However, our greedy algorithm incorporates both

the profit and the cost to balance both constraints effectively and produces satellite partitions that

contribute to a close-to-optimal performance as we will see in evaluations.

2 0 1

140 115811123 1179449 11351089118 118116395 1226 12491180 1203115726 72

Coverable Cells
0-16
16-34
34-51

Fig. 23. Example Graph for Partitioning

A.3 Fine-Time
Let maximum service ratio achieved by the optimal two-stage assignment be 𝜇∗. Let the service
ratio obtained by the LP-relaxed Service problem be 𝜇𝑆 ; this is obviously greater than the optimal

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 54. Publication date: December 2025.



54:22 N. Cameron Matson, Yu-Tai Lin, and Karthikeyan Sundaresan

solution: 𝜇∗ ≤ 𝜇𝑆 . Using the same logic as in Appendix A.1, the service ratio following rounding,

𝜇𝑆 is no less than half the LP solution:
1

2
𝜇𝑆 ≤ 𝜇𝑆 ≤ 𝜇𝑆 .

This service ratio 𝜇𝑆 must serve as an upper bound on the search for a feasible solution to Feeder,
yielding 𝜇𝐹 ≤ 𝜇𝑆 . Once again we apply the half-approximation on the rounding of the LP-relaxed

solution to Feeder: 1

2
𝜇𝐹 ≤ 𝜇𝐹 ≤ 𝜇𝐹 .

If 𝜇𝑆 is a feasible service ratio for the LP-relaxed Feeder problem, then we get 𝜇𝐹 ≥ 1

2
𝜇𝐹 = 1

2
𝜇𝑆 ≥

1

4
𝜇∗. If there is no feasible solution, then 𝜇∗ ≤ 𝜇𝐹 , and we get 𝜇𝐹 ≥ 1

2
𝜇𝐹 ≥ 1

2
𝜇∗ ≥ 1

4
𝜇∗ ■

Discussion: Whether or not we achieve the tighter guarantee of
1

2
𝜇∗ depends on where the

bottleneck capacity lies within the two stage assignment. Because of the unique assignment

constraint, there is a many-to-one relationship between service and feeder satellites, making

it likely that the bottleneck is on the feeder side (the case in all our chosen scenarios). In that

case the optimal service ratio depends on the feeder capacity, and our result guarantees the half-

approximation. There is a possibility, perhaps due to asymmetrical hardware for uplink/downlink

on-board the satellite that the total feeder capacity is much greater than service capacity. In this

case the
1

4
guarantee applies.

B Global Optimization Formulation
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Fig. 24. Scenario and associated flow graph.

Let us consider a global, end-to-end, optimization of

the network utilization. We will use a similar mini-

mum makespan formulation as in § 3.2, but because

we have to assign flows through each layer of the

network we also have a form of a multi-dimensional

assignment problem [38] which is also NP-Hard. The

formulation for this problem is as follows: At some

time 𝑡 we have a graph like the one in Fig. 24. Each

cell 𝑢 𝑗 generates some demand 𝑟 𝑗 (𝑡). The task is to

find an assignment, i.e. a vector x(𝑡), which selects

edges in the graph creating flows from each cell,

through the satellite network, to a GW. Our load

balancing objective is to minimize the maximum

load on any node (service satellite, feeder satellite,

or GW). We can do this by formulating a problem

that constrains the load on each node to be less than

some variable 𝐿 which we then minimize

min

𝑥
𝐿

s.t.
∑︁
𝑓

∑︁
𝑠

∑︁
𝑗

𝑥𝑖 𝑓 𝑠 𝑗 (𝑡)𝑐𝑖 𝑓 𝑠 𝑗 (𝑡) ≤ 𝜂𝑖𝐿∀𝑖,∑︁
𝑖

∑︁
𝑠

∑︁
𝑗

𝑥𝑖 𝑓 𝑠 𝑗 (𝑡)𝑐𝑖 𝑓 𝑠 𝑗 (𝑡) ≤ 𝜉 𝑓 𝐿∀𝑓 ,∑︁
𝑖

∑︁
𝑓

∑︁
𝑗

𝑥𝑖 𝑓 𝑠 𝑗 (𝑡)𝑐𝑖 𝑓 𝑠 𝑗 (𝑡) ≤ 𝜖𝑠𝐿∀𝑠,∑︁
𝑖

∑︁
𝑓

∑︁
𝑘

𝑥𝑖 𝑓 𝑠 𝑗 (𝑡) = 1 ∀𝑗

Where we have introduced the terms 𝜂, 𝜉 , and 𝜖

as scaling factors to account for the different ca-

pacities. The cost parameter is inversely propor-

tional to the visibility-adjust demand, similar to § 3.2,

𝑐𝑖 𝑓 𝑠 𝑗 (𝑡) ∝ 𝑟 𝑗 (𝑡 )
𝑣𝑠 𝑗 (𝑡 )𝑤𝑓 𝑖 (𝑡 ) , where 𝑣𝑠 𝑗 (𝑡) ∝ sin𝜃𝑠 𝑗 (𝑡) if

𝜃𝑠 𝑗 ≥ 𝜃min and 0 otherwise, and similarly for𝑤 . Be-

ing multidimensional, this problem is harder than

the traditional makespan problem. Indeed, the tech-

nique used throughout this paper (based on [45])

for the typical two-dimensional matching problem

relies on finding a matching in the bipartite graph

formed from the solution of the LP-relaxed problem. If we wanted to use a similar strategy for the

multidimensional version, we would then need to find multidimensional matching, which is itself a
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NP-Complete problem [26]. In practice, we have used the commercial solver Gurobi to optimize

the above problem for various problem sizes. To optimize end-to-end the se scenario with only

15 GWs, Gurobi takes nearly 20s. For a slightly larger problem with only 600 cells and 20 GWs,

Gurobi takes 609 s to bound the solution to within 2% of the optimal value. The number of nodes

scales exponentially with the number of cells and GWs as each additional cell or GW increases the

problem space by the number of edges it adds to the graph.

This formulation, despite producing an optimal load balanced solution, does not account for

multiple KPIs, nor does it meet some of the NTN- and architecture-specific constraints. For example,

the only level of the problem required to be a one-to-one matching is the users to service satellites.

A single service satellite may be assigned to multiple feeder satellites, likewise a single feeder to

multiple GWs. This may be feasible for certain satellite network or NTN architectures, but not

when utilizing HARMONI’s split architecture. Because each GW is a CU-DU, each satellite is a DU,

and they are connected via IAB, each service satellite, may only connect to one upstream feeder

satellite, and GW.

Instead we consider the following constrained global optimization. Let 𝑦𝑘 𝑗 , 𝑧𝑙𝑘 and 𝑥𝑖𝑙 be the

assignment variables between cell 𝑗 , service satellite 𝑘 , feeder satellite 𝑙 and GW 𝑖 . The formulation

would be:

max

𝜆, 𝑥,𝑦, 𝑧
𝜆
∑︁
𝑖

∑︁
𝑙

𝑥𝑖𝑙

∑︁
𝑘

𝑧𝑙𝑘

∑︁
𝑗

𝑦𝑘 𝑗𝑟 𝑗

s.t.
∑︁
𝑘

𝑦𝑘 𝑗 = 1 ∀𝑗,
∑︁
𝑙

𝑧𝑙𝑘 = 1 ∀𝑘,
∑︁
𝑖

𝑥𝑖𝑙 = 1 ∀𝑙,

𝑞𝑘 = 𝜆
∑︁
𝑗

𝑦𝑘 𝑗𝑟 𝑗 ≤ 𝐶𝑆 ∀𝑘, 𝜌𝑙 =
∑︁
𝑘

𝑧𝑙𝑘𝑞𝑘 ≤ 𝐶𝐹 ∀𝑙,
∑︁
𝑙

𝑥𝑖𝑙𝜌𝑙 ≤ 𝐶𝑖 ∀𝑖,

(5)

This formulation is still complicated (considering four variables) and still fails to address multiple

KPIs. As such we consider the following “quasi” global optimization. We eliminate the service-feeder

optimization by assigning the service satellite to the feeder that minimizes the ISL cost as defined in

§ 3.2.3; let this be 𝑧𝑙𝑘 . Then we optimize the cell-service assignment, subject to the feeder capacity

via Problem 6. The service ratio 𝜆 is found via binary search as in HARMONI. Finally, we assign feeder

satellites (and their assigned demand 𝜌𝑙 ) to GWs with the service ratio 𝜇 via solving Problem 7.

max

𝑦

∑︁
𝑘

∑︁
𝑗

𝑦𝑘 𝑗𝑟 𝑗

s.t.
∑︁
𝑘

𝑦𝑘 𝑗 = 1 ∀𝑗,

𝑞𝑘 = 𝜆
∑︁
𝑗

𝑦𝑘 𝑗𝑟 𝑗 ≤ 𝐶𝑆∀𝑘,∑︁
𝑘

𝑧𝑙𝑘𝑞𝑘 ≤ 𝐶𝐹∀𝑙

(6)

max

𝑥
𝜇
∑︁
𝑖

∑︁
𝑙

𝑥𝑖𝑙𝜌𝑙

s.t.
∑︁
𝑖

𝑥𝑖𝑙 = 1 ∀𝑙,

𝜇
∑︁
𝑙

𝑥𝑖𝑙𝜌𝑙 ≤ 𝐶𝑖∀𝑖

(7)

Fig. 25. Total HO

While not equivalent to the true end-to-end optimization of Eq. 5, this two-stage approach per-

forms the global cell to satellite optimization which is missing from HARMONI due to its partitioning
step, giving it more flexibility in maximizing network utilization. However, the complexity of such

a large optimization does not scale well to the large numbers of satellites and cells, in contrast with

HARMONI.
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C Additional Results
Accummulated QoE ImpactWhile the architecture determines the quality of the HO, the session

orchestration algorithm determines their frequency. Combined we can quantify the accumulated
impact of HOs over time. Consider Fig. 25 which shows both the total number of each type of

handover event (intra-du, inter-du, inter-cu) an average cell experiences using various systems

(left) as well as the total delay caused by those HOs (right) over 10 minutes. We consider three

other NTN systems: trans+greedy, split+hold, and gnb+SO, where SO indicates the session

orchestration used in HARMONI. By using HARMONI, users experience fewer HOs of all types which
result in far less disruption—less than half the total delay compared to other systems—leading to

more stable, higher QoE sessions.
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Algorithm Results vs
Scenario: Scenario maps

are shown in Fig. 26. In

this section we compare

HARMONI’s multi KPI per-

formance across each sce-

nario.

Fig. 27 compares the av-

erage network utilization

over time of HARMONI, with parameters (𝛼, 𝛽,𝛾, 𝜅) = (2, 1, 2, 0.01), with that of the global op-

timization in all four scenarios. We are within 10% network utilization to the global optimization

across all scenario sizes, demonstrating HARMONI’s suitability for varied deployments.

The CDF of the percentage of cells which switch satellites each time step is shown in Fig. 28. As

with network utilization, HARMONI’s performance is consistent across scenarios. At 85% of the time,

fewer than half of the cells are switched to a new satellite. While this is more churn than local

algorithms like greedy or hold, HARMONI vastly outperforms those in terms of network utilization,

and it is still much less than the switches caused by global (an example CDF from the se scenario

is also shown in Fig. 28) which switches nearly every cell every 20 seconds for marginal network

utilization gains. This further illustrates HARMONI’s ability to balance multiple KPIs and to do it

across different NTN deployments.

(a) Distance Only (b) Demand Only (c) HARMONI

Fig. 29. GW Anchor Assignment Maps for east

Fig. 29 shows three dif-

ferent cell-GW assignment

maps for the east sce-

nario. The first (Fig. 29a) as-

signs each cell to the clos-

est GW. Notice how the

formed GW-regions con-

tain very different numbers

of cells, which indicates

poor load balancing. The

second (Fig. 29b) is an assignment based only on cell demand, equivalent to setting 𝛼 = 0. In

this case, no GW regions are formed at all, which prevents us from performing satellite partitions

as there is no similarity in the satellite visibility between cells assigned to the same GW. Finally, the

last figure (Fig. 29c) gives the assignment produced by HARMONI which forms GW regions which

are both coherent (i.e. low cell-GW distance) and even (i.e. proper load balancing).
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